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Summary

For their higher efficiency and power density, the synchronous machines have
become prominent in variable-speed-drives (VSD). In keeping with the growing
energy-efficiency standards and high-performance requirements, research on the
control of motor drives have sought to push the boundaries, in synergy with the
advancements in motor design and semiconductors. Within the scope of control of
synchronous machines, this work focuses of three aspects, namely: (i) Sensorless
control; (ii) Self-Commissioning and (iii) Direct Flux Vector Control (DFVC).

Sensorless control is pursued for cost reduction, reliability and redundancy. A
generalized projection vector framework is developed for design and analysis of the
flux observer-based position estimation techniques. A few known sensorless schemes
in literature are reviewed within the projection vector framework to identify regions
of instability. Following, a new auxiliary-flux position observer (AUX) is designed
for stable operation. A main contribution is the development of adaptive projection
vector for position error estimation (APP) scheme that has a unique property of sta-
tor resistance immunity for operating points on the maximum-torque-per-ampere
(MTPA) trajectory. Concurrent with the position estimation, the feasibility of
speed error estimation and parameter adaptation are explored. A novel model-
based torque control strategy is designed with APP position observer for accurate
torque control under parameter errors. In addition to the work on fundamental
back-emf based sensorless control techniques, an injection-less sensorless control
scheme is investigated for operations at zero to low speeds region.

Given the nonlinearity of the magnetic model of synchronous machines, it be-
comes imperative to have an accurate flux-map for optimal operations as well as
stable sensorless control. To this end, the self-commissioning involves identification
of magnetic model without a dedicated lab environment. Two self-commissioning
techniques for synchronous reluctance (SyR) machines are discussed of which one is
a sensorless variant at standstill condition while the other uses position transducer
at free-shaft for alternating acceleration-deceleration.

Thirdly, the DFVC is explored as a high-performance control strategy, par-
ticularly for its ease of operation in flux-weakening regions. With respect to the
state-of-art, an accurate model of control dynamics in stator flux oriented reference
frame is developed accounting for the magnetic saturation. The proposed nonlinear

iii



decoupling is shown to achieve higher bandwidths for a uniform performance at all
operating points. In addition, a new small-signal model based optimal reference
generation is designed with stator flux magnitude and load angle as the controlled
variables that permits operation at the MTPV limit and thus, exploiting the ex-
tremums of the speed-torque characteristics. All proposed schemes are supported
with experimental validation.
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Chapter 1

Introduction

This manuscript describes and discusses the research and development that
transpired during the three years of PhD program from 1 November 2017 to 31
October 2020 at the Power Electronics Innovation Center (PEIC), Politecnico di
Torino. The title Generalized Sensorless and Advanced Control of Syn-
chronous Reluctance Machines summarizes the research’s findings in the fields
of adaptive and sensorless control, identification, and the advancements in mathe-
matical modeling and control of synchronous machines.

1.1 Background and Significance
Presently, the electric motor systems account for the single largest global energy

consumption of around 40% which is more than twice as much as the second largest,
lighting. Within the industrial section, it represents about 70% of the electricity
consumption with pumps, fans and compressors among the most important loads.
The motors of size 0.75 kW to 375 kW comprise of 10% of the deployed stock and
account for 68% of the electricity consumed [1]–[6].

In the wake of global warming and climate change, the United Nation Environ-
ment Program foresees a reduction in the global electricity demand by 20% to 30%
by 2030 with a transition to energy-efficient motor systems [5]. As the lifetime of
motors is about 20 years or more, it becomes imperative to emphasize and steer
the research as well as the global environmental policies towards high-efficiency
motor drives. Following the energy crisis in 1970’s, a concerted effort was put to
promote variable-speed-drives (VSD) to reduce power losses. The steady diffusion
of VSD, AC drives in particular, into the market have been further aided by policy
mandates for the use of energy-efficient products.

The International Electrotechnical Commission (IEC) published the standard
IEC 60034-30-1 [7] on March 6, 2014, for global harmonization of energy-efficiency
classes of electric motors. As a function of rated power output, the normative
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efficiency classes defined are: Standard Efficiency (IE1), High Efficiency (IE2),
Premium Efficiency (IE3), Super-Premium Efficiency (IE4) and Ultra-Premium
Efficiency (IE5). The testing methods to assess the motor efficiency are specified in
standard IEC 60034-2-1 and for the converter-fed VSD in standard IEC 60034-2-3.
Minimum energy performance standard (MEPS) are regulations that prescribe the
efficiency class of motors that can be sold in a market. MEPS vary by countries
and regions, dictated by the local markets and policy makers. Since January 1,
2017, European Union (EU) MEPS has mandated IE3 as the minimum efficiency
class for motors with rated output 0.75 kW to 375 kW. A concession of class IE2
is granted for VSD to encourage its proliferation. The efficiency regulations are
expected to get further stringent in the future.

For their ruggedness, simplicity and the direct on-line grid connectivity, the
asynchronous squirrel-cage induction motors (IM) are a popular workhorse since
late 19th century and hold more than 80% of the global market share. They have
long been the bastion in fixed speed applications where they are expected to con-
tinue their reign. However, in converter-fed variable speed applications, the per-
manent magnet (PM) and synchronous reluctance (SyR) machines offer a better
alternative to IM in terms of power density and efficiency [8], [9]. Besides, the SyR
and interior permanent magnet (IPM) machines are more conducive to closed-loop
sensorless control due to the saliency of the anisotropic rotor [10].

Pertinent to the current evolution of motor drives, this thesis focuses on the
control techniques of converter-fed synchronous machines for variable speed ap-
plications. The title bears the keyword synchronous reluctance machine as the
proposed solutions have hitherto been only validated on a SyR motor test-bench.
However, a vast majority of the work is general in nature, applicable to the family
of anisotropic synchronous machines. Within the paradigm of motor drives, this
work broadly covers three topics: (i) Sensorless Control; (ii) Self-Commissioning
and (iii) Direct Flux Vector Control.

1.1.1 Appeal for Sensorless Control
The operation without a rotor position transducer in motor drives has been long

sought after and has been a subject of research for over three decades. The control
techniques developed towards this end are commonly known as sensorless control,
also referred as self-sensing and encoderless control is some literature.

Typical speed and position transducers include potentiometer, tachometer, hall-
effect sensor, optical encoder and resolver. The main motivation for eliminating
these sensors are:

• The cost reduction is a major incentive in pursing sensorless control; besides
the cost of the sensor itself, the supplementary expense incurred in cabling
and assembly can also be avoided.
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• The resolution of position sensor imposes a limitation on the maximum op-
erable speed whereas the sensorless techniques are known to be very reliable,
particularly at high speeds.

• A prospective application for sensorless control is the hostile environments
that is not conducive for position sensors such as high temperature, liquid
immersion, long cabling, etc.

• In cases of sensitive equipment, the sensorless control provides redundancy
and a contingency plan should the position sensor fail, aiding in fault-tolerance.

Thus, the research in the field of sensorless control aims at eliminating the position
sensor while providing a reliable speed and position estimation at all operating
points.

1.1.2 Need for Automatic Commissioning
Commissioning the drive comprises of identifying the parameters of the motor

and the inverter. The characterization of inverter involves mapping the voltage
drop due to dead-time and switching losses. This work addresses the automatic or
self-commissioning of the motors for magnetic model characterization.

Synchronous machines often exhibit nonlinear magnetic characteristics with self-
saturation and cross-coupling phenomenon. The knowledge of the motor flux-map
is mandatory for the accurate control of synchronous motor drives for the following
reasons:

• For a given speed and torque, the dq operating point for optimal efficiency is
dependent on the flux-map of the machine. Thus, for high-efficiency drives,
the flux-map information is vital.

• The tuning of linear regulators for torque control is reliant on the flux-map
of the machine for a uniform dynamic performance at all operating points.
Needless to say, the model-based control schemes such as model-predictive-
control (MPC) and deadbeat control (DBC) are at the mercy of accurate
model parameters.

• The efficacy of most sensorless techniques is directly proportional to the accu-
racy of the flux-map; parameter errors could potentially lead to loss of control
and instability. Besides position estimation, the flux-map helps in reliable
torque and stator flux estimation that benefits high-performance drives.

Having established the need for accurate magnetic model, methods for identifi-
cation without an elaborate and a dedicated test-bench finds interest in industrial
applications. To this end, self-commissioning techniques are developed for flux-map
identification that is not limited to a lab environment.
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1.1.3 Control Strategies
A robust control technique is essential to exploit the merit of an electrical drive.

The development of new semiconductor devices and faster control processing plat-
forms have fostered continuous evolution in the control strategies of motor drives.
The two most commercial and prominent classical control strategies are the lin-
ear proportional-integral (PI) controller-based field-oriented-control (FOC) and the
hysteresis controller-based direct-torque-control (DTC). The merits and demerits
of the two have been long debated and well-documented. Some features that are
desired out of a notable control scheme are:

• Good dynamic performance and uniform bandwidth at all operating points
with reasonably low torque/current ripples and acoustic noise.

• Ability to extend operation beyond rated speed and generate optimal refer-
ences for flux-weakening region with ease.

• Resilience to parameter detuning and less dependency on offline preprocessed
optimal reference tables.

Direct flux vector control (DFVC) is an amalgamation of sorts of FOC and DTC.
While the aforementioned features can be attained by various control schemes, this
work focuses on DFVC as a high-performance control strategy.

1.2 Thesis Outline
As alluded to earlier, the thesis focuses on three aspects of the control of motor

drives. The sensorless control is the primary topic of the work, incurring a lion’s
share of time and resources. The manuscript is organized as follows:

• Chapter 2 defines the symbols and notation, and introduces the synchronous
machine model. The experimental setup and the two SyR motors under test
are discussed.

• Chapter 3 presents the sensorless control framework as a basis for the pro-
jection vector-based position estimation techniques. The stator flux, speed
and position observers are introduced and the generalized stability analysis
is formulated.

• Chapter 4 contains a review of three common back-emf based sensorless
schemes from literature. The stability is assessed to reveal problematic oper-
ating regions through the common prism of the projection vector framework.

• Chapter 5 presents a new auxiliary-flux position observer (AUX) to mitigate
the instability of the fundamental-wave excitation techniques.
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• Chapter 6 presents a new adaptive projection vector for position error es-
timation (APP) scheme for sensorless control of synchronous machines. Fol-
lowing the sensitivity analysis to parameter errors, a stator resistance and
flux adaptation mechanism is designed.

• Chapter 7 introduces a new model-based torque control scheme with adap-
tive MTPA tracking. A new current-model flux adaptation is supplemented to
the APP position observer to mitigate error in torque estimation and realize
accurate torque control under flux-map errors.

• Chapter 8 deals with the sensorless control techniques for the zero to low
speeds region where the position information is retrieved from the high-
frequency excitation of the machine. An injection-less sensorless control with
finite-control-set model-predictive-control (FCS-MPC) is discussed.

• Chapter 9 presents the self-commissioning techniques for SyR machines. An
online flux adaptation during alternate acceleration-deceleration at free-shaft
is presented. A sensorless variant at standstill condition is also explored.

• Chapter 10 talks about the contributions to DFVC in terms of accurate
modeling of the nonlinear dynamics that help realizing high bandwidth con-
trol. A new small-signal model based online optimal reference generation is
investigated.

• Chapter 11 concludes the thesis by summarizing the contributions and dis-
cussing future works.

In addition to the work discussed in the manuscript, two industrial contracts
were managed during the course of PhD. The first activity from 1 April to 30 June
2018 involved a hardware-in-loop (HiL) modeling and experimental validation of
an elevator drive-train. The second activity is a two year research contract from 1
April 2019 to 31 March 2021 to investigate developments in sensorless control of SyR
machines. Within this contract, a new low speed sensorless control without the need
for flux-map was designed for plug-and-play systems. A patent on this technique
is jointly held with the industrial partner; this new scheme is not discussed in the
manuscript to refrain from imposing an 18 month embargo on the thesis.

Besides the work on motor drives, the early days required a brief involvement
in an inter-disciplinary project on exploring the feasibility of plastic optic-fibers for
real-time control and synchronization of different power converters, primarily in
assisting with the power electronic hardware setup.
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Chapter 2

Synchronous Machines

The analytical formulation of MTPA criterion using the auxiliary-flux vector is
published in [11], [12].

2.1 Introduction
Since the turn of 21st century, the synchronous machines have begun to grow

prominent in high-efficiency VSD. For the same stack and inverter size, a compari-
son of three motors, IM, surface permanent magnet (SPM) and interior permanent
magnet (IPM), shows that a well-designed high-salient IPM synchronous motor
has a better overall performance in power overload curve and efficiency [13]. The
SPM motors hold a poor reputation for flux-weakening capability as the character-
istic current often exceeds the rated current, limiting the achievable constant-power
speed range (CPSR) [14]. Even when the characteristic current is achievable (like
in concentrated winding SPM machines), it is not convenient to shoot against the
PMs for efficiency reasons. The IPM motor is assisted with a reluctance torque
component in addition to the magnetic torque and is known to have a wider CPSR
with better flux-weakening capability. A realizable characteristic current provides
better fault-tolerant operation as it is the phase current during three-phase short-
circuit fault.

In early 2010, the price of rare-earth metal neodymium (Nd) skyrocketed in un-
precedented proportions that disrupted the PM synchronous motor industry and
brought to light the undue reliance and the monopolistic nature of the rare-earth
metal market [15]. This prompted the investigation for alternative high perfor-
mance machines to shield the exposure to price swings and volatility of the rare-
earth magnets [16]. Ferrite ceramic magnets have been commercially successful
despite their lower remanent flux density due to their lower cost and higher Curie
temperature [17].

A search for rare-earth free machines led to the rediscovery of SyR machines
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as the inverter technology evolved [18]. The theoretical principles of reluctance
torque production in SyR machine were introduced by Kostko in 1923 [19]; early
reference on a salient pole synchronous machine without field excitation dates back
to 1926 [20]. Despite applications in textile industry as early as 1960’s, the SyR
machine laid largely dormant until the research interest was revived with the onset
of developments in semiconductors. While the PM motors are less sturdy owing to
the risk of demagnetization from shocks and over-current faults, the SyR motors
are more sturdy for the simplicity of the rotor.

Considering the spectrum of synchronous machines with the non-salient SPM
motors with purely magnetic torque at one end and the salient SyR motors with
purely reluctance torque at the other, there are numerous combinations of designs
that encompass both magnetic and reluctance torque. The IPM motors represent
those having a relatively higher proportion of magnetic torque while the permanent
magnet assisted synchronous reluctance (PM-SyR) motors have a higher proportion
of reluctance torque.

This chapter introduces the mathematical model of a synchronous machine, and
the analytical expressions of maximum-torque-per-ampere (MTPA) and maximum-
torque-per-volts (MTPV) criteria in Section 2.2. The description of the experimen-
tal test-bench, the motors under test and the hardware setup is presented in Section
2.3.

2.2 Theoretical Background
The electrical rotor position is θ and the electrical angular speed is ω = s θ where

s is the differential operator d
dt

. The orthogonal rotational matrix is J = [ 0 −1
1 0 ] and

I is the identity matrix. Real space vectors will be used; for example, the stator
current is idq = [id, iq]T where id and iq are the vector components in the dq rotor
reference frame. Space vectors in the stationary reference frame are denoted by
subscript αβ. Note that the convention of a SyR machine is followed, i.e, d-axis is
defined along the maximum inductance path and the magnets, if any, are along the
negative q-axis.

2.2.1 Mathematical Model
The voltage equation of a synchronous machine in the dq rotor reference frame

is given by
s λdq = vdq − Rsidq − ω J λdq (2.1)

where Rs is the stator resistance and λdq is the stator flux linkage. The stator flux
linkage and its time-derivative are expressed as

λdq = L idq + λm s λdq = L∂ s idq (2.2)
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where L is the apparent inductance matrix, L∂ is the incremental inductance matrix
and λm is the open circuit permanent-magnet flux vector. They are given by

L(idq) =
[︄
Ld 0
0 Lq

]︄
λm =

[︄
0

−λm

]︄
L∂(idq) =

[︄
ld ldq

ldq lq

]︄
(2.3)

where λm is the open circuit permanent-magnet flux linkage, ld, lq represents the
incremental inductance along direct d and quadrature q axis, respectively, while ldq

is the cross-saturation term. Apparent inductances are defined likewise. The in-
ductance matrices are functions of idq. The cross-saturation in apparent inductance
is included in the diagonal terms in L(idq). The average electromagnetic torque is
given by

T = 3p

2 iT
dq J λdq (2.4)

where p is the number of pole pairs. The dynamics of mechanical speed and position,
denoted by the subscript r, of a synchronous machine is given by

J · s ωr = T − TL − B ωr (2.5)

where J is the shaft inertia, TL is the load torque and B is the friction coefficient.
Iron losses, being a nonlinear function of the stator flux and the angular fre-

quency, are difficult to model and gain significance at high speeds. For operations
around the nominal speed, it is common to neglect the iron losses due to their
diminished influence and modeling complexity; besides, it has little detrimental ef-
fects on control to warrant complicated control scheme and machine identification
stage. Hence, they are not considered in this work.

2.2.2 MTPA Law and Auxiliary-Flux Definition
Let γ = ∠idq denote the current angle in the dq reference frame. The change of

torque w.r.t current angle for a given current amplitude i = |idq| is computed as

dT

dγ

⃓⃓⃓⃓
i

= 3p

2

⎛⎝didq

dγ

T
J λdq + iT

dq J
dλdq

dγ

⎞⎠. (2.6)

Upon manipulation,

dT

dγ

⃓⃓⃓⃓
i

= 3p

2

⎛⎝J λdq − L∂ J idq

⎞⎠T

J idq. (2.7)

The contours of (2.7) in dq current plane for SyR motor A (see Section 2.3.2 for
the motor ratings) is shown in Fig. 2.1(a); the MTPA trajectory is coincident with
the zero locus. The auxiliary-flux vector λa

dq is defined as

λa
dq = J λdq − L∂ J idq. (2.8)
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Figure 2.1: (a) Contour of derivative of torque w.r.t current angle (2.7) where the red line is the
MTPA trajectory; (b) Contour of derivative of torque w.r.t load angle (2.14) where the red line
is the MTPV trajectory. Motor: A.

The MTPA law is finally defined as
dT

dγ

⃓⃓⃓⃓
i

= 0 =⇒
(︂
λa

dq

)︂T
J idq = 0. (2.9)

The expression (2.9) dictates that the MTPA criterion is respected if and only if
the stator current is in phase with the auxiliary-flux vector, i.e., γMTPA = ∠λa

dq.

Physical Insights into Auxiliary-Flux Vector

Let dq̂ denote a general reference frame whose d̂-axis is shifted from the real
rotor d-axis by an angle θ̃ = θ − θ̂. In the following chapters on sensorless control,
the notation dq̂ represents the estimated reference frame having a position error θ̃.
The linearized form of the derivative of stator flux in the general reference frame
can be expressed as

dλdq̂ (idq̂, θ̃) =
δλdq̂

δidq̂

⃓⃓⃓⃓
θ̃

· didq̂ +
δλdq̂

δθ̃

⃓⃓⃓⃓
idq̂

· dθ̃. (2.10)

Examining the second term in (2.10) using (2.2) leads to

δλdq̂

δθ̃

⃓⃓⃓⃓
idq̂

= J e Jθ̃ λdq − e Jθ̃ L∂ J e−J θ̃ idq̂. (2.11)

Using the definition of auxiliary-flux vector (2.8), the above expression becomes

δλdq̂

δθ̃

⃓⃓⃓⃓
idq̂

= eJθ̃ λa
dq = λa

dq̂
. (2.12)
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The expression (2.12) gives a physical understanding of the auxiliary-flux vector
as the change in stator flux w.r.t the position error for a constant stator current
vector in the general reference frame.

2.2.3 MTPV Law and Auxiliary-Current Definition
Let δ = ∠λdq denote the load angle in the dq reference frame. Then, the change

of torque w.r.t load angle for a given flux amplitude λ = |λdq| is computed as

dT

dδ

⃓⃓⃓⃓
λ

= 3p

2

(︄
didq

dδ

T
J λdq + iT

dq J
dλdq

dδ

)︄
. (2.13)

Upon manipulation,

dT

dδ

⃓⃓⃓⃓
λ

= 3p

2 λT
dq J

(︄
J idq − L−1

∂ J λdq

)︄
. (2.14)

The contours of (2.14) in dq flux plane for SyR motor A (see Section 2.3.2) is
shown in Fig. 2.1(b); the MTPV trajectory is coincident with the zero locus. The
auxiliary-current vector ia

dq is defined as

ia
dq = J idq − L−1

∂ J λdq. (2.15)

Following, the MTPV law is defined as

dT

dδ

⃓⃓⃓⃓
λ

= 0 =⇒ λT
dq J ia

dq = 0. (2.16)

The expression (2.16) dictates that the MTPV criterion is respected if and only if
the auxiliary-current is in phase with the stator flux vector, i.e., δMTPV = ∠ia

dq.

Physical Insights into Auxiliary-Current Vector

The linearized form of the derivative of stator current in the general reference
frame can be expressed as

didq̂ (λdq̂, θ̃) =
δidq̂

δλdq̂

⃓⃓⃓⃓
θ̃

· dλdq̂ +
δidq̂

δθ̃

⃓⃓⃓⃓
λdq̂

· dθ̃. (2.17)

Examining the second term using (2.2) leads to

δidq̂

δθ̃

⃓⃓⃓⃓
λdq̂

= J e−Jθ̃ idq − e Jθ̃ L−1
∂ J e−Jθ̃ λdq̂. (2.18)
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Figure 2.2: Experimental Setup with the custom built inverter, dSPACE DS1103 control platform
and HBM GEN 3i data recorder.

Using the definition of auxiliary-current vector (2.15), the above expression becomes
δidq̂

δθ̃

⃓⃓⃓⃓
λdq̂

= eJθ̃ ia
dq = ia

dq̂
. (2.19)

As a duality to the auxiliary-flux vector„ the expression (2.19) gives a physical
understanding of the auxiliary-current vector as the change in stator current w.r.t
the position error for a constant stator flux in the general reference frame.

2.3 Experimental Test-Bench

2.3.1 Hardware Setup
A snapshot of the hardware setup is shown in Fig. 2.2. The 3-phase voltage

source inverter is custom designed and in-house built, rated at 400 V and 40 A pk
with the dc-link at 565 V. The control platform is dSPACE DS1103 that runs at a
sampling frequency of 5 - 10 kHz; the precise data are reported in the experimental
results section of each chapter. The setup uses synchronous sampling. The inverter
dead-time (3µs) is appropriately compensated. The ratio of the switching to the
fundamental frequency is over 100; thus, a simple forward Euler integration is
adequate for time discretization [21].

2.3.2 Motors under Test
The developed sensorless control techniques in Chapters 3-8 as well as the direct

flux vector control in Chapter 10 are valid for all synchronous machines. The
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Table 2.1: Motor Parameters

Parameters Symbol Motor A Motor B Units

Rated power Pn 1.1 1.1 kW
Rated voltage Vn 340 340 V
Rated speed ωn 1500 1500 rpm
Rated current In 2.9 2.3 A
Rated torque Tn 7.1 7.1 Nm
Pole pairs p 2 2 -
Stator resistance Rs 6.2 4.5 Ω
Shaft inertia J 0.04 0.04 kgm2

Figure 2.3: Motor test-bench with the SyR machine under test (blue) and the auxiliary load
machine (black) coupled through a HBM T40B torque transducer for motor commissioning.

Figure 2.4: Motor test-bench with a hard coupling used for the sensorless control development.
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Figure 2.5: (a) 3D printer Ultimaker 3; (b) Solid Works 3D print design for magnetic encoder
adapters; (c) RLS AM8192B Hall sensor-based magnetic incremental encoder.

Figure 2.6: Encoder mounting: (a) Diametrically polarized magnet attached to the shaft of motor
A; (b) Hall sensor mounted on the frame of motor A; (c) Optical encoder mounted on the frame
of motor B.

experimental validation is presented on two 1.1 kW SyR machines, motor A and
motor B.

The motor A is the commercially available ABB 3GAL092513-BSB while the
motor B is custom designed starting from an ABB inductor motor. The parameters
of the two motors are reported in Table 2.1. Wherein necessary, the motor in use
will be indicated in the figures caption in the following chapters.

None of the motor included a position transducer by default. The motor test-
bench is shown in Fig. 2.3 with the SyR motor under test (blue) and the load
machine (black). The HBM Gen 3i data recorder in Fig. 2.2 and the torque trans-
ducer HBM T40B in Fig. 2.3 are mounted only for the initial identification stage
(flux and efficiency maps) of the SyR machine. As strong transients are detrimental
to the health of torque sensors, it has been the laboratory policy to not use the
torque sensor for the tests pertaining to the development stage of sensorless control,
sensitivity and stability analysis. Thus, the torque sensor is replaced with a direct
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Figure 2.7: Experimentally identified magnetic model of SyR motor A: (a) Overview exhibiting
saturation and cross-saturation phenomenon; (b) d-axis flux-map; (c) q-axis flux-map.

Figure 2.8: Experimentally identified magnetic model of SyR motor B: (a) Overview exhibiting
saturation and cross-saturation phenomenon; (b) d-axis flux-map; (c) q-axis flux-map.

coupling as shown in Fig. 2.4.
The motor A is affixed with a 13 bits RLS AM8192B Hall sensor-based magnetic

incremental encoder. To aid in mounting the encoder onto the motor, adapters were
designed in Solid Works and fabricated with a 3D printer Ultimaker 3 and PLA
ink, as shown in Fig. 2.5. The final mounting on the machine is shown in Fig. 2.6.
The motor B uses a 12 bits optical encoder mounted behind the shaft, besides the
fan, as shown in Fig. 2.6(c).

The magnetic model characteristics of the SyR motors A and B are shown
in Figs. 2.7 and 2.8, respectively. The flux-map of the two motors under test is
experimentally identified with the constant speed test reported in [22]. Note that
the flux-map identification at constant speed extracts the fundamental component
that averages out the spacial and slot harmonics. The motors under test exhibit
secondary harmonics though it has little bearing on the control techniques discussed
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in this work.

2.4 Summary of the Chapter Contributions
The major contributions of this chapter are summarized as follows:

• The analytical expression of the MTPA condition is expressed using the newly
defined auxiliary-flux vector. It is shown that, at the MTPA operating point,
the stator current vector and the auxiliary-flux vector are in phase. This
property is exploited in later chapters to design a real-time MTPA adaptation.

• Similarly, the MTPV condition is analytically expressed using the newly de-
fined auxiliary-current vector and is shown that the stator flux vector is in
phase with the auxiliary-current vector at the MTPV operating point. This
property is used to design a real-time MTPV limit in Chapter 10.
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Chapter 3

Unified Sensorless Control
Framework

The projection vector framework for design and analysis of position sensorless
control schemes is published in [23], [24]. The nonlinear magnetic model accounting
for position error is also reported in [23], [24].

3.1 Introduction
The sensorless control techniques can be broadly classified into two classes:

(i) fundamental-wave excitation schemes; (ii) high-frequency excitation schemes.
Those sensorless techniques that extract the position information from the back-
emf (equivalently, flux linkage) of the machine fall under the fundamental-wave
excitation scheme. They are reviewed and extensively discussed in Chapters 4 - 7.

The fundamental-excitation schemes become unreliable at low speeds due to
the diminished back-emf and is inoperable at standstill condition. An alternative is
sought with the high-frequency excitation schemes for low speed sensorless control
where the local magnetic saliency of the machine is exploited for position estima-
tion. High-frequency excitation schemes will be reviewed and treated in Chapter
8. In medium to high speed region, the high-frequency excitation approach is often
relegated in the favor of fundamental-wave excitation approach for reliability and
absence of acoustic noise.

This chapter aims to establish a general sensorless control framework upon
which the fundamental-wave excitation techniques in Chapters 4 - 7 are constructed,
but also applicable to the high-frequency excitation schemes in Chapter 8. The
influence of position error on the current-model flux is analyzed for a nonlinear
magnetic model in Section 3.2. The hybrid flux observer (HFO) is introduced and
the linearized flux estimation error dynamics is drawn in Section 3.3. The position
error signal in the form of projection vectors [23]–[26] using the discrepancy between
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the observed and the current-model flux for fundamental-wave excitation schemes
is introduced in Section 3.4. A phase-locked-loop (PLL) is used as the speed and
position observer; a stability analysis for the combined flux and position observer
in a general form is introduced.

3.2 Sensorless Control System
The machine model is expressed in coordinates of estimated rotor reference

frame, denoted by subscript dq̂, whose d̂-axis is at θ̂ = θ − θ̃, where θ̃ is the position
error. Estimated vectors are represented by the superscript .̂

3.2.1 Machine Model under Position Error
The voltage equation of a synchronous machine in the estimated rotor reference

frame is given by
s λdq̂ = vdq̂ − Rsidq̂ − ω̂ J λdq̂ (3.1)

where ω̂ is the estimated speed. The average electromagnetic torque resembles
(2.4), given by

T = 3p

2 iT
dq̂

J λdq̂. (3.2)

Voltage-Model Stator Flux

The stator flux linkage computed from the voltage equation (3.1) is referred to
as voltage-model stator flux, expressed as

λdq̂ =
∫︂ (︂

vdq̂ − Rsidq̂ − ω̂ J λdq̂

)︂
dt. (3.3)

The voltage-model flux is considered to be the exact stator flux in the estimated
reference frame, which holds true under precise inverter voltage compensation and
accurate stator resistance.

Let Λdq(idq) denote the accurate flux-map LUTs of the synchronous machine.
Then, the voltage-model stator flux linkage is transformed to the estimated rotor
reference frame under position error as

λdq̂ = eJθ̃ Λdq(idq) = eJθ̃ L(idq) e−Jθ̃ idq̂ + eJθ̃ λm (3.4)
where the inductance matrix are a function of the operating point idq in the real
dq rotor reference frame. The time-derivative of stator flux in estimated reference
frame is given by

s λdq̂ = eJθ̃ L∂(idq) e−Jθ̃ s idq̂ +
(︄

Jλdq̂ − eJθ̃ L∂(idq) e−Jθ̃ J idq̂

)︄
· s θ̃ (3.5)

where s θ̃ = 0 is generally assumed.
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Current-Model Stator Flux

The current-model flux linkage, denoted with a superscript i, in the estimated
rotor reference frame is given by

λi
dq̂

= Λdq(idq̂) = Li(idq̂) · idq̂ + λm (3.6)

where Li is the current-model apparent inductance matrix that is a function of
the operating point idq̂ in the estimated dq̂ reference frame. Only in the absence
of position error does the equalities λdq = λi

dq and L = Li hold. Likewise, the
current-model incremental inductance matrix is denoted by Li

∂; however, for small
position errors, the equality Li

∂(idq̂) = L∂(idq) holds.

3.2.2 Magnetic Model Accounting Position Error (MMAP)
The voltage-model stator flux linkage in the estimated rotor reference can be

expanded as
λdq̂ = eJθ̃ Λdq(idq) ⇒ λdq̂ = eJθ̃ Λdq(e−Jθ̃idq̂). (3.7)

The synchronous machine exhibits nonlinear magnetic characteristics due to both
saturation and cross-saturation phenomena. Hence, linearizing the term Λdq(e−Jθ̃idq̂)
in (3.7) around an operating point gives

Λdq(e−Jθ̃idq̂) = Λdq(idq̂ − θ̃ J idq̂) = Λdq(idq̂) − θ̃
dΛdq

didq̂

J idq̂

⇒ Λdq(e−Jθ̃idq̂) = λi
dq̂

− θ̃ L∂ J idq̂. (3.8)

In the above derivation, the first order approximation holds for small position error,
i.e., a constant incremental inductance in the vicinity of the operating point.

Using (3.8) in (3.7) and linearizing, the magnetic model accounting position
error (MMAP) that relates the voltage-model and the current-model flux estimates
is derived as

λdq̂ = λi
dq̂

+ θ̃
(︃

J λi
dq̂

− L∂ J idq̂

)︃
. (3.9)

Using the definition of auxiliary-flux vector in (2.8), the MMAP relating the current-
model and the voltage-model flux in estimated reference frame is given by

λdq̂ = λi
dq̂

+ θ̃ λa
dq̂

. (3.10)

The MMAP for a SyR machine was introduced as improved inductance model in
[24].
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3.2.3 Conventional Magnetic Model (CMM)
In the literature, it is common to overlook the position error induced inductance

variations and to assume the current-model inductance in the estimated rotor ref-
erence frame to be equal to the real inductance, i.e.,

Li(idq̂) = L(idq) ⇒ λi
dq̂

= L idq̂ + λm. (3.11)

Linearizing (3.4) and using (3.11) leads to the conventional magnetic model (CMM)
as

λdq̂ = λi
dq̂

+ θ̃
(︃

J λi
dq̂

− L J idq̂

)︃
. (3.12)

Drawing equivalence to (3.10), the auxiliary-flux vector for CMM is denoted by a
superscript ′ as

λa′

dq̂
= (J L − L J) idq̂. (3.13)

It can be discerned that the CMM (3.12) is equivalent to the MMAP (3.9) only
in the linear unsaturated region where the incremental inductance is identical to
the apparent inductance.

3.2.4 Parameter Error Definition
Hitherto, exact motor parameters (flux-map LUTs and stator resistance) were

considered. This section defines the respective parametric errors.

Current-Model Flux Error

Let λ̂
i

dq = Λ̂dq(idq) denote the current-model flux based on the error-ridden
flux-map LUTs. Then, the current-model flux error λ̃

i

dq is given by

λ̃
i

dq = λdq − λ̂
i

dq = L̃ · idq + λ̃m (3.14)

where the L̃ = L − L̂ and λ̃m = λm − λ̂m are the errors in apparent inductance
and permanent magnet flux respectively. Incorporating the parameter error into
the MMAP in (3.10) leads to

λdq̂ = λ̂
i

dq̂ + θ̃ λ̂
a

dq̂ + λ̃
i

dq̂. (3.15)

Stator Resistance and Inverter Voltage Error

Accurate dc-link voltage measurement is assumed. Two potential sources of
voltage error are considered: (i) discrepancy in temperature-dependent stator re-
sistance estimate; (ii) non-ideal dead-time compensation of the inverter. If R̂s is
the resistance used in the control, vdc is the dc-link voltage, fs is the switching
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frequency and t̃d = td − t̂d is the error in the compensated dead-time, the voltage
error can be expressed as [27]

ṽαβ = (Rs − R̂s) iαβ + 4
3 vdc fs t̃d sgn(iabc) (3.16)

where the nonlinear term sgn(iabc) is a signum of the inverter load current, defined
as

sgn(iabc) = 1
2

(︃
sgn(ia) + eJ 2π

3 · sgn(ib) + eJ 4π
3 · sgn(ic)

)︃
(3.17)

where iabc is the motor current vector expressed in phase components abc. The
sgn(iabc) vector is a unity vector along one of the six active discrete voltage vectors
of a 2-level inverter that is closest to the current vector in the stationary αβ refer-
ence frame. The voltage error related to on-state voltage drop of power devices is
included in the dead-time effect and the related compensation. Note that though
the parasitic capacitance introduces harmonics in the applied voltage, they have
been overlooked since they only marginally affect the fundamental voltage.

The fundamental component of the nonlinear voltage error due to the non-ideal
dead-time compensation is in phase with the current vector, just as the voltage error
due to the inaccurate stator resistance. Hence, for modeling simplicity, an effective
stator resistance error is defined from the fundamental component of (3.16) using
Fourier series as

R̃s = Rs − R̂s + 1
i

4
π

vdc fs t̃d (3.18)

where R̃s incorporates the net voltage error and i is the current vector amplitude.

3.3 Hybrid Flux Observer (HFO)

3.3.1 State Equation and Implementation
The hybrid flux observer state equation in the stationary reference frame is

defined as
sλ̂αβ = vαβ − R̂siαβ + eJθ̂ G

(︃
λ̂

i

dq̂ − λ̂dq̂

)︃
(3.19)

where G is a 2 × 2 gain matrix, and λ̂αβ and λ̂dq̂ are the observed stator flux in
the stationary and the estimated rotor reference frame, respectively.

For a diagonal matrix G = g I, the gain g acts as a cross-over frequency that
dictates the dominance of the current-model flux estimation on the observed flux
for electrical speeds less g rad/s while the voltage-model flux estimation prevails for
speed over g rad/s. The term Λ̂dq in Fig.3.1 is the flux-map LUTs from experimental
identification.
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Figure 3.1: Block diagram of the hybrid flux observer implemented in the stator reference frame
where the feedback is computed in the estimated rotor reference frame.

The incremental inductance matrix L̂∂ is computed in real-time from the flux-
map LUTs; as an example:

l̂d(idq) = Λ̂d(id + δid, iq) − Λ̂d(id, iq)
δid

(3.20)

where δid is a small value (≈ 10 mA). The other incremental inductances are
obtained in a similar fashion. This real-time computed incremental inductance will
be used extensively; for instance, in the real-time evaluation of the auxiliary-flux
vector.

3.3.2 Linearized Error Dynamics
For studying the error dynamics, the state equation (3.19) is transformed to the

estimated reference frame as

s λ̂dq̂ = vdq̂ − R̂sidq̂ − ω̂J λ̂dq̂ + G
(︃

λ̂
i

dq̂ − λ̂dq̂

)︃
. (3.21)

The nonlinear flux estimation error dynamics is derived from (3.1) and (3.21) as

s λ̃dq̂ = −(G + ω̂J) λ̃dq̂ + G (λdq̂ − λ̂
i

dq̂) − R̃sidq̂ (3.22)

where λ̃dq̂ = λdq̂ − λ̂dq̂ is the flux estimation error. Using the MMAP with the
parameter errors in evidence (3.15), the linearized flux estimation error dynamics
as functions of errors in position, resistance and current-model flux is derived as

λ̃dq̂ = (sI + G + ω̂J)−1
[︄
G (λ̂a

dq̂ θ̃ + λ̃
i

dq̂) − R̃sidq̂

]︄
(3.23)

where λ̂
a

dq̂ is the auxiliary-flux (2.8) computed using the observed stator flux.
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Figure 3.2: Closed-loop analysis of the position observer with a phased-locked-loop.

3.4 Speed and Position Observer

3.4.1 Phase-Locked-Loop (PLL)
A conventional phase-locked-loop (PLL) with a proportional-integral (PI) con-

troller is employed to drive the position error signal ϵθ to zero, shown in Fig. 3.2,
as

ω̂ = kp ϵθ + ωi ωi =
∫︂

ki ϵθ dt θ̂ =
∫︂

ω̂ dt (3.24)

where kp and ki are the respective gains. The gains of the PLL are tuned for a
critically damped response considering ϵθ = θ̃ by placing the two poles at s = −Ωω:

kp = 2 Ωω ki = Ω2
ω. (3.25)

3.4.2 Projection Vector Framework
The position error signal ϵθ driving the PLL in Fig. 3.2 is expressed in a general

form as the projection of the difference in observed and current-model flux estimates
on the position projection vector ϕθ, shown in Fig. 3.3, as [24], [25]

ϵθ = ϕT
θ (λ̂dq̂ − λ̂

i

dq̂). (3.26)

Besides position tracking, the error signal in such general form will be used also
for parameter adaptation. Using the flux estimation error λ̃dq̂ = λdq̂ − λ̂dq̂ and the
MMAP (3.15), the linearized form of (3.26) becomes

ϵθ = ϕT
θ

(︂
λ̂

a

dq̂ θ̃ + λ̃
i

dq̂ − λ̃dq̂

)︂
. (3.27)

Following the results of flux estimation error dynamics (3.23), the position error
signal (3.27) is decomposed in terms of the constituent errors as

ϵθ = ϕT
θ

[︂
hθ̃ H

λ̃
i hR̃

]︂
x̃ (3.28a)
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Figure 3.3: Hybrid flux observer (HFO) with projection vector-based position error signal and a
phase-locked-loop (PLL) for position tracking.

hθ̃ = (sI + G + ωJ)−1(sI + ωJ) λ̂
a

dq̂

H
λ̃

i = (sI + G + ωJ)−1(sI + ωJ)
hR̃ = (sI + G + ωJ)−1 idq̂ (3.28b)

where x̃ =
[︃
θ̃
(︂
λ̃

i

dq̂

)︂T
R̃s

]︃T
. The transfer function matrices hθ̃ and hR̃ are of

length 2×1 while H
λ̃

i is 2×2.
The steady-state position error θ̃0 owing to parametric errors can be derived

from (3.28) by equating ϵθ = 0 as

θ̃0 = −
ϕT

θ

(︄
H

λ̃
i λ̃

i

dq̂ + hR̃s
R̃s

)︄
ϕT

θ hθ̃

⃓⃓⃓⃓
⃓⃓
s=0

. (3.29)

Note that the expression (3.29) is not valid for large parameter errors as it is
obtained from a linearized small-signal model. Steady-state error in the case of
parameter adaptation can be derived in a similar fashion.

3.4.3 Stability Analysis
Closed-Loop Transfer Function

For the PLL defined in (3.24), the closed-loop transfer function in Fig. 3.2 is
given by

θ̂(s)
θ(s) = (skp + ki) ϕT

θ hθ̃

s2 + (skp + ki) ϕT
θ hθ̃

(3.30)

where ϕT
θ hθ̃ is the transfer function between the position error signal and position

error for the projection vector in (3.28), given by
ϵθ

θ̃
= ϕT

θ hθ̃ = ϕT
θ (sI + G + ωJ)−1(sI + ωJ) λ̂

a

dq̂. (3.31)
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The transfer function (3.31) will be used extensively in the following chapters to
assess the stability of the fundamental-wave excitation sensorless schemes.

State-Space Model

It is convenient to evaluate the system stability with a state-space model of flux
and position observers that can be later expanded to include parameter adaptation.
To this end, the error dynamics of the position observer (3.24) can be expressed as

s θ̃ = ω̃i − kp ϵθ s ω̃i = −ki ϵθ. (3.32)

The combined dynamics of the flux and the position observers is given by

s y = A y (3.33)

A =

⎡⎢⎢⎣
−(G + ω J) G λ̂

a

dq̂ 0
kp ϕT

θ −kp ϕT
θ λ̂

a

dq̂ 1
ki ϕT

θ −ki ϕT
θ λ̂

a

dq̂ 0

⎤⎥⎥⎦
where y =

[︃(︂
λ̃dq̂

)︂T
θ̃ ω̃i

]︃T
. The eigenvalues of (3.33) are computed for each

operating point to evaluate the system stability.

3.5 Summary of the Chapter Contributions
The main contributions of this chapter are summarized as follows:

• Through linearization, the effect of the position error on the current-model
flux estimation is analytically evaluated for MMAP. This helps to model the
dynamics of sensorless control with improved accuracy that benefits analysis
and design of stable position estimation techniques.

• Following the flux estimation error dynamics of HFO, the projection vector
framework is developed to represent the position error signal in a general
form. Parameter errors in stator resistance estimate and the flux-map LUTs
estimate are considered.

• For a position observer using PLL, the stability analysis of the combined flux
and position observer for a general projection vector is presented.
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Chapter 4

Analysis of Fundamental-Wave
Excitation Schemes

The findings in the stability analysis of fundamental-wave excitation schemes in
literature using the projection vector framework is published in [28].

4.1 Introduction
This chapter concerns the fundamental-wave excitation methods based on back-

emf integration for position estimation at medium to high speeds region. The
regions of instability and operational limits of the techniques based on the flux
observer in Fig. 3.3 are reviewed through the common prism of projection vector
framework in similar operating conditions. Accurate parameters are assumed in
the stability analysis in this chapter.

The three flux observer-based sensorless schemes for synchronous machines un-
der consideration are: (i) Flux cross-product based position observer [29]–[31] in
Section 4.2 where the position error function is proportional to the cross-product
of the observed and the current-model flux estimates; (ii) Active-flux position ob-
server [32]–[35] in Section 4.3 where the position error function is proportional to
the q-axis component of the observed active-flux in the estimated rotor reference
frame; (iii) Fundamental saliency-based position observer [36] in Section 4.4 where
the position error function is extracted from the anisotropic component of the stator
flux.

This is by no means an exhaustive review but only of those schemes that comply
with the structure in Fig. 3.3. Among others, a common fundamental-wave exci-
tation sensorless scheme without flux observer is the extended back-emf approach
[37]–[40]. Extended Kalman filter and sliding mode techniques are reported in [41]–
[43]. Differing from Fig. 3.3, sensorless schemes based on the flux observer with cur-
rent feedback are investigated in [44]–[46]; they are mathematically equivalent to
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Figure 4.1: Block diagram of the flux cross-product based position observer for direct position
estimation without a PLL [30], [31].

Fig. 3.3 only for linear magnetic machines with gains scaled accordingly.

4.2 Flux Cross-Product Position Observer (CP)
The flux cross-product based position observer was introduced in [29]–[31]. The

rotor angular position is retrieved using the cross-product of the observed flux in
stationary αβ coordinates and the current-model flux estimate in estimated dq̂
coordinates, as shown in the block diagram in Fig. 4.1. The sine and cosine of the
rotor position are estimated directly as

sin(θ̂) =
λi

d̂
λ̂β − λi

q̂ λ̂α

|λi
dq̂

| |λ̂αβ|
cos(θ̂) =

λi
d̂

λ̂α + λi
q̂ λ̂β

|λi
dq̂

| |λ̂αβ|
. (4.1)

The reference papers do not apparently use a PLL, but it is worthwhile to assess
the compatibility of this technique with a PLL for avoiding the direct reverberation
of the voltage signal transients on the position and speed estimates.

4.2.1 Projection Vector Design
Using MMAP (2.8), the position error can be expressed as the cross-product of

the voltage and the current-model flux estimates as

θ̃ = 1(︂
λi

dq̂

)︂T
J λa

dq̂

(︂
λi

dq̂

)︂T
J λdq̂ (4.2)

The position error signal ϵcp that is representative of (4.1) is derived in the form
of (4.2) from the cross-product of the observed and the current-model fluxes in the
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Figure 4.2: The contour plot of transfer function (4.6) for the CP position observer: (a) ω = 0.2
p.u. (b) ω = 1 p.u.; (c) ω = 2 p.u. Flux observer gain is g = 2π · 10 rad/s. The solid red line is
the MTPA trajectory and the dashed red line is the MTPV trajectory. Motor: A.

estimated reference frame as

ϵcp =
λi

d̂
λ̂q̂ − λi

q̂ λ̂d̂

|λi
dq̂

|2
= −1

|λi
dq̂

|2
(︂
λi

dq̂

)︂T
J λ̂dq̂ (4.3)

This scheme will be denoted by the acronym CP and the subscript cp, implying
cross-product. The error signal is expressed in the projection vector framework as

ϵcp = ϕT
cp (λ̂dq̂ − λi

dq̂
) (4.4)

where the projection vector ϕcp corresponding to the error signal (4.3) is given by

ϕT
cp = −1

|λi
dq̂

|2
(︂
λi

dq̂

)︂T
J. (4.5)

4.2.2 Stability Analysis
For G = g I and using (4.5), the dc-gain of the transfer function (3.31) between

the position error signal and the position error becomes

ϕT
cp hθ̃

⃓⃓⃓
s=0

= ω2

g2 + ω2

(︂
λi

dq̂

)︂T

|λi
dq̂

|2

⎡⎣ g

ω
λ̂

a

dq̂ − J λ̂
a

dq̂

⎤⎦. (4.6)
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Figure 4.3: Closed-loop stability analysis of the CP position observer: Locus of poles of the flux
(purple) and the position (green) observer at the rated torque (MTPA): (a) Motoring; (b) Braking.
Speed markers: ◦ is 0.1 p.u., ⋄ is 1 p.u. and □ is 2 p.u. (c) Regions of instability evaluated at
different speeds where the marker □ denotes the rated torque at MTPA. Parameters: flux observer
gain g = 2π · 10 rad/s and PLL gain Ωω = 2π · 50 rad/s. Motor: A.

The expression (4.6) can be loosely interpreted as an open-loop gain (see Fig. 3.2)
and as an indication of strength of the position error signal, i.e., the lower values
indicate poor observability of the position error and poor resilience to parameter
errors. A negative value implies a positive feedback and instability.

The gain (4.6) is dependent on the operating point idq and the angular speed
ω, and not symmetric in motoring and braking quadrants. The contour of (4.6) in
the dq current plane for SyR motor A is shown in Figs. 4.2(a), 4.2(b) and 4.2(c)
at low speed (0.2 p.u.), rated speed and twice rated speed (2 p.u.), respectively.
For speeds below 0.2 p.u., typically, a high-frequency excitation based scheme is
employed in place of the fundamental-wave scheme. The contour map Fig. 4.2(a)
indicates that operation in the braking quadrant (iq < 0) is unstable at low speed,
as the MTPA trajectory is in the vicinity of zero contour of the dc-gain. Moreover,
high speed operations in flux-weakening region shows poor signal strength and can
be potentially unstable.The MTPV trajectory is inoperable in Fig. 4.2(c).

The locus of closed-loop poles (3.33) for the projection vector (4.5) at the rated
torque in motoring and braking is shown in Figs. 4.3(a) and 4.3(b), respectively.
While the motoring condition is observed to be stable at all speeds, the flux observer
pole ventures into the positive plane during braking at low speeds in Fig. 4.3(b).
For comprehensive stability analysis, the closed-loop poles at all operating point in
the dq current plane are evaluated at various speeds and the regions of instability
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4.2 – Flux Cross-Product Position Observer (CP)

Figure 4.4: CP position observer stability analysis with resistance perturbation of ±15% error,
R̃s = ± 0.15 Rs at 300 rpm (0.2 p.u.) and rated torque: (a) Motoring; (b) Braking. Motor: A.

are sketched in Fig. 4.3(c). Low speeds braking and high speeds flux-weakening
regions are identified as critical for stability.

4.2.3 Experimental Results
The stability analysis of the sensorless techniques is validated experimentally

with SyR motor A at a sampling frequency of 10 kHz. Current vector control is used
where the dq current references are fetched from the MTPA lookup tables (LUTs);
the findings also apply to other control schemes. The SyR machine operates in the
speed control mode while the load torque is imposed by an auxiliary drive. The
speed PI controller is tuned for critically damped poles at s = −2π · 1 rad/s. A
minimum stator current imin = 1 A (0.25 p.u.) is set for fundamental excitation at
no load.

Reference is made to the instability at low speed; the tests in Fig. 4.4 refer to
300 rpm (0.2 p.u.) speed condition and nominal torque. To evaluate the stability
of the sensorless techniques, a small perturbation of ± 15% in the control stator
resistance is introduced; Figs. 4.4(a) and 4.4(b) show the motoring and braking
operation at rated torque, respectively.
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Figure 4.5: Block diagram of the active-flux based position observer for a SyR machine using
direct position estimation without a PLL [33].

It can be observed that the motoring operation of the CP observer is stable while
the braking runs into instability. The results corroborate the stability analysis in
Fig. 4.3(c) where the rated torque at 300 rpm (0.2 p.u.) in braking operation at
MTPA (denoted by the marker □) is at close proximity to the unstable region.

4.3 Active-Flux Position Observer (AF)
The active-flux for a SyR machine is defined along the d-axis as an equivalence

to the torque produce flux in a non-salient machine as [32]–[35]

T = 3p

2

λaf
dq⏟ ⏞⏞ ⏟

(Ld − Lq) id iq ⇒ λaf
αβ = λαβ − Lq iαβ (4.7)

where λaf
dq is the active-flux. Thus, the rotor position is estimated from the phase

angle of the observed stator flux and the current-model q-axis inductance, shown
in the block diagram in Fig. 4.5, as

θ̂ = ∠λ̂
af

αβ = ∠(λ̂αβ − Li
q iαβ). (4.8)

Note that for PM machines, the active flux is defined along the magnetic axis,
i.e., along the negative q-axis as per the convention of this text, as

T = 3p

2

λaf
dq⏟ ⏞⏞ ⏟(︂

(Ld − Lq) iq + λm

)︂
id ⇒ λaf

αβ = λαβ − Ld iαβ. (4.9)

Similar to (4.8), the position for PM machines is estimated as

θ̂ = ∠λ̂
af

αβ + π

2 = ∠(λ̂αβ − Li
d iαβ) + π

2 . (4.10)
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4.3 – Active-Flux Position Observer (AF)

The following analysis of active-flux position observer using PLL is drawn for a
SyR machine but is just as valid for PM machines if the d-axis is defined along the
magnetic axis.

4.3.1 Projection Vector Design
The active-flux of a SyR machine in the estimated rotor reference can be ex-

pressed as
λaf

dq̂
= λdq̂ − Lq idq̂. (4.11)

Using (3.4) and linearizing leads to

λaf

dq̂
=
[︄
(Ld − Lq) id̂

0

]︄
+ θ̃ 2 L∆

[︄
iq̂

id̂

]︄
(4.12)

where the q-axis component is proportional to the position error. Reformulating
(4.12) gives

θ̃ = 1
2 L∆ id̂

[︄
0
1

]︄T (︄
λdq̂ − Lq idq̂

)︄
. (4.13)

Thus, the position error signal can be derived using the observed stator flux
(λdq̂ → λ̂dq̂) and the current-model inductance (L → Li) in (4.13) as

ϵaf = 1
2 Li

∆ id̂

[︄
0
1

]︄T (︄
λ̂dq̂ − Li

q idq̂

)︄
. (4.14)

This scheme is denoted by the acronym AF and the subscript af . The equivalent
projection vector for the error signal (4.14) is given by

ϕT
af = 1

2 Li
∆ id̂

[︄
0
1

]︄T

. (4.15)

4.3.2 Stability Analysis
Using G = g I, the dc-gain of transfer function (3.31) for the active-flux projec-

tion vector (4.15) is given by

ϕT
af hθ̃

⃓⃓⃓
s=0

= ω2

g2 + ω2
1

2 L∆ id̂

⎡⎣ g

ω
λ̂

a

d̂ + λ̂
a

q̂

⎤⎦. (4.16)

The gain (4.16) is dependent on the operating point idq and the angular speed ω.
The contour plot is shown in Fig. 4.6 at three different speeds where the braking
region is observed to have poor signal strength that deteriorates with decreasing
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Figure 4.6: The contour plot of transfer function (4.16) for the AF position observer: (a) ω = 0.2
p.u.; (b) ω = 1 p.u.; (c) ω = 2 p.u. Flux observer gain is g = 2π · 10 rad/s. The solid red line is
the MTPA trajectory and the dashed red line is the MTPV trajectory. Motor: A.

Figure 4.7: Closed-loop stability analysis of the AF position observer. Locus of poles of the flux
(purple) and the position (green) observer at the rated torque (MTPA): (a) Motoring; (b) Braking.
Speed Markers: ◦ is 0.1 p.u., ⋄ is 1 p.u. and □ is 2 p.u. (c) Regions of instability evaluated at
different speeds where the marker □ denotes the rated torque at MTPA. Parameters: flux observer
gain g = 2π · 10 rad/s and PLL gain Ωω = 2π · 50 rad/s. Motor: A.
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4.3 – Active-Flux Position Observer (AF)

Figure 4.8: AF position observer stability analysis with resistance perturbation of ±15% error,
R̃s = ± 0.15 Rs at 300 rpm (0.2 p.u.) and rated torque: (a) Motoring; (b) Braking. Motor: A.

speed. Although the motoring region has largely positive values of dc-gain at all
speeds, further analysis shows that instability occurs also in this region.

The locus of poles at the rated torque in motoring is shown in Fig. 4.7(a) which
is stable at all speeds. During braking, the flux observer pole approaches the first
quadrant at low speeds in Fig. 4.7(b). A comprehensive evaluation for stability in
the dq current plane at three different speeds is shown in Fig. 4.7(c). As mentioned
earlier, the low speed braking regions are susceptible. It is interesting to point out
that unstable regions also exist at high speeds motoring despite a healthy signal
strength in Figs. 4.6(b) and 4.6(c). This arises due to the dynamic coupling between
the flux and the position observer, as shown in [24], [25].

4.3.3 Experimental Results
Figs. 4.8(a) and 4.8(b) show the experimental validation of the stability of AF

position observer with a control resistance perturbation in motoring and braking
operation, respectively.

The motoring at rated torque and 300 rpm (0.2 p.u.) is stable while the braking
becomes unstable. This corroborates the stability analysis in Fig. 4.7(c) where the

37



Analysis of Fundamental-Wave Excitation Schemes

Figure 4.9: Block diagram of the fundamental saliency-based position observer for a SyR machine
using a PLL for position tracking [36].

rated torque operation in braking (denoted by the marker □) is near the unstable
region at 300 rpm.

4.4 Fundamental Saliency-based Position Observer
(FS)

The fundamental saliency-based technique aims to estimate the rotor position
from the differential-mode component of the stator flux. It is developed for a SyR
machine in [36]; the block diagram is shown in Fig. 4.9. However, it is valid for all
synchronous machines in general.

4.4.1 Projection Vector Design
This technique is extended also to the synchronous machines bearing magnets.

To this end, decomposing the stator flux in estimated rotor reference frame (3.4)
to common-mode and differential-mode terms leads to

λdq̂ = LΣ idq̂ + L∆ e2J θ̃ īdq̂ + eJθ̃ λm (4.17)

where LΣ = Ld+Lq

2 , L∆ = Ld−Lq

2 and īdq̂ =
[︂
id̂ −iq̂

]︂T
is the conjugate vector.

Linearizing (4.17) and simplifying leads to
λdq̂ = L idq̂ + λm + θ̃ λa′

dq̂
(4.18)

where λa′

dq̂
is the CMM-based auxiliary-flux vector (3.13) defined in Section 3.2.3.

Reformulating (4.18) leads to

θ̃ =

(︂
λa′

dq̂

)︂T

|λa′

dq̂
|2

(λdq̂ − L idq̂ − λm) (4.19)
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4.4 – Fundamental Saliency-based Position Observer (FS)

Figure 4.10: The contour plot of transfer function (4.22) for the FS position observer: (a) ω =
2π ·10 rad/s (0.2 p.u.); (b) ω = 2π ·50 rad/s (1 p.u.); (c) ω = 2π ·100 rad/s (2 p.u.). Flux observer
gain is g = 2π · 10 rad/s. The solid red line is the MTPA trajectory and the dashed red line is
the MTPV trajectory. Motor: A.

This scheme is denoted by the acronym FS and the subscript fs. To design
the position error function following (4.19), the real stator flux is replaced by the
observed flux (λdq̂ → λ̂dq̂) and the real inductance is replaced by the current-model
inductance (L → Li) as

ϵfs = ϕT
fs (λ̂dq̂ − Li idq̂ − λm) = ϕT

fs (λ̂dq̂ − λi
dq̂

) (4.20)

where the FS projection vector is given by

ϕT
fs =

(︂
λ̂

a′

dq̂

)︂T

|λ̂
a′

dq̂|2
(4.21)

The estimated CMM-based auxiliary-flux vector λ̂
a′

dq̂ is computed using the observed
stator flux and the current-model inductance.

4.4.2 Stability Analysis
The dc-gain of the transfer function (3.31) with G = g I for the FS projection

vector (4.21) becomes

ϕT
fs hθ̃

⃓⃓⃓
s=0

= ω2

g2 + ω2
1

|λ̂
a′

dq̂|2

⎡⎣(︂λ̂a′

dq̂

)︂T
λ̂

a

dq̂ + g

ω

(︂
λ̂

a′

dq̂

)︂T
J λ̂

a

dq̂

⎤⎦. (4.22)
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Figure 4.11: Closed-loop stability analysis of the FS position observer. Locus of poles of the flux
(purple) and the position (green) observer at the rated torque (MTPA): (a) Motoring; (b) Braking.
Speed Markers: ◦ is 0.1 p.u., ⋄ is 1 p.u. and □ is 2 p.u. (c) Regions of instability evaluated at
different speeds where the marker □ denotes the rated torque at MTPA. Parameters: flux observer
gain g = 2π · 15 rad/s and PLL gain Ωω = 2π · 50 rad/s. Motor: A.

The gain (4.22) is dependent on the operating point idq and the angular speed ω.
The contour in the dq current plane is shown in Fig. 4.10 for three different speeds.
Differing from the previous two schemes, it is the motoring operation having poor
signal strength at the low speeds region in Fig. 4.10(a) and being vulnerable to
instability under parameter errors more than the braking mode.

The locus of the closed-loop poles (3.33) at the rated torque (motoring) is shown
in Fig. 4.11(a) where the poles are seen moving towards the positive plane at low
speeds. During braking mode in Fig. 4.11(b), the poles are confined to second quad-
rant at all speeds. The region of instability at low speed (0.2 p.u.) is mapped in the
dq current plane in Fig. 4.11(c); the motoring operation at high load is susceptible
which is coherent with the poor signal quality in Fig. 4.22(a). No unstable regions
were identified at medium and high speeds which makes the FS technique more
robust respect to the ones presented so far.

4.4.3 Experimental Results
The stability analysis is validated with the control resistance perturbation at

rated torque and 300 rpm (0.2 p.u.) in motoring and braking operation as shown
in Figs. 4.12(a) and 4.12(b), respectively.

The motoring operation is observed to be unstable while the braking is stable.
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4.5 – Summary of the Chapter Contributions

Figure 4.12: FS position observer stability analysis with resistance perturbation of ±15% error,
R̃s = ± 0.15 Rs at 300 rpm (0.2 p.u.) and rated torque: (a) Motoring; (b) Braking. Motor: A.

This corroborates the stability analysis in Fig. 4.11(c) where the rated torque in
motoring (denoted by the marker □) is at close proximity to the instability region
at 300 rpm (0.2 p.u.).

4.5 Summary of the Chapter Contributions
The main contributions of the chapter are enumerated as follows:

1. The generalized projection vector approach defined in Chapter 3 is here used
for the direct comparison of different flux-observer-based position observers.

2. Three state-of-art sensorless techniques are comparatively studied under this
common lens where each technique is characterized by a unique vector under
the common mathematical definition of projection vector. They are subjected
to stability analysis at identical operating conditions with a control resistance
perturbation test to validate the analytical evaluations.

3. Regions of instability were identified for the three schemes: both CP and AF
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position observers are unstable at low speeds braking and at high speeds flux-
weakening operation while the FS position observer is found to be unstable
at low speeds motoring operation.
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Chapter 5

Auxiliary-Flux Position Observer
(AUX)

The contributions in the design and development of the auxiliary-flux position
observer are published in [47].

5.1 Introduction
Following the review of the known fundamental-wave excitation schemes in

Chapter 4 where the regions of instability were identified and experimentally cor-
roborated, two new solution are proposed in this work to ensure stability at all
operations points: (i) Auxiliary-flux position observer (AUX); (ii) Adaptive pro-
jection vector for position error estimation (APP). The new APP sensorless scheme,
designed for improved stability, is treated separately in the following Chapter 6.

The new auxiliary-flux based position observer is designed in Section 5.2 where
the projection vector is defined along the auxiliary-flux vector [47]. It is developed
to mitigate the instability problems of established schemes like active-flux observer
while retaining its simplicity and computational ease. The sensitivity of the AUX
scheme to flux-map LUTs parameter errors is presented in Section 5.3 along with the
experimental validation. Finally, the auxiliary-flux position observer with adaptive
gain [25] is discussed in Section 5.4 where the flux observer gain G is adapted to
decouple the position and the flux observer, resulting in a constant bandwidth at
all operating points with fixed poles.

5.2 AUX Position Observer
The auxiliary-flux position observer is introduced in [47] where the projection

vector is designed along the observed auxiliary-flux vector. This scheme is denoted
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Auxiliary-Flux Position Observer (AUX)

Figure 5.1: Block diagram of the auxiliary-flux based position observer for direct position estima-
tion without a PLL [12].

by the acronym AUX and the subscript aux. The block diagram of the AUX scheme
is shown in Fig. 5.1.

5.2.1 Projection Vector Design
To mitigate the instability problems of the former methods while retaining the

simplicity, the MMAP-based auxiliary-flux position observer is developed. The
auxiliary-flux (3.10) defined in Section 3.2.2 is the discrepancy between the voltage
and the current-model flux estimates scaled by the position error, i.e.,

λdq̂ = λi
dq̂

+ θ̃ λa
dq̂

= Li idq̂ + λm + θ̃ λa
dq̂

(5.1)

Reformulating (5.1) to obtain the position error leads to

θ̃ =

(︂
λa

dq̂

)︂T

|λa
dq̂

|2
(λdq̂ − Li idq̂ − λm) (5.2)

The expression (5.2) differs from the equivalent position error of the fundamental
saliency method (4.19) in that (5.2) relies on the current-model inductance Li

whereas (4.19) on the real inductance L. Using the observed stator flux (λdq̂ → λ̂dq̂)
in (5.2), a natural choice for the position error signal is along MMAP-based the
auxiliary-flux vector as

ϵaux = ϕT
aux

(︂
λ̂dq̂ − λi

dq̂

)︂
(5.3)

where the AUX projection vector is given by

ϕT
aux =

(︂
λ̂

a

dq̂

)︂T

|λ̂
a

dq̂|2
. (5.4)

The comparison of (4.21) and (5.4) suggests that the AUX approach is equivalent
to the FS approach, but with the improved MMAP in place of the approximated
CMM.
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5.2 – AUX Position Observer

Figure 5.2: Locus of poles of flux (purple) and position (green) observer for AUX position observer.
Speed Markers: ◦ is 0.1 p.u., ⋄ is 1 p.u. and □ is 2 p.u. Parameters: flux observer gain g = 2π ·10
rad/s and PLL gain Ωω = 2 π · 50 rad/s.

5.2.2 Stability Analysis
The dc-gain of transfer function (3.31) with G = g I for the AUX projection

vector (5.4) is given by

ϕT
aux hθ̃

⃓⃓⃓
s=0

= ω2

g2 + ω2 . (5.5)

Differing from the former three schemes, the gain (5.5) is only dependent on the
square of angular speed ω and not the operating point idq. Hence, a minimum signal
strength of 0.5 is ensured at the low speed ω = g and progressively increasing at
higher speeds.

Using (5.4) in (3.33), the eigenvalues are traced in Fig. 5.2 for electrical speeds
from zero to twice rated. The poles are confined to the second quadrant at all
operating points, thus ensuring stability. This further highlights the significance of
MMAP model in designing stable control systems.

5.2.3 Experimental Results
Parameters: switching frequency 5 kHz, flux observer gain g = 2π · 10 rad/s

and PLL gain Ωω = 2π · 25 rad/s. The speed PI controller is tuned for critically
damped poles at s = −2π · 1 rad/s. A minimum current imin

d = 1 A is imposed for
fundamental excitation at high speeds.

Control Resistance Perturbation

The performance of the AUX position observer under control resistance pertur-
bation at rated torque and 300 rpm in motoring and braking operation is shown
in Figs. 5.3(a) and 5.3(b), respectively. The control is stable as ascertained in the
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Auxiliary-Flux Position Observer (AUX)

Figure 5.3: AUX position observer stability analysis with resistance perturbation of ±15% error,
R̃s = ± 0.15 Rs at 300 rpm (0.2 p.u.) and rated torque: (a) Motoring; (b) Braking. Motor: A.

former analysis. The position error and the estimated torque are observed to be
susceptible to the resistance perturbations.

Dynamic Stiffness

The test for dynamic stiffness of the AUX scheme is performed at rated speed
with a rated step in load torque in Fig. 5.4(a) and a rated reversal in load torque
in Fig. 5.4(b). The position error is observed to be negligible.

To demonstrate faster dynamic performance, a rated torque reversal is imposed
at half-rated speed with the poles of speed PI controller at s = −2π · 1 rad/s and
s = −2π · 3 rad/s in Figs. 5.5(a) and 5.5(b), respectively. About 50% reduction
in speed sag is observed from 150 rpm in Fig. 5.5(a) to 75 rpm in Fig. 5.5(b). As
expected, the trade-off is the increase in high-frequency noise that can discerned in
the measured current and the estimated torque.
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5.3 – Sensitivity to Parameter Errors

Figure 5.4: Test for dynamic stiffness with rated load torque step at rated speed ω = 2π ·50 rad/s:
(a) TL = 0 → 7.1 Nm at t = 0 s; (b) TL = +7.1 → −7.1 Nm at t = 0 s. Motor: A.

5.3 Sensitivity to Parameter Errors
The sensitivity of the AUX scheme to the current-model flux errors is first

evaluated analytically and then corroborated experimentally. Note that the former
schemes can be subjected to similar sensitivity analysis.

5.3.1 Susceptibility to Flux-Map Errors
Under inaccurate flux-map LUTs, the steady-state position error for the auxiliary-

flux projection vector (5.4) can be computed from (3.29) as

θ̃0 = −

(︃
λ̂

a

dq̂

)︃T

ω|λ̂
a

dq̂|
2 (ωI + g J) λ̃

i

dq̂. (5.6)

Figs. 5.6(a) and 5.6(b) show the contour plots of steady-state position error for
+15% error in d-axis, λ̂

i

d̂ = 0.85 λd̂, at the electrical speeds ω = 2π · 15 rad/s and
ω = 2π ·40 rad/s, respectively. It can be discerned that the sensitivity to parameter
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Figure 5.5: Comparative torque step test with speed controller tuned for critical damping at: (a)
s = −2π · 1 rad/s; (b) s = −2π·3 rad/s. Rated load torque reversal TL = −7.1 → +7.1 Nm at
t = 0 s and speed ω = 2π · 25 rad/s (0.5 p.u). Motor: A.

Figure 5.6: The steady-state position error θ̃0 in degrees (electrical) for +15% error in d-axis
flux-map, λ̂

i

d̂ = 0.85 λd̂, at different electrical speeds: (a) ω = 2π · 15 rad/s; (b) ω = 2π · 40 rad/s.
In red is the MTPA trajectory. Motor: A.
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5.3 – Sensitivity to Parameter Errors

Figure 5.7: The steady-state position error θ̃0 in degrees (electrical) for +15% error in q-axis
flux-map, λ̂

i

q̂ = 0.85 λq̂, at different electrical speeds: (a) ω = 2π · 15 rad/s; (b) ω = 2π · 40 rad/s.
In red is the MTPA trajectory. Motor: A.

error is high at lower speeds with position error of approximately −12◦ along the
MTPA trajectory.

Fig. 5.7 reports the similar evaluation for +15% error in q-axis, λ̂
i

q̂ = 0.85 λq̂

where the maximum position error is approximately −3◦; as expected, it is less
sensitive than d-axis due to the smaller absolute error (λ̃i

q < λ̃
i

d).

5.3.2 Experimental Results
The sensitivity to d-axis flux-map error is evaluated at rated load torque by

imposing an incremental error from +15% (λ̂i

d̂ = 0.85 λd̂) to -15% (λ̂i

d̂ = 1.15 λd̂) in
steps of 5% increment every 0.5 s at two different speeds. The position error for
+15% d-axis error (t < 0.5 s) at low speed ω = 2π ·15 rad/s in Fig. 5.8(a) is approx-
imately −11◦ and at high speed ω = 2π · 40 rad/s in Fig. 5.8(b) is approximately
−7◦. The experimental result corroborates the analytical evaluation of steady-state
position error in Fig. 5.6.

In a similar fashion, the sensitivity to q-axis flux-map is evaluated at rated
load torque by imposing an incremental error from +15% (λ̂i

q̂ = 0.85 λq̂) to -15%
(λ̂i

q̂ = 1.15 λq̂) in steps of 5% increment at two different speeds. The position error
for +15% q-axis error (t < 0.5 s) at either speeds in Fig. 5.9 is approximately −3◦,
corroborating the analytical evaluation of the steady-state position error in Fig. 5.7.
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Figure 5.8: Sensitivity to error in d-axis flux-map, +15% (λ̂
i

d̂ = 0.85 λd̂) → -15% (λ̂
i

d̂ = 1.15 λd̂)
in steps of 5% increment every 0.5 s at: (a) ω = 2π · 15 rad/s; (b) ω = 2π · 40 rad/s. Motor: A.

5.4 Auxiliary-Flux Position Observer with Adap-
tive Gain (AG)

For the sake of completeness, the adaptive gain flux observer proposed in [25] for
decoupled position and flux observers is briefly reviewed. This scheme is denoted
by the acronym AG.

5.4.1 Design and Stability Analysis
Hitherto, the analysis only examined the dc-gain of the transfer function (3.31)

barring the dynamics (s = 0). Adaptive-gain position observer is proposed in [25],
[26] where the flux observer gain is adapted such that the dynamics of the position
and the flux observer are decoupled, i.e.,

ϕT
aux hθ̃(s) = 1 (5.7)

To this end, the transfer function (3.31) can be manipulated as

ϕT
aux hθ̃(s) = ϕT

aux λ̂
a

dq̂ − ϕT
aux (sI + G + ωJ)−1 G λ̂

a

dq̂. (5.8)
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Figure 5.9: Sensitivity to error in q-axis flux-map, +15% (λ̂
i

q̂ = 0.85 λq̂) → -15% (λ̂
i

q̂ = 1.15 λq̂)
in steps of 5% increment every 0.5 s at: (a) ω = 2π · 15 rad/s; (b) ω = 2π · 40 rad/s. Motor: A.

If the gain G is adapted such that G λ̂
a

dq̂ = 0, then it follows from (5.4) and (5.8)
that condition for decoupling in (5.7) is satisfied. The adaptive-gain to satisfy the
condition G λ̂

a

dq̂ = 0 is given by

G =
[︄
k1
k2

]︄ (︂
λ̂

a

dq̂

)︂T

|λ̂
a

dq̂|2
J (5.9)

where k1 and k2 are the additional degrees of freedom to design the locus of the
flux observer poles. For comparison with former schemes, the poles are placed at
s = −g ± ω as

det
(︂
s I + G + ωJ

)︂
= (s + g)2 + ω2. (5.10)

Solving, the gains are given by[︄
k1
k2

]︄
= g

ω

[︄
g 2ω

−2ω g

]︄
λ̂

a

dq̂. (5.11)

The locus of poles for the adaptive-gain approach is are shown in Fig. 5.10. It
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Auxiliary-Flux Position Observer (AUX)

Figure 5.10: Locus of poles of flux (purple) and position (green) observer for AG position observer.
Speed Markers: ◦ is 0.1 p.u., ⋄ is 1 p.u. and □ is 2 p.u. Parameters: g = 2π · 10 rad/s and
Ωω = 2 π · 50 rad/s.

Figure 5.11: AG position observer stability analysis with resistance perturbation of ±15% error,
R̃s = ± 0.15 Rs at 300 rpm (0.2 p.u.) and rated torque: (a) Motoring; (b) Braking. Motor: A.

can be observed that the poles are coincident with the design parameter, unlike the
AUX in Fig. 5.2, due to dynamic decoupling of the two observers.

52



5.5 – Summary of the Chapter Contributions

5.4.2 Experimental Results
The experimental validation of AG position observer under control resistance

perturbation at rated torque and 300 rpm in Fig. 5.11 shows that the system is
stable for motoring and braking operations although the position error is susceptible
to the resistance variations.

5.5 Summary of the Chapter Contributions
The main contributions of the chapter are enumerated as follows:

1. A new MMAP-based auxiliary-flux position observer is developed to mitigate
the stability problems of the existing techniques while retaining the simplic-
ity and the ease of implementation. The FS scheme is shown to be equiva-
lent to CMM-based auxiliary-flux scheme, thus illustrating the significance of
MMAP-based design for stable position observers.

2. The robustness of AUX position observer to the current-model flux error
in LUTs is formulated analytically. The experiment results corroborate the
steady-state position error from the analytical evaluation.
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Chapter 6

Adaptive Projection Vector for
Position Error Estimation (APP)

The development of the adaptive projection vector for position error and speed
error estimation for high speed sensorless control is published in [23][24]. The find-
ings of the stator resistance immunity property of the APP scheme and parameter
adaptation are published in [11][12].

6.1 Introduction
This chapter introduces a new fundamental-excitation based sensorless tech-

nique namely adaptive projection vector for position error estimation (APP). The
APP projection vector is designed from the results of the flux estimation error
dynamics and the linearized error signal (3.28) for obtaining a position tracking re-
sponse independent of the operating conditions and without regions of instability,
as described in succeeding Section 6.2. In addition to position error estimation,
this chapter shows that the orthogonal projection vector offers an additional degree
of freedom, used in the following either for independent speed error estimation in
Section 6.3 or for parameters adaptation in Section 6.5.

The sensitivity of the APP position observer to parameter errors in flux-map
LUTs and stator resistance is investigated in Section 6.4. Unlike the former AUX
scheme, the APP technique is immune to stator resistance on the MTPA trajec-
tory. The prospect of adaptation for operation under inaccurate parameters is
discussed in Section 6.5. The closed-loop stability analysis of the APP scheme
with stator resistance adaptation and d-axis current-model flux adaptation is pre-
sented. Following the experimental validation, the contributions of this chapter are
summarized in Section 6.6.
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Figure 6.1: Block diagram of the proposed APP position observer where h is the bandwidth of
the low-pass-filtered derivative term.

6.2 APP Position Observer

6.2.1 Design and Analysis
Denoted by the acronym APP and the subscript app, the APP position error

projection vector ϕapp is designed to hold the equality between position error signal
and position error, ϵapp = θ̃, in the absence of parametric errors, i.e., ϕT

app hθ̃ = 1.
From (3.28), this leads to a projection vector of nature:

ϕT
app = −1

ω |λ̂
a

dq̂|2
(︂
λ̂

a

dq̂

)︂T
J
(︂
s I + G + ω J

)︂
. (6.1)

However, the ideal derivate term (sI) in the projection vector is practically unfea-
sible as it is prone to amplify the high frequency noise. Hence, a low-pass-filtered
derivative is computed instead with a bandwidth h rad/s as shown in the block dia-
gram in Fig. 6.1. Considering the LPF derivative, the projection vector transforms
to

ϕT
app = −1

ω |λ̂
a

dq̂|2
(︂
λ̂

a

dq̂

)︂T
J
(︂ sh

s + h
I + G + ω J

)︂
. (6.2)

For G = g I, the transfer function ϕT
app hθ̃ in (3.31) reduces to

ϕT
app hθ̃ =

s2 + g2 + ω2 + s g + g s
(︂

h
s+h

)︂
(s + g)2 + ω2 . (6.3)

As h → ∞, the ideal APP error response ϕT
app hθ̃ → 1 is found, as expected. From

(6.3), it is discerned that the ϕT
app hθ̃ is independent of λ̂

a

dq̂, idq̂ and the sign of ω.
This is valid for any h, including h = 0, which is a favorable candidate solution as
shown in the following.

The frequency response plot of the transfer function (6.3) at various speeds for
h = 0 rad/s is shown in Fig. 6.2(a), exhibiting a notch filter-like behavior at ω
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6.2 – APP Position Observer

Figure 6.2: Frequency response plot of the transfer function (6.3) at g = 2π · 10 rad/s exhibiting
a notch-filter like behavior: a) h = 2π · 0 rad/s; b) h = 2π · 25 rad/s

with -6 dB attenuation of the error amplitude and limited phase distortion. In the
presence of derivative term h = 2π · 25 rad/s in Fig. 6.2(b), a similar band-stop
amplitude attenuation is noticed albeit diminished in magnitude.

The locus of poles for the closed loop analysis of position observer (3.33) is shown
in Fig. 6.3 at different values of h and is observed to be stable at all operating points.
Fig. 6.3(a) shows the poles without the derivative term (h = 0) while Fig. 6.3(b)
with inclusion of the LPF-derivative term (h = 2π · 25 rad/s) that introduces
an additional pole (yellow). The reference locus of poles with h = ∞ for the
ideal projection vector (6.1) is shown in Fig 6.3(c) where the flux and the position
observers are decoupled.

As inferred from Fig. 6.2, the derivate term brings no substantial benefits to the
position error signal to justify the additional complexity and computations. Hence,
unless otherwise mentioned, the simplified APP projection vector is used neglecting
the derivative term (h = 0) as

ϕT
app = −1

ω |λ̂
a

dq̂|2
(︂
λ̂

a

dq̂

)︂T
J
(︂
G + ω J

)︂
. (6.4)

Fig. 6.4 shows the frequency response plot of the closed-loop transfer function
θ̂/θ (3.30) at different operating speeds for the simplified projection vector (h = 0)
(6.4) and the ideal projection vector with derivative term (h = ∞) (6.1). No-
tice that the closed loop bandwidth is only marginally altered by the absence of
derivative term, respect to the reference dashed graph; hence, the simplification is
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Figure 6.3: Locus of poles of the APP position observer: a) h = 2π · 0 rad/s; b) h = 2π · 25
rad/s; (c) h = ∞. The circle, diamond and square represents the speeds 0.02 p.u, 1 p.u. and 2
p.u. respectively. The poles of PLL are in green, flux observer in blue and LPF-derivative term
in yellow. Parameters: g = 2π · 10 rad/s and Ωω = 2π · 50 rad/s.

Figure 6.4: Frequency response of closed loop position observer for simplified projection vector
(6.4) at three different operating speeds; dotted lines correspond to the ideal projection vector
with derivative term (6.1). Parameters: g = 2π · 10 rad/s, Ωω = 2π · 50 rad/s.

considered reasonable.
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6.2 – APP Position Observer

Figure 6.5: Control system depicting the APP position observer aided by hybrid flux observer
(HFO). Current vector control can be replaced by any other scheme.

Figure 6.6: Transient performance of the APP technique for a rated step change in load torque,
TL = 0 → 7.1 p.u, at ω = 0.5 p.u: (a) h = 2π · 0 rad/s; (b) h = 2π · 25 rad/s. Motor: B.

6.2.2 Experimental Results
The block diagram of the sensorless control system with current vector control is

shown in Fig. 6.5. The proposed APP scheme is experimentally validated with SyR
motor B at a sampling frequency of 10 kHz. The speed controller of the SyR motor
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Figure 6.7: Transient performance of the APP technique for a step change in speed reference,
ω = 0.2 → 1 p.u, at a load torque TL = 0.15 p.u: (a) h = 2π · 0 rad/s; (b) h = 2π · 25 rad/s.
Motor: B.

B is tuned for critical damping at s = −2π ·1 rad/s while the load torque is imposed
by an auxiliary drive. A minimum current imin

d = 2 A is imposed for guaranteeing
enough saliency and minimum fundamental excitation at no-load. The observer
bandwidth Ωω = 2π · 25 rad/s is chosen; the estimated speed is low-pass filtered at
Ωω. The flux observer gain is set to g = 2π · 10 rad/s.

In addition to the results presented in this section, the validation of APP scheme
augmented with a low speed injection-less sensorless technique using finite-control-
set model-predictive-control is presented in Section 8.6.4.

Significance of h on Position Estimation

The performance of APP technique with/without the derivative term during
transients is analyzed with a step change in load torque and reference speed in
Figs. 6.6 and 6.7, respectively. In either case, a negligible transient error in position
is observed. This confirms the results of the frequency response analysis: the
exclusion of derivative term in Figs. 6.6(a) and 6.7(a) makes little difference as
supported by frequency response plot in Fig. 6.2.
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6.3 – APP with Speed Error Estimation

Figure 6.8: Comprehensive performance validation of the APP scheme without the derivative
term in motoring and braking operations. Motor: B.

Braking Performance Validation

A comprehensive performance validation of the APP scheme without the deriva-
tive term (h = 0) for operations in motoring and braking regions is shown in Fig. 6.8.
The control is discerned to handle the speed step references and the load torque
step commands with negligible position error.

6.3 APP with Speed Error Estimation
Recalling the definition of position observer (3.24), the derivative of position

error is equivalent to the speed error, s θ̃ = ω̃ where ω̃ = ω − ω̂. Note that the
equivalence does not hold for a PID-type mechanical observer [40]. Although the
speed error is not employed in the thesis to enhance the PLL performance, it can
be a valuable additional input in designing high performance observers [40].

61



Adaptive Projection Vector for Position Error Estimation (APP)

Figure 6.9: Frequency response plot of the transfer function (6.8) at g = 2π · 10 rad/s exhibiting
a LPF behavior: a) h = 2π · 0 rad/s; b) h = 2π · 25 rad/s

6.3.1 Design and Analysis
Exploiting the two degrees of freedom of the error domain, a second projection

vector orthogonal to the APP vector
(︂
J ϕapp

)︂
can be utilized for speed error esti-

mation. To this end, the error signal ϵj of the orthogonal projection vector is given
by

ϵj =
(︂
J ϕapp

)︂T
(λ̂dq̂ − λ̂

i

dq̂). (6.5)

Under accurate parameters and for G = g I, examining (6.5) using the APP pro-
jection vector with the derivative term (6.2) leads to

ϵj =
(︂
J ϕapp

)︂T
hθ̃ θ̃ = −

g2 + s g + (s2 + ω2 + s g)
(︂

h
s+h

)︂
(s + g)2 + ω2 · s θ̃ (6.6)

where, owing to the orthogonality, the steady-state (dc-value) position error has no
bearing on the error signal ϵj, i.e.,

ϵj

⃓⃓⃓
s=0

=
(︂
J ϕapp

)︂T
hθ̃ θ̃

⃓⃓⃓
s=0

= 0. (6.7)

The error signal (6.6) is discerned to have a direct correspondence to the speed
error. In order to rectify the polarity, the speed error signal is defined as ϵω = −ϵj;
thus, the transfer function between speed error signal and the speed error becomes

ϵω

ω̃
=

g2 + s g + (s2 + ω2 + s g)
(︂

h
s+h

)︂
(s + g)2 + ω2 . (6.8)
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6.3 – APP with Speed Error Estimation

Figure 6.10: Perturbation of encoder measurement to validate speed and position error estimation
in the APP sensorless scheme.

Similar to (6.3), the transfer function (6.8) is independent of idq̂ and the sign of ω,
and as h → ∞, ϵω → ω̃.

The frequency response plot of (6.8) at various speeds is shown in Fig. 6.9 where
it is seen to be strongly influenced by the derivative term. At h = 0 in Fig. 6.9(a),
the speed error is unobservable at high speeds due to attenuated amplitude and
large phase swing, also a function of speed. Fig. 6.9(b) with h = 2π · 25 rad/s
exhibits a LPF behavior with a cut-off frequency around h. Hence, the derivative
term is deemed essential for speed error estimation.

6.3.2 Experimental Results
A perturbation analysis is developed to validate the accuracy of position and

speed error estimation. To this end, a sinusoidal disturbance is injected into the
encoder position measurement as shown in Fig. 6.10 and the estimated errors are
juxtaposed against the reference errors.

Note that the PLL is disabled for this test as the system is no longer sensorless;
moreover, the SyR machine is in torque control mode with a constant speed imposed
by the auxiliary drive.

Position Error Perturbation Tracking

The position error tracking capability of the APP technique is evaluated with a
sinusoidal perturbation of θ̃

∗ = 10◦ sin(2π · 25 t) and θ̃
∗ = 10◦ sin(2π · 50 t) imposed

on the encoder position measurement in Figs. 6.11(a) and 6.11(b), respectively.
The notch-filter behavior of the transfer function (6.3) in Fig. 6.2 is experimentally
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Figure 6.11: Position error estimation of the APP scheme under imposed sinusoidal perturbation
of θ̃

∗ = 10◦ sin(2π · 25 t) and θ̃
∗ = 10◦ sin(2π · 50 t) (electrical) on encoder measurement: a)

h = 2π · 0 rad/s; b) h = 2π · 25 rad/s . Operating conditions: T = 0.5 p.u. and ω = 0.5 p.u.
Motor: B.

Figure 6.12: Speed error estimation of the APP scheme under imposed sinusoidal perturbation of
θ̃

∗ = 10◦ sin(2π ·25 t) and θ̃
∗ = 10◦ sin(2π ·50 t) (electrical) on encoder measurement: a) h = 2π ·0

rad/s; b) h = 2π · 25 rad/s. Operating conditions: T = 0.5 p.u. and ω = 0.5 p.u. Motor: B.

corroborated at ω = 0.5 p.u. (25 Hz) and h = 2π · 0 rad/s in Fig. 6.11(a) where
the position error signal ϵapp tracks the θ̃ oscillations at 50 Hz while it marginally
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falters at the notch frequency of 25 Hz. The inclusion of the derivative term aids
in tracking the notch frequency as observed in Fig. 6.11(b).

Speed Error Perturbation Tracking

The frequency response plot of the transfer function (6.8) in Fig. 6.9 dictates
a low-pass behavior with cut-off frequency at h; accordingly, in Fig. 6.12(b), the
speed error signal ϵω at h = 2π · 25 rad/s tracks accurately the ω̃ oscillations at 25
Hz but falters at 50 Hz. As expected, the inclusion of derivative term improves the
tracking of speed error.

In closing, the analysis demonstrates that the simplified APP (h = 0) is an
effective alternative to previous fundamental-wave sensorless techniques, providing
stable operation, independently of the operating point. If the quadrature projection
vector is used for speed error estimation, then the use of the LPF derivative term
is essential.

6.4 Sensitivity to Parameter Errors
The sensitivity to parameter errors of the simplified APP projection vector (6.4)

is determined by evaluating the steady-state position error θ̃0 using (3.29) as

θ̃0 = −
ϕT

app

(︄
H

λ̃
i λ̃

i

dq̂ + hR̃s
R̃s

)︄
ϕT

app hθ̃

⃓⃓⃓⃓
⃓⃓
s=0

= −ϕT
app

(︄
H

λ̃
i λ̃

i

dq̂ + hR̃s
R̃s

)︄⃓⃓⃓⃓
⃓⃓
s=0

. (6.9)

6.4.1 Stator Resistance Immunity along the MTPA
The sensitivity to stator resistance error is drawn from the steady-state position

error expression (6.9) at λ̃
i

dq̂ = 0 as

θ̃0 = −ϕT
app hR̃s

⃓⃓⃓⃓
s=0

· R̃s = 1
ω |λ̂

a

dq̂|2
(︂
λ̂

a

dq̂

)︂T
J idq̂ · R̃s (6.10)

where the term
(︂
λ̂

a

dq̂

)︂T
J idq̂ in (6.10) resembles the MTPA law derived in (2.9).

This implies that the APP projection vector (6.4) is immune to stator resistance
error so long as the MTPA condition is satisfied. As discussed in Section 3.2.4,
the resistance error also encompasses the voltage error due to non-ideal inverter
voltage compensation. Thus, the immunity also extends to the errors in dead-time
compensation for operations on the MTPA trajectory.

Fig. 6.13(a) shows the contour of the steady-state position error (6.10) for a 25%
error in resistance, R̃s = 0.25 Rs, at an operating speed of ω = 2π · 10 rad/s. The
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Figure 6.13: Steady-state position error θ̃0 in ◦ (electrical) of APP position observer due to
parameter inaccuracies: (a) R̃s = 0.25 Rs at ω = 2π · 10 rad/s; (b) λ̃

i

d = 0.25 λi
d; (c) λ̃

i

q = 0.25 λi
q.

Red line is the MTPA trajectory. Motor: B.

position error θ̃0 is seen to diminish towards the MTPA trajectory. As the position
error in (6.10) is inversely proportional to ω, the R̃s becomes less relevant at higher
speeds, expectedly.

6.4.2 Susceptibility to Flux-Map Errors
The sensitivity of the APP scheme to flux-map LUTs error is analyzed by eval-

uating the steady-state position error for the current-model flux errors in d and
q-axes in (6.11) and (6.12), respectively, as

θ̃0 = −ϕT
app H

λ̃
i

[︄
λ̃

i

d

0

]︄⃓⃓⃓⃓
⃓⃓
s=0

= −λ̃
i

d

λ̂
a

d̂

|λ̂
a

dq̂|2
(6.11)

θ̃0 = −ϕT
app H

λ̃
i

[︄
0
λ̃

i

q

]︄⃓⃓⃓⃓
⃓⃓
s=0

= −λ̃
i

q

λ̂
a

q̂

|λ̂
a

dq̂|2
. (6.12)

Figs. 6.13(b) and 6.13(c) plot the contours of steady-state position error for a
25% current-model flux error in d and q-axes, i.e., λ̃

i

d = 0.25 λi
d and λ̃

i

q = 0.25 λi
q,

respectively. It is observed in Fig. 6.13(b) that the regions in the vicinity of MTPA
trajectory are particularly sensitive to λ̃

i

d, resulting in steady-state position error as
high as around −9◦. APP is relatively less sensitive to λ̃

i

q as shown in Fig. 6.13(c)
where the maximum position error is approximately −5◦ at high loads. Contrary to
the resistance error, the influence of current-model flux errors is speed independent.
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Figure 6.14: Immunity of the APP technique to control resistance variation of R̃s = ±1 p.u.
(± 4.5Ω) at ω = −0.2 p.u: (a) TL = 0.5 p.u, away from MTPA due to imin

d ; (b) TL = 1 p.u, on
MTPA trajectory.

6.4.3 Experimental Results
As alluded to in Section 6.2.2, a high minimum current imin

d = 0.6 p.u. (2A) is
intentionally imposed to move the operation away from the MTPA to facilitate the
demonstration of immunity of APP scheme to resistance error.

A perturbation of ±100% is injected to resistance within the control, R̂s, with
the physical stator resistance Rs remaining constant. A load torque of TL = 0.5 p.u.
(non-MTPA) and TL = 1 p.u. (MTPA) are imposed in Figs. 6.14(a) and 6.14(b),
respectively. Despite the variations in observed flux and torque in Fig. 6.14(b), the
position is undeterred. However, when the MTPA is not respected as in Fig. 6.14(a),
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Figure 6.15: Block diagram of the flux and APP position observer supplemented with parameter
adaptation exploiting the orthogonal projection vector. Motor: B.

the observed position is susceptible to R̃s. In either scenario, stability is not com-
promised.

The experimental validation of the APP scheme with errors in flux-map LUTs
to corroborate the analytical evaluations is presented in the following section, in
conjunction with the parameter adaptation.

6.5 Parameter Adaptation
The orthogonal projection vector

(︂
J ϕapp

)︂
and the corresponding error signal

ϵj are explored for parameter adaptation. Concurrent speed error estimation and
parameter adaptation is not feasible as both employ the orthogonal projection
vector. Henceforth, the simplified APP vector without the derivative term (h = 0)
is used. The block diagram of the APP scheme with parameter adaptation is shown
in Fig. 6.15.

6.5.1 Adaptation Feasibility and Design

Among the three parameter errors
(︂
λ̃

i

d, λ̃
i

q, R̃s

)︂
in contention, the feasibility of

adaptation is determined by evaluating the steady-state value of the error signal ϵj

for the three parameter errors independently considered, as reported in the following
expressions:

ϵj

⃓⃓⃓
s=0

=
(︂
J ϕapp

)︂T
hR̃s

R̃s

⃓⃓⃓
s=0

= − 1
ω |λ̂

a

dq̂|2
(︂
λ̂

a

dq̂

)︂T
idq̂ R̃s (6.13)

ϵj

⃓⃓⃓
s=0

=
(︂
J ϕapp

)︂T
H

λ̃
i

[︄
λ̃

i

d

0

]︄ ⃓⃓⃓⃓
⃓
s=0

= −
λ̂

a

q̂

|λ̂
a

dq̂|2
λ̃

i

d (6.14)
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Figure 6.16: Steady-state orthogonal error signal ϵj of the orthogonal projection vector ϕj due
to parameter inaccuracies: (a) R̃s = −0.25 Rs at ω = 2π · 10 rad/s; (b) λ̃

i

d = −0.25 λi
d; (c)

λ̃
i

q = −0.25 λi
q. Note that the error signal ϵj is dimensionless.

ϵj

⃓⃓⃓
s=0

=
(︂
J ϕapp

)︂T
H

λ̃
i

[︄
0
λ̃

i

q

]︄ ⃓⃓⃓⃓
⃓
s=0

= λ̂
a

d̂

|λ̂
a

dq̂|2
λ̃

i

q. (6.15)

A sufficiently high ϵj is essential for reliable adaptation; bigger the error signal,
better is the prospect for adaptation. For a fair comparison, the magnitude of error
signal ϵj is calculated for a -25% parametric error in R̃s = −0.25 Rs, λ̃

i

d = −0.25 λi
d

and λ̃
i

q = −0.25 λi
q, shown in Figs. 6.16(a), 6.16(b) and 6.16(c) respectively. The

d-axis current-model flux error is seen to noticeably dominant by a factor of about
4, indicating a strong prospect for λ̃

i

d adaptation.

6.5.2 Stator Resistance Adaptation
In presence of accurate flux-map LUTs, a stator resistance adaptation can be

resorted to track temperature induced variations. The APP scheme is inherently
immune to R̃s and dead-time errors on the MTPA trajectory as discussed in Section
6.4.1. However, high performance drives can benefit from accurate stator flux and
torque estimation that are susceptible to resistance error.

Let ϵr and ϕr denote the resistance error signal and the resistance error projec-
tion vector, respectively, such that

ϵr

⃓⃓⃓
s=0

= R̃s. (6.16)

Following (6.13), the resistance error projection vector satisfying (6.16) is given by

ϕT
r = −

ω |λ̂
a

dq̂|2(︂
λ̂

a

dq̂

)︂T
idq̂

(︂
J ϕapp

)︂T
. (6.17)
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The resistance adaption law is defined as

R̂s = kr

∫︂
ϵr dt (6.18)

where kr is an integral gain as depicted in Fig. 6.15. The effective estimated resis-
tance also encompasses the non-ideal dead-time compensation, discussed in Section
3.2.4, as

R̂s = Rs + 1
i

4
π

vdc fs t̃d (6.19)

As mentioned before, a minimum current is imposed in SyR machines for fun-
damental excitation at no load. Thus, the operating point diverges from the MTPA
trajectory for small loads. However, it can discerned from Fig. 6.16(a) that such
operating points have poor error signal strength, making the resistance error un-
observable. Hence, the resistance adaptation is disabled for |T | < 0.2 p.u.

Thus, a conflicting situation arises: the resistance adaption is not feasible in the
non-MTPA regions at low loads where APP position observer is susceptible. The
resulting steady-state position error is unavoidable, as predicted in Fig. 6.13(a).
Adaptation is resumed at high loads which primarily benefits accurate stator flux
and torque estimation. Moreover, the resistance error signal suffers from poor signal
to noise ratio at high speeds and is disabled for |ω| > 0.75 p.u. This is of relative
importance, as the impact of the resistance error is inversely proportional with
speed and thus, negligible in such speed range.

6.5.3 Current-Model Flux Adaptation
In presence of inaccurate flux-map LUTs, adapting resistance is not advisable

due to the dominance of the d-axis current-model flux error on the error signal ϵj as
seen in Fig. 6.16. For the same reason, the adaptation of q-axis current-model flux
is not undertaken. The adaptation of λ̃

i

d is preferred that further helps to alleviate
the steady-state position error in Fig. 6.13(b). Alternatively, under accurate flux-
map LUTs, q-axis adaptation can be considered for machines with magnets to track
the temperature induced variations.

Design of the d-axis Flux Adaptation

Let ϵδ and ϕδ denote the d-axis current-model flux error signal and error pro-
jection vector, respectively, such that

ϵδ

⃓⃓⃓
s=0

= λ̃
i

d. (6.20)
Following (6.14), the current-model flux error projection vector satisfying (6.20) is
given by

ϕT
δ = −

|λ̂
a

dq̂|2

λ̂
a

q̂

(︂
J ϕapp

)︂T
. (6.21)
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Figure 6.17: Steady-state position error in ◦ (electrical) at +20% error in both axes, λ̃
i

d = 0.2 λi
d

and λ̃
i

q = 0.2 λi
q: (a) Without λi

d adaptation (6.24); (b) With λi
d adaptation (6.25). Motor: B.

The d-axis current-model flux adaption law supplements the flux estimate from
LUTs, defined as

δλi
d = kδ

∫︂
ϵδ dt ⇒ λ̂

i

d̂ = Λ̂d(idq̂) + δλi
d (6.22)

where kδ is an integral gain and δλ is the supplementary term defined in Fig. 6.15
when flux adaptation is chosen.

Sensitivity to Error in q-axis

In designing adaptation for the erroneous d-axis flux-map, it is unreasonable to
assume accurate q-axis flux-maps. Hence, the sensitivity to the error in the q-axis
flux-map with the d-axis flux adaptation active is determined by evaluating the
corresponding steady-state d-axis current-model flux error λi

d0 as

ϵδ = ϕT
δ H

λ̃
i λ̃

i

dq = 0 ⇒ λ̃
i

d0 = λ̃
i

q · λ̂
a

d̂

λ̂
a

q̂

(6.23)

The expression (6.23) expresses the propagation of the q-axis current-model error
into the d-axis due to the adaptation law.

From (6.11) and (6.12), the steady-state position error under inaccuracies in d
and q-axes flux-map without the current-model flux adaptation is given by

θ̃0 = −λ̃
i

d

λ̂
a

d̂

|λ̂
a

dq̂|2
− λ̃

i

q

λ̂
a

q̂

|λ̂
a

dq̂|2
(6.24)
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If the d-axis current-model flux adaptation is enabled, the resulting steady-state
position error can be derived by using (6.23) in (6.24) as

θ̃0 = −λ̃
i

q

1
λ̂

a

q̂

. (6.25)

Fig. 6.17 shows the contour of position error with and without d-axis current-
model flux adaptation at +20% error in either axes, λ̃

i

d = 0.2 λi
d and λ̃

i

q = 0.2 λi
q; no

resistance error is considered. A conspicuous improvement in position error along
the MTPA trajectory is discerned in Fig. 6.17(b) due to parameter adaptation,
experimentally validated in the succeeding section.

A large position error is noticed in Fig. 6.17(b) for flux-weakening operating
points towards the q-axis. The adaptation should be disabled in the vicinity of the
q-axis where the strength of λ̃

i

d signal gets progressively weaker (see Fig. 6.16(b)).
Thus, this adaptation is purposeful for operation up to nominal speed under im-
precise flux-map LUTs.

For machines with magnets, the q-axis flux shows temperature dependence;
however, it is suggested to adapt the q-axis current-model [26] only if the d-axis
flux-map is reasonably accurate.

6.5.4 Stability Analysis
APP Position Observer with Resistance Adaptation

Using (3.33), the combined dynamics of the flux and the position observers with
stator resistance adaptation is given by

s yr = Ar yr (6.26)

Ar =

⎡⎢⎢⎢⎢⎢⎣
−(G + ω J) G λ̂

a

dq̂ 0 −idq̂

kp ϕT
app −kp ϕT

app λ̂
a

dq̂ 1 0
ki ϕT

app −ki ϕT
app λ̂

a

dq̂ 0 0
kr ϕT

r −kr ϕT
r λ̂

a

dq̂ 0 0

⎤⎥⎥⎥⎥⎥⎦
where yr =

[︃(︂
λ̃dq̂

)︂T
θ̃ ω̃i R̃s

]︃T
.

Fig. 6.18(a) shows the movement of poles for ω = 0.2 . . . 2 p.u. The movement
of the resistance adaptation pole (yellow line), although dependent on operating
point, is not as pronounced as the PLL and the flux observer poles. Stability at
T = 1 p.u. is ascertained.

It was noted that the control system becomes unstable for large values of kr (eg.
2π · 10 rad/s) at low speeds. Since temperature is slow time-varying, a high kr is
unwarranted; the following experimental results use kr = 2π · 0.5 rad/s.
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Figure 6.18: Locus of poles position and flux observer for ω = 0.2. . . 2 p.u. at T = 1 p.u. where
the markers ◦, ⋄ and □ denote the speeds 0.2, 1 and 2 p.u., respectively: (a) With resistance
adaptation; (b) With d-axis current-model flux adaptation. Color code: PLL poles are denoted
in green, flux observer in blue, resistance/flux observer in yellow. Parameters: g = 2π · 10 rad/s,
Ωω = 2π · 50 rad/s, kr = 2π · 0.5 rad/s, kδ = 2π · 10 rad/s. Motor: B.

APP Position Observer with Flux Adaptation

Using (3.33), the combined dynamics of the flux and the position observers with
flux adaptation is expressed as

syδ = Aδ yδ (6.27)

Aδ =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

−(G + ω J) G λ̂
a

dq̂ 0 G
[︂
1 0

]︂T
kp ϕT

app −kp ϕT
app λ̂

a

dq̂ 1 −kp ϕT
app

[︂
1 0

]︂T
ki ϕT

app −ki ϕT
app λ̂

a

dq̂ 0 −ki ϕT
app

[︂
1 0

]︂T
kδ ϕT

δ −kδ ϕT
δ λ̂

a

dq̂ 0 −kδ ϕT
δ

[︂
1 0

]︂T

⎤⎥⎥⎥⎥⎥⎥⎥⎦
where yδ =

[︃(︂
λ̃dq̂

)︂T
θ̃ ω̃i λ̃

i

d

]︃T
.

Fig. 6.18(b) shows the movement of poles for ω = 0.2. . . 2 p.u. at T = 1 p.u.
Similar to the former case, the poles are stable and seen to converge to their des-
ignated value at high speeds. Unlike the gain kr, the system is stable for all values
of kδ; the following experimental results use kδ = 2π · 10 rad/s.

6.5.5 Experimental Results
Parameters: sampling frequency = 10 kHz, flux observer gain g = 2π · 10 rad/s,

PLL poles Ωω = 2π · 25 rad/s, speed controller poles s = −2π · 1 rad/s, minimum
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Figure 6.19: Variations on dead-time compensation (± 1µs) to emulate R̃s at TL = 0.5 p.u. and
ω = −0.2 p.u: (a) Without Rs adaptation; (b) With Rs adaptation. Motor: B.

current imin
d = 0.6 p.u. (2A), resistance adaptation gain kr = 2π · 0.5 rad/s and

d-axis flux adaptation again kδ = 2π · 10 rad/s.

Stator Resistance Adaptation

The competency of resistance adaption is studied by imposing deliberate vari-
ations on the dead-time compensation which is equivalent to physical variations in
resistance. A compensated dead-time variation of t̃d = ±1µs is equivalent to ±3 Ω
at TL = 0.5 p.u. (non-MTPA); the equivalence is a function of peak current and
changes with load as expressed in (3.18).

Figs. 6.19(a) and 6.19(b) illustrate the effect of perturbation in compensated
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Figure 6.20: Validation of d-axis current-model flux adaptation at λ̃
i

q = 0., enabled at t = 0 s: (a)
+25% error λ̃

i

d = 0.25 λi
d at TL = 0.5 p.u; (b) -25% error λ̃

i

d = −0.25 λi
d at TL = 1 p.u. Motor: B.

dead-time without and with resistance adaption, respectively. In Fig. 6.19(a), varia-
tions in position error, observed flux and estimated torque exists proportional to the
induced perturbations in dead-time. With the adaptation enabled in Fig. 6.19(b),
the R̂s tracks the changes in dead-time and thereby alleviates the impact on ob-
served position, stator flux and torque.

d-axis Current-Model Flux Adaptation

A series of tests are conducted to validate the proposed flux adaptation scheme.
In Fig. 6.20(a), a +25% error in d-axis flux-maps LUT (λ̃i

d = 0.25 λi
d) is imposed
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Figure 6.21: Validation of d-axis current-model flux adaptation at λ̃
i

q = 0.2 λi
q, enabled at t = 0 s:

(a) +20% error λ̃
i

d = 0.2 λi
d at TL = 0.5 p.u; (b) -20% error λ̃

i

d = −0.2 λi
d at TL = 1 p.u. Motor:

B.

at TL = 0.5 p.u. while in Fig. 6.20(b), a -25% error (λ̃i

d = −0.25 λi
d) is imposed

at TL = 1 p.u. Accurate q-axis flux-map is considered. For t < 0 s without
adaptation, the steady-state position error in Fig. 6.20(a) is approximately −8◦

(electrical), corroborating the analysis in Fig. 6.13. The inductance adaptation is
enabled at time t = 0 s upon which the position error reduces to zero as estimated
λ̂

i

d converges to λd.
The performance under parametric error in both d and q-axes flux-maps is

analyzed in Fig. 6.21. An error of +20 % is imposed (λ̃i

d = 0.2 λi
d and λ̃

i

q = 0.2 λi
q) at

TL = 0.5 p.u. in Fig. 6.21(a) while an error of -20% in d and +20 in q (λ̃i

d = −0.2 λi
d

76



6.6 – Summary of the Chapter Contributions

and λ̃
i

q = 0.2 λi
q) is imposed in Fig. 6.21(b). For t < 0 s without adaptation,

the steady-state position error in Fig. 6.21(a) is approximately −9◦; it is lower
in Fig. 6.21(b), about 5◦, since the flux-map errors have opposing signs. As the
adaptation is enabled at t = 0 s, a small residue in steady-state position error of
around −3◦, remains due to the error in q-axis flux-maps (λ̃i

q), corroborating the
analysis in Fig. 6.17.

6.6 Summary of the Chapter Contributions
The main contributions in the design of APP scheme in Sections 6.2 and 6.3,

published in [23][24], are listed as follows:

• The new adaptive projection vector for position error estimation (APP) posi-
tion observer sorts the stability problems of the state-of-art fundamental-wave
sensorless techniques.

• Differing from the AUX scheme, the APP projection vector is developed from
the dynamics of the flux observer; both schemes are stable at all operating
points.

• Unlike the former AUX scheme, the proposed APP technique has the ca-
pability to estimate the speed error in addition to and independent of the
position error, using two orthogonal projection vectors. A LPF derivative
term is deemed essential for speed estimation, whereas it can be omitted if
only the position error estimation is sufficient.

The major findings of the parameter adaptation in Sections 6.4 and 6.5, pub-
lished in [11][12], are enumerated as follows:

• The sensitivity to various parametric errors on the steady-state position error
of the APP scheme is analytically examined, revealing dominance of d-axis
current-model flux error.

• The APP position observer is shown to possess immunity to resistance error
for those operating points respecting MTPA law. The immunity also extends
to the voltage error due to non-ideal compensation of inverters as the funda-
mental component of voltage error is in phase with the stator current. This
is a unique feature to APP position observer and the finding on resistance
immunity property is patented.

• In the interest of reliability, the projection vector orthogonal to APP is utilized
for parameter adaptation. A stator resistance adaption is developed to track
the temperature induced variations that primarily aids in torque and flux
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estimation. Alternatively, a d-axis flux adaptation is proposed for operations
under parametric error in flux-map LUTs, resulting in a reduced position
error.

The observers with resistance/inductance adaptation are subjected to stability
analysis. The design and analysis are supported by experimental validation on a
1.1 kW SyR motor test-bench.
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Chapter 7

Accurate Torque Control with
APP-based Adaptive MTPA
Tracking

A new model-based torque control with adaptive MTPA tracking and a novel
current-model flux adaptation is developed within the APP sensorless framework;
the findings are published in [48].

7.1 Introduction
A control aspect hampered by parameter inaccuracy is the torque estimation

and control. Under parameter errors, the torque estimation is enhanced using
inductance adaptation in extended back-emf based sensorless control of an IPM
synchronous motor in [49]. However, due to the coupling of position observer with
inductance adaption, a small residual error in torque estimation remains.

A new torque control technique is proposed in Section 7.2 where the opti-
mal current reference generation is devised as a function of discrepancy between
commanded and estimated torque using the small-signal model of the machine.
Moreover, the MTPA tracking is guaranteed by aligning the stator current to the
auxiliary-flux vector.

In the former chapter in Section 6.5, the current-model flux adaptation along
d-axis was proposed which, however, was susceptible to flux-map errors in q-axis.
Thus, a new current-model flux adaptation law is designed in Section 7.3 that
adapts in the direction orthogonal to the auxiliary-flux vector for mitigating torque
estimation error caused by parameter inaccuracies, within the APP sensorless
framework. Section 7.4 discusses the stability analysis followed by the experimental
validation in Section 7.5. The findings and the major contributions of this chapter
are summarized in Section 7.6.
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Figure 7.1: Torque control system overview illustrating the model-based optimal current reference
generation, hybrid flux observer and position observer with flux adaptation.

7.2 Small-Signal Model-Based Torque Control
The block diagram of the small-signal model-based torque control scheme with

MTPA optimal tracking is shown in Fig. 7.1. The MTPA condition (2.6) as a cross-
product of the auxiliary-flux and the current vector is recalled in Fig. 7.2(a), i.e,
γMTPA = ∠λ̂

a

dq.

7.2.1 Optimal Current Reference Computation
For the commanded torque reference T ∗, the current reference magnitude i∗ is

analytically derived as

i∗ = i +
⃓⃓⃓⃓ di

dT

⃓⃓⃓⃓
γ

·
(︃

|T ∗| − |T̂ |
)︃

(7.1)

where the estimated torque T̂ is computed with the observed flux in the torque
equation (3.2). The derivative of torque w.r.t current amplitude for a given current
angle can be expressed in the dq reference frame as

dT

di

⃓⃓⃓⃓
γ

= 3p

2

(︄
iT

dq

i
J λdq + iT

dq J L∂
idq

i

)︄
. (7.2)

where i = |idq| is the stator current amplitude. Upon manipulation,

dT

di

⃓⃓⃓⃓
γ

= 3p

2
iT

dq

i
J
(︄

λdq + L∂ idq

)︄
. (7.3)

The contours of (7.3) for SyR motor A is shown in Fig. 7.2(b). These are repre-
sentative of the torque factor (Nm/A), being maximum along the MTPA trajectory

80



7.2 – Small-Signal Model-Based Torque Control

Figure 7.2: (a) Contour of derivative of torque w.r.t current angle in (2.6) for MTPA adaptation;
(b) Contour of derivative of torque w.r.t current amplitude in (7.3) for reference torque tracking.
Red curve is the MTPA trajectory. Motor: A.

shown in red. Note that care must be taken at very low loads as the quantity in
(7.3) approaches zero at either axes as seen in Fig. 7.2(b): otherwise said, the SyR
machine cannot produce torque without current excitation in both the axes.

The inverse of the quantity (7.3) can be real-time computed using the measured
current angle, the observed flux and the incremental inductances retrieved from
flux-map, all in estimated coordinates.

Finally, the optimal reference current is computed as

i∗
dq̂

= i∗
[︄
cos γ∗

sin γ∗

]︄
(7.4)

where the reference current angle magnitude is determined by the MTPA criterion,
|γ∗| = |∠λ̂

a

dq̂| and it takes the sign of T ∗, as shown in Fig. 7.1.
Thus, the proposed scheme guarantees accurate torque control and the respect

of the MTPA law without using dedicated current reference look-up-tables, so long
as the flux-map LUTs and the estimated torque are accurate. In the following, the
torque error related to parameter errors is identified and suitably compensated.

7.2.2 Torque Estimation Error
The parameter dependent position error (3.29) and the direct effect of parameter

errors contribute to the torque estimation error. This directly translates to the error
in torque output w.r.t commanded torque through (7.1). The steady-state error of
the estimated electromagnetic torque T̃ 0 is given by

T̃ 0 = 3p

2 iT
dq̂

J λ̃dq̂. (7.5)
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Figure 7.3: Steady-state torque estimation error T̃ 0 in Nm at +30% error in d-axis, λ̃
i

d = 0.3 λd:
(a) ω = 0.33 p.u. (500 rpm); (b) ω = 0.8 p.u. (1200 rpm). In red is the MTPA trajectory. Rated
torque Tn = 7.1 Nm; g = 2π · 10 rad/s. Motor: A.

Figure 7.4: Steady-state torque estimation error T̃ 0 in Nm at +30% error in q-axis, λ̃
i

q = 0.3 λq:
(a) ω = 0.33 p.u. (500 rpm); (b) ω = 0.8 p.u. (1200 rpm). In red is the MTPA trajectory. Rated
torque Tn = 7.1 Nm; g = 2π · 10 rad/s. Motor: A.

Using the steady-state flux estimation error, s = 0 in (3.23), the torque estimation
error becomes

T̃ 0 = 3p

2 iT
dq̂

J (G + ωJ)−1
[︄
G (λ̂a

dq̂ θ̃0 + λ̃
i

dq̂) − R̃sidq̂

]︄
. (7.6)

Substituting the steady-state position error (6.9) into (7.6) and considering accurate
stator resistance, the terms in phase with the auxiliary-flux vector cancel out and
the torque estimation error simplifies to

T̃ 0 = 3p

2 iT
dq̂

J (G + ωJ)−1 G J ûa ·
(︂
J ûa

)︂T
λ̃

i

dq̂ (7.7)
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Figure 7.5: Hybrid flux observer in stator reference frame with the APP position observer aug-
mented with flux adaptation for accurate torque estimation.

where ûa is an unit vector along the auxiliary-flux vector as

ûa =
λ̂

a

dq̂

|λ̂
a

dq̂|
. (7.8)

The expression (7.7) states that the torque estimation error is a function of the
operating speed and is proportional to the current-model flux error orthogonal to
auxiliary-flux vector, i.e., J ûa.

The steady-state torque estimation error contour (7.7) for +30% errors in the
d-axis flux-map (λ̃i

d = 0.3 λd) at speeds ω = 0.33 p.u. and ω = 0.8 p.u.. is shown in
Figs. 7.3(a) and 7.3(b), respectively. The same plots are reproduced for +30% errors
in the q-axis flux-map (λ̃i

q = 0.3 λq) in Fig. 7.4. It is observed that the torque error
is more sensitive to the d-axis parameter error and that the estimation accuracy
degrades with decreasing speed.

7.3 Current-Model Flux Adaptation
The block diagram of the proposed current-model flux adaptation supplemented

to APP position observer is shown in Fig. 7.5.

7.3.1 Adaptation Design
In the former sections, the feasibility of the orthogonal projection vector J ϕapp

for stator resistance and the d-axis current-model flux adaptation were investigated.
As alluded to in Section 6.5.3, adapting a single parameter (eg. d-axis flux) in the
presence of flux-map error in both d and q-axes could negatively influence the
position observer. Hence, a new adaptation law is investigated in this section
targeting accurate torque estimation under parameters error.
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Figure 7.6: Steady-state position error θ̃0 in degrees (electrical): (a) +30% error in d-axis, λ̃
i

d =
0.3 λi

d; (b) +30 % error in q-axis, λ̃
i

q = 0.3 λi
q. In red is the MTPA trajectory. Motor: A.

The relation of the orthogonal error signal ϵj to the current-model flux error
λ̃

i

dq̂ is established using (3.28) as

ϵj

⃓⃓⃓
s=0

=
(︂
J ϕapp

)︂T
H

λ̃
i λ̃

i

dq̂

⃓⃓⃓
s=0

= 1
|λ̂

a

dq̂|

(︂
J ûa

)︂T
λ̃

i

dq̂. (7.9)

The expression (7.9) implies that the error signal ϵj is proportional to the current-
model flux error along the vector J λ̂

a

dq̂. Thus, a flux adaptation is designed along
this vector.

Let ϵλ denote the error signal that is equal to the current-model flux error along
J ûa; then, from (7.9), it follows that the equivalent projection vector ϕλ is

ϵλ

⃓⃓⃓
s=0

=
(︂
J ûa

)︂T
λ̃

i

dq̂ ⇒ ϕλ = |λ̂
a

dq̂|
(︂
J ϕapp

)︂
. (7.10)

Finally, the adaptation law is formulated as

λ̂
i

dq̂ = Λ̂dq(idq̂) + J ûa · kλ

∫︂
ϵλ dt (7.11)

where kλ is the integral gain as depicted in Fig. 7.5.
In steady-state conditions, the adaptation (7.11) mitigates the current-model

flux error along the vector J ûa. Consequently, the torque estimation error in
(7.7) converges to zero and accurate torque control becomes realizable. It is worth
pointing out that the steady-state position error (6.9) shown in Fig. 7.6 remains
unaffected by the flux adaptation. It can also be shown that the flux estimation
error in (3.23) converges to zero under adaptation.
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Figure 7.7: Steady-state torque estimation error T̃ 0 in Nm at R̃s = 1Ω (0.16 p.u.): (a) ω = 0.2
p.u. (300 rpm); (b) ω = 0.8 p.u. (1200 rpm). In red is the MTPA trajectory. Rated torque
Tn = 7.1 Nm; g = 2π · 10 rad/s. Motor: A.

7.3.2 Susceptibility to Resistance Variations
In the presence of resistance error, the steady-state errors in stator flux and

torque estimation are inevitable. The flux adaptation converges to an inaccurate
value that is given by

ϵλ = ϕT
λ H

λ̃
i λ̃

i

dq̂0 + ϕT
λ hR̃ R̃s = 0

⇒
(︂
J ûa

)︂T
· λ̃

i

dq̂0 = R̃s · 1
ω

(︂
ûa
)︂T

idq̂. (7.12)

Thus, the resistance error introduces a steady-state current-model flux error orthog-
onal to the auxiliary-flux vector. Owing to the inverse relation with the angular
speed, the influence of stator resistance diminishes at high speeds.

Finally, using (7.12) in (7.7), the steady-state torque estimation error due to
the resistance error is given by

T̃ 0 = 3p

2 iT
dq̂

J (G + ωJ)−1

⎡⎣G J ûa ·

(︂
ûa
)︂T

idq̂

ω
− idq̂

⎤⎦ · R̃s (7.13)

The steady-state torque estimation error contour for R̃s = 1Ω (0.16 p.u.) at ω = 0.2
p.u. (300 rpm) and ω = 0.8 p.u. (1200 rpm) is shown in Figs. 7.7(a) and 7.7(b),
respectively. As expected, the torque estimation error due to imprecise resistance
is observed to increase with the stator current magnitude and decrease with the
angular speed.
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Figure 7.8: Locus of poles of the position observer with flux adaptation for ω = 0.1. . . 1 p.u.
at rated T = 7.1 Nm (MTPA) where the markers ◦ and ∗ denote the speeds 0.1 and 1 p.u.,
respectively. Color code: PLL poles are denoted in green, flux observer in purple, current-model
flux adaptation in yellow. Motor: A.

7.4 Stability Analysis with Flux Adaptation
It follows from (7.11) that the current-model flux error dynamics with adapta-

tion along J ûa become (︂
Jûa

)︂T
sλ̃

i

dq̂ = −kλ ϵλ. (7.14)

Using the flux estimation error dynamics (3.23) and the error signal dynamics
(3.27), the small signal stability is analyzed as

s yλ = Aλ yλ (7.15)

where yλ =
[︃(︂

λ̃dq̂

)︂T
θ̃ ω̃i

(︂
Jûa

)︂T
λ̃

i

dq̂

]︃T
and Aλ =

⎡⎢⎢⎢⎢⎢⎣
−(G + ω J) G λ̂

a

dq̂ 0 G J ûa

kp ϕT
app −kp ϕT

app λ̂
a

dq̂ 1 −kp ϕT
app J ûa

ki ϕT
app −ki ϕT

app λ̂
a

dq̂ 0 −ki ϕT
app J ûa

kλ ϕT
λ −kλ ϕT

λ λ̂
a

dq̂ 0 −kλ ϕT
λ J ûa

⎤⎥⎥⎥⎥⎥⎦ . (7.16)

The gains of the PLL are chosen for a critically damped response (3.25) with
the poles at s = −Ωω = −2π · 25 rad/s. The flux observer gain is set to 0.2 p.u.
of rated speed as g = 2π · 10 rad/s. The gain of current-model flux adaptation is
kλ = 2π · 4 rad/s.

Fig. 7.8 shows the eigenvalues of (3.33) for ω = 0.1 . . . 1 p.u. at rated torque
T = 7.1 Nm on MTPA trajectory. The closed loop poles of the combined dynamics
of the proposed control system are observed to be stable.
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Figure 7.9: Optimal torque control of the proposed scheme at rated speed ω = 1 p.u. (1500 rpm):
(a) Rated torque step T ∗ = 0 → 7.1 Nm at t = 0 s; (b) Incremental torque reference. Motor: A.

7.5 Experimental Results
The proposed torque control scheme with current-model flux adaptation is val-

idated experimentally with SyR motor A. The SyR machine operates in the torque
control mode and the auxiliary drive in the speed control mode. A minimum stator
current imin = 1 A is imposed for fundamental excitation at no load.

MTPA Torque Control

The proposed torque control scheme is validated at rated speed with a rated
torque step T ∗ = 0 → 7.1 Nm at t = 0 s in Fig. 7.9(a). The control is stable
with small transient position error (< 5◦) and is observed to track the torque step
reference seamlessly.

In the second test, torque reference is commanded in small incremental steps
at the rated speed, shown in Fig. 7.9(b). For small loads (t < 1 s), the MTPA
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Figure 7.10: Dynamic MTPA adaptation with sinusoidal torque reference (25 Hz). Operating
speed: (a) ω = 0.33 p.u. (500 rpm); (b) ω = 0.8 p.u. (1200 rpm). Motor: A.

law is not respected due to the imposition of minimum stator current, as said. For
higher loads (t > 1 s), the current angle is shown to be coincident with the phase
of auxiliary-flux vector, implying MTPA operation.

The dynamic capability of the proposed torque control to track MTPA is evalu-
ated with a sinusoidal torque reference at 25 Hz in Fig. 7.10 at two different speeds;
the current angle is observed to track the phase of auxiliary-flux vector. The use of
analytical formulation to attain the MTPA state without an additional regulator
facilitates the dynamic tracking of MTPA.

Operation under Parameter Errors

The susceptibility of torque controller and position observer in the presence of
parameter error in d-axis without flux adaptation is demonstrated in Fig. 7.11. A
varying error from +30% (λ̂i

d = 0.7 λd) to -30% (λ̂i

d = 1.3 λd) is imposed in steps
of -10% increment at rated torque reference T ∗ = 7.1 Nm and two rotor speeds
values ω = 0.33 p.u. (500 rpm) and ω = 0.8 p.u. (1200 rpm) in Figs. 7.11(a) and
7.11(b), respectively. Higher speeds are not feasible at rated torque due to voltage
limitation as the control diverges from the optimal MTPA point under parameter
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Figure 7.11: Torque control at T ∗ = 7.1 Nm under parameter error in d-axis varying from +30%
(λ̂

i

d = 0.7 λd) to -30% (λ̂
i

d = 1.3 λd) in steps of -10% increment every 0.5 s. Operating speed: (a)
ω = 0.33 p.u. (500 rpm); (b) ω = 0.8 p.u. (1200 rpm). Motor: A.

error.
The maximum position error is observed to be θ̃0 ≈ 15◦, drawing correlation to

the steady-state position error (6.9) in Fig. 7.6(a). It can be discerned from Fig. 7.11
that the position error is independent of operating speed. On contrary, the torque
estimation error is more prominent at low speed in Fig. 7.11(a) where, at t < 0.5
s, it is approximately -0.75 Nm (-10%) for +30% d-axis flux error, in accordance
with the analytical evaluation in Fig. 7.3(a). The torque error is diminished at high
speed in Fig. 7.11(b), as evaluated in Fig. 7.3(b).

A similar test is conducted for varying errors in the q-axis flux-map in Fig. 7.12.
The speed-independent steady-state position error is observed to be θ̃0 < 5◦, sup-
porting the analysis in Fig. 7.6(b). The torque estimation shows more resilience
towards parameter error in q-axis, in accordance with Fig. 7.4.
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Figure 7.12: Torque control at T ∗ = 7.1 Nm under parameter error in q-axis varying from +30%
(λ̂

i

q = 0.7 λq) to -30% (λ̂
i

q = 1.3 λq) in steps of -10% increment every 0.5 s. Operating speed: (a)
ω = 0.33 p.u. (500 rpm); (b) ω = 0.8 p.u. (1200 rpm). Motor: A.

Current-Model Flux Adaptation

The efficacy of the current-model flux adaptation is demonstrated at ω = 0.33
p.u. (500 rpm) and at 40% overload in torque T ∗ = 1.4 p.u. (10 Nm) with a
varying error in the d-axis flux-map from zero to -50% (λ̂i

d = 1.5 λd) in steps of
-10% increment every 0.5 s, as shown in Fig. 7.13. The operating and parameter
error conditions are more severe than the ones considered so far. The performance of
the control without and with the flux adaptation is juxtaposed in Figs. 7.13(a) and
7.13(b), respectively. A maximum torque error of +24% is observed in Fig. 7.13(a)
while in Fig. 7.13(b), accurate torque control is obtained despite the high position
error.

The dynamics of the current-model flux adaptation is illustrated in Fig. 7.14
in the same operating conditions (T ∗ = 1.4 p.u. and ω = 0.33 p.u.) where the
adaptation is enabled at t = 0 s. The Fig. 7.14(a) considers a -30% flux-map error
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Figure 7.13: Torque control at T ∗ = 1.4 p.u. (10 Nm) and ω = 0.33 p.u. (500 rpm) under
parameter error in d-axis varying from 0% to -50% (λ̂

i

d = 1.5 λd) in steps of -10% increment every
0.5 s: (a) Without flux adaptation; (b) With flux adaptation. Motor: A.

in either axes while Fig. 7.14 has -30% error in d-axis and +30% error in q-axis. For
t < 0 s, the torque error is approximately 15% in both the figures as it is dominated
by the d-axis error. Conversely, the q-axis flux-map error has a substantial influence
on the position error; hence, a high error θ̃ ≈ 19◦ is discerned in Fig. 7.14(a) while
it is reduced in Fig.7.14(b) where the flux-map errors carry opposite signs (see
Fig. 7.6).

Once the adaptation is enabled at t = 0 s, the observed and current-model flux
quantities converge and accurate torque is realized. It is worth highlighting that
the steady-state position error remains unaltered by the flux adaptation due to
the orthogonality of projection vectors. Moreover, the stator flux and currents in
estimated reference frame settle at different values in the two figures due to the
steady-state different position errors.
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Figure 7.14: Flux adaptation enabled at t = 0 s in the torque control at T ∗ = 1.4 p.u (10 Nm) and
ω = 0.33 p.u. (500 rpm) under parameter errors in both axes: (a) -30% in d-axis (λ̂

i

d = 1.3 λd)
and -30% in q-axis (λ̂

i

q = 1.3 λq); (b) -30% error in d-axis and +30% error in q-axis (λ̂
i

q = 0.7 λq).
Motor: A.

Susceptibility to Stator Resistance

The susceptibility of the proposed torque control scheme to a stator resistance
perturbation of R̃s = ±1Ω (0.16 p.u.) is evaluated at speeds ω = 0.2 p.u. (300
rpm) and ω = 0.8 p.u. (1200 rpm) in Figs. 7.15(a) and 7.15(b), respectively. In
accordance to the analytical estimate in Fig. 7.7, the maximum torque error is
approximately 0.8 Nm at 300 rpm and less than 0.2 Nm at 1200 rpm. It is worth
pointing out that the position error is null despite the variations in stator flux and
torque, attesting to the resistance immunity property of the APP scheme.
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Figure 7.15: Susceptibility of the proposed torque control to a stator resistance perturbation of
R̃s = ±1Ω (0.16 p.u.) at rated torque: (a) ω = 0.2 p.u. (300 rpm); (b) ω = 0.8 p.u. (1200 rpm).
Motor: A.

7.6 Summary of the Chapter Contributions
The main contributions of the accurate torque control with flux adaptation are

listed as follows:

• An optimal current reference generation respecting MTPA criterion is devised
as a function of discrepancy between commanded and estimated torque using
the small-signal model of the machine.

• An analytical expression for torque estimation error is derived as a function
of parameter errors and steady-state position error. It is subsequently formu-
lated for the APP sensorless scheme.

• A projection vector that is orthogonal to APP is employed for current-model
flux adaptation, ensuring decoupling and non-interference with the position
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observer. The proposed adaptation law is shown to alleviate the error in
torque estimation. Thus, accurate torque control becomes realizable in pres-
ence of flux-map errors.

The stability analysis of the position observer with flux adaptation is studied
and the performance of the proposed torque control sensorless scheme with flux
adaptation is experimentally validated on a 1.1 kW SyR machine test bench.
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Chapter 8

High-Frequency Excitation
Schemes

A new injection-less sensorless technique using finite-control-set model-predictive-
control is disclosed in [50] and further extended to full-speed with the APP position
observer augmented for high speeds, published in [51]. A square-wave voltage in-
jection based position estimation augmented with auxiliary-flux position observer is
published in [47].

8.1 Introduction
Sensorless techniques relying on fundamental-wave excitation falter at low speeds

due to the poor signal-to-noise ratio in the back-emf based flux estimation and
back-emf non-observability at zero speed. Thus arises the need to design position
estimation techniques tailored for the low speeds region.

For some applications like pumps, fans and compressors where a sustained op-
eration at low speeds is not required, an open-loop start with a voltage reference in
a slow ramped synchronous rotating reference frame [52], referred as V/f control,
can be pursued for simplicity. Alternatively, an open rotating current reference,
referred as I/f control, is proposed [53]–[56] for the ease of control and robustness
in synchronous machines.

The closed-loop low speed sensorless techniques rely on the incremental mag-
netic anisotropy of the machine that is exploited with various high-frequency exci-
tation techniques. Besides accurate and high performance position estimation, they
are capable of withstanding torque disturbances at zero speed standstill condition.
Based on the type of high-frequency excitation, they can be classified into two
categories [57]: (i) Continuous excitation schemes; (ii) Discontinuous excitation
schemes.

This chapter is organized as follows: Sections 8.2 and 8.3 present the review
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of the continuous and the discontinuous schemes, respectively. The feasible re-
gion of operation for low speed sensorless control is assessed through the incre-
mental saliency analysis in Section 8.4. A new projection vector framework for
high-frequency excitation schemes is developed in Section 8.5, based on which the
discontinuous and the continuous excitation schemes are validated in Sections 8.6
and 8.7, respectively. A new injection-less sensorless control using finite-control-set
model-predictive-control (FCS-MPC) is designed to be augmented with the APP
position observer in Section 8.6 while a square-wave pulsating voltage injection is
augmented with AUX position observer in Section 8.7, representing two alternative
full-speed sensorless solutions.

8.2 Review of Continuous Excitation Schemes
This chapter presents a review on the periodic high-frequency signal injection

schemes where the position information is embedded in the magnitude/phase of the
resulting high-frequency response. Among the two high-frequency signal injection
possibilities (voltage and current), an identical performance can be obtained with
a well-designed control system in either case. However, for the ease of implementa-
tion with the voltage source inverters, it is more prevalent to inject high-frequency
voltage signals as the current injection demands either a high bandwidth fundamen-
tal current tracking loop or a supplementary parallel-operating (resonant) current
regulators [58], [59].

8.2.1 Pulsating Signal Injection
The high-frequency terms are denoted by the subscript h. Let the injected

sinusoidal voltage magnitude and frequency along estimated d̂-axis be denoted as
Vh and ωh, respectively, i.e,

vdq̂h = Vh

[︄
cos(ωht)

0

]︄
. (8.1)

The high-frequency stator voltage equation is given by

s λdq̂h = vdq̂h − Rs idq̂h − ωJ λdq̂h. (8.2)

In (8.2), the resistance and the back-emf terms are generally neglected as they
are relatively insignificant in the high-frequency domain at low speeds. Thus, the
resulting high-frequency flux components are

λdq̂h ≈ Vh

ωh

[︄
sin(ωht)

0

]︄
. (8.3)
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If the signal injection-based sensorless control is also persevered at higher speeds,
then the high-frequency back-emf term can no longer be neglected. To this end,
the back-emf in q-axis can be compensated with an elliptical injection [60], [61] as

vdq̂h = Vh

[︄
cos(ωht)

ω
ωh

sin(ωht)

]︄
. (8.4)

Given the acoustic noise and the reduced voltage for torque production, there is
little incentive to extend the signal injection schemes beyond the low speeds region
where the fundamental-wave excitation schemes are reliable.

An alternative to (8.2) is the high-frequency pulsating voltage injection along
q-axis but is out of favor due to the increased torque ripples [62]. With respect to
minimizing torque ripples, pulsating injection along the constant torque locus have
been reported [63]–[65].

A pulsating injection in stationary reference frame is investigated in [66], [67]
with no discernible benefits over the conventional synchronous frame injection. The
pulsating current injection is explored in [59], concluding in the favor of voltage
injection.

Current Demodulation

The earliest works on the pulsating voltage injection and current demodulation
in rotor reference frame dates back more than two decades [60] and have been
extensively studied since.

The resulting high-frequency current response to the pulsating voltage (8.2) can
be expressed using (3.5) as

idq̂h = eJθ̃ L−1
∂ e−Jθ̃ λdq̂h. (8.5)

Using (8.3), the expression for idq̂h simplifies to

idq̂h = Vh sin(ωht)
ωh

(︂
ldlq − l2

dq

)︂ [︄lΣ − l∆ cos(2θ̃) + ldq sin(2θ̃)
−l∆ sin(2θ̃) − ldq cos(2θ̃)

]︄
(8.6)

where lΣ = ld+lq
2 and l∆ = ld−lq

2 . Linearizing (8.6), the q-axis high-frequency current
is given by

iq̂h = −Vh sin(ωht)
ωh

⎛⎝ l∆
ldlq − l2

dq

2θ̃ + ldq

ldlq − l2
dq

⎞⎠. (8.7)

It can be discerned that the q-axis current iq̂h is composed of a position error
bearing term as well as a cross-saturation inductance bearing term. The high-
frequency component iq̂h is extracted from iq̂ through a bandpass filter and is de-
modulated with a heterodyne process to obtain the position error signal ϵh as

ϵh = − ωh

2Vh

ldlq − l2
dq

l∆
LPF

[︃
iq̂h · 2 sin(ωht)

]︃
. (8.8)
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Equating ϵh = 0 reveals the cross-saturation induced steady state position error
θ̃dq given by [10], [68]

θ̃dq = 1
2 tan−1 −ldq

l∆
. (8.9)

The highlights of this scheme are summarized as follows:

• Limited dependency on motor parameters since the inductances only appear
as a scaling factor in (8.6). Hence, inaccuracy in inductance merely shifts the
poles of the position observer.

• Suffers from cross-saturation error which is more magnified at high loads
(θ̃dq ≈ 20◦ at T = 2 p.u. [69]). Many of the earlier works overlook the impact
of the cross-saturation term [44], [60], [70]–[74]. Offline measurements-based
compensation for cross-saturation is reported in [62]. To account for the
cross-saturation error, [67], [75] proposed a feed-forward correction term as a
function of load current; [76], [77] introduced a coupling factor in the error
function based on the prior measurements. Compensation techniques for
improved stability at high loads are explored in [78]–[80].

• The LPF in heterodyne signal processing stage in (8.8) imposes limitation on
the maximum achievable bandwidth of the position observer [68]. Typically,
the closed-loop bandwidth of the position tracking loop is set to three times
lower than the cutoff frequency of the LPF [77]. Besides, an additional filter
to remove the high-frequency current component for fundamental current
regulation could affect the dynamics of the inner current loop in current-
vector-control.

Current-Model Flux Demodulation

The cross-saturation effects can be alleviated by designing the position error
signal from the q-axis current-model flux estimate λi

q̂ instead of the q-axis current
iq̂ [31], [69]. The high-frequency current-model flux estimate can be expressed as

λi
dq̂h

= L∂ · idq̂h = L∂ · eJθ̃ L−1
∂ e−Jθ̃ λdq̂h. (8.10)

Using (8.6), the q-axis term λi
q̂h is derived as

λi
q̂h = Vh sin(ωht)

ωh

(︂
ldlq − l2

dq

)︂ [︃ldq lΣ (1 − cos(2θ̃)) − (lq l∆ − l2
dq) sin(2θ̃)

]︃
. (8.11)

Linearizing (8.11) for small position error leads to

λi
q̂h = −Vh sin(ωht)

ωh

lq l∆ − l2
dq

ldlq − l2
dq

2θ̃. (8.12)
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Unlike (8.7), the q-axis high-frequency current-model flux estimate (8.12) is ob-
served to have a direct correlation to the position error without deviation induced
by cross-saturation. Thus, the corresponding error signal ϵh is obtained from (8.12)
through a heterodyne process as

ϵh = − ωh

2Vh

ldlq − l2
dq

lq l∆ − l2
dq

LPF
[︃
λi

q̂h · 2 sin(ωht)
]︃
. (8.13)

The highlights of this scheme are summarized as follows:

• Mitigates the cross-saturation error while retaining the simplicity and struc-
ture of the current modulation technique [31], [69].

• The effectiveness of this technique is coupled to the accuracy of the flux-maps
LUTs and consequently is sensitive to parameter errors unlike the former
technique.

• Just as the current demodulation, the LPF in the heterodyne signal processing
stage (8.13) imposes limitation on the maximum achievable bandwidth of the
position observer [68].

8.2.2 Rotating Signal Injection
The rotating voltage injection is a classical technique [81], [82] where the posi-

tion spatial information is retrieved from the negative sequence current response.
Multiple frequency injection for secondary saliences in concentrated windings is
proposed in [83]. A rotating current injection with a dedicated high-frequency
controller is developed for an extended-emf framework in [84].

A rotating voltage injection of magnitude Vh and frequency ωh in the stationary
reference frame is denoted by

vαβh = Vh

[︄
− sin(ωht)
cos(ωht)

]︄
. (8.14)

Neglecting the stator resistance and the back-emf terms, the rotating high-frequency
flux has a 90◦ phase lag to the injection voltage as

λαβh ≈ Vh

ωh

[︄
cos(ωht)
sin(ωht)

]︄
. (8.15)

From (8.5) and (8.15), the rotating high-frequency current in the stationary refer-
ence frame is given by

iαβh = eJθ L−1
∂ e−Jθ λαβh = Vh

ωh

eJθ L−1
∂ e−Jθ

[︄
cos(ωht)
sin(ωht)

]︄
. (8.16)
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The high-frequency current can be decomposed into positive and negative sequence
components as .

iαβh = Vh

ωh

(︂
ldlq − l2

dq

)︂
⎛⎝lΣ ·

[︄
cos(ωht)
sin(ωht)

]︄
−
√︂

l2
∆ + l2

dq · e2J (θ−θ̃dq)
[︄

cos(ωht)
sin(−ωht)

]︄⎞⎠ (8.17)

where θ̃dq is the cross-saturation error defined in (8.9).
The phase of the negative sequence component is observed to carry the posi-

tion information although it is displaced by the cross-saturation error. A standard
demodulation scheme [34] has the PLL tracking the negative sequence current com-
ponent, with the fundamental and positive sequence components attenuated by a
LPF.

The highlights of this scheme are summarized as follows:

• Akin to the pulsating current demodulating technique, this has low depen-
dency on motor parameters and is not sensitive to parameter errors. The
discrepancy in inductances only affect the bandwidth of the position observer.

• By tracking the phase of negative sequence component in (8.17), the estimated
position is effectively along θ − θ̃dq which suffers from the cross-saturation
error. The impact of cross-saturation on rotating injection is discussed in
[10], [85].

• In addition to the higher torque ripples incurred by the rotating voltage in-
jection scheme, it is also computationally expensive relative to the pulsating
voltage injection. Similar to the preceding schemes, the LPF in signal pro-
cessing stage limits the bandwidth of position observer to a fraction of the
LPF cutoff frequency.

8.2.3 Square-Wave Voltage Injection
A noteworthy technique is the position estimation with a square-wave voltage

injection near the switching frequency which reaps benefits in simplifying the signal
processing stage. It has a large spectral separation between the injection and the
fundamental frequency, reducing the interference with current regulator (in the
case of current-vector-control) and can be either a rotating or a pulsating signal
injection.

The rotating voltage injection at one-third the switching frequency, which is
the maximum attainable frequency at synchronous sampling, is developed in [35].
Dual sampling permits rotating injection at two-third the switching frequency as
shown in [86]. Rotating injection at one-fourth the switching frequency is explored
in [87], [88].
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Pulsating square voltage injection at half the switching frequency (the maximum
permissible frequency at single synchronous sampling) is proposed in [68], [89] while
injection at switching frequency with dual sampling is proposed in [90]. The effect
of voltage errors from non-ideal inverter compensation on square voltage injection
is studied in [91]; [92] concludes that injection at half the switching frequency shows
better immunity to inverter errors than injection at the switching frequency. To
increase the amplitude of current response, the frequency of square-wave injection
was reduced to one-fourth of switching frequency in [93].

Dealing with the method in [68], let superscript k denote the discrete domain
representation of the kth sampling instant, Vh be the magnitude of injected voltage
in d̂ axis at half the switching frequency. Then the injected voltage is

vk
d̂h

= Vh cos(πk) =
⎧⎨⎩+Vh, if k == 2n

−Vh, if k == 2n + 1
(8.18)

where n is an integer. Note that due to the computational delay, the voltage
reference at k − 1 is the voltage applied at k, i.e., v∗

dq
k−1 = vk

dq.
Let the discrete time derivative function be represented the operator ∆ as

∆xk = 1
Ts

(xk − xk−1) (8.19)

where Ts is the sampling interval. Then, the high-frequency components of flux
and current are given by

∆λk
dq̂

≈ Vh

⎡⎣cos
(︃

π(k − 1)
)︃

0

⎤⎦ ⇒ ∆ik
dq̂

= Vh eJθ̃ L−1
∂ e−Jθ̃

⎡⎣cos
(︃

π(k − 1)
)︃

0

⎤⎦
(8.20)

Using (8.5), the discrete high-frequency currents are obtained as

∆ik
dq̂

=
Vh cos

(︃
π(k − 1)

)︃
ldlq − l2

dq

[︄
lΣ − l∆ cos(2θ̃) + ldq sin(2θ̃)

−l∆ sin(2θ̃) − ldq cos(2θ̃)

]︄
(8.21)

Linearizing the q component of (8.21), the error signal with square-wave de-
modulation is found:

ϵh = −
cos

(︃
π(k − 1)

)︃
2Vh

ldlq − l2
dq

l∆

ik
q̂ − ik−1

q̂

Ts

. (8.22)

This is equivalent to the error signal (8.8) obtained with sinusoidal injection and
current demodulation.
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In a similar fashion, it can be shown that the current-model flux demodulation
leads to an error signal equivalent to (8.13) as

ϵh = −
cos

(︃
π(k − 1)

)︃
2Vh

ldlq − l2
dq

lq l∆ − l2
dq

(︂
λi

q̂

)︂k
−
(︂
λi

q̂

)︂k−1

Ts

. (8.23)

As the pulsating square-wave injection is a subset of the alternating signal in-
jection, the current derived error signal (8.22) is prone to cross-saturation position
error, whereas the flux estimate derived error signal (8.23) is not. The highlights
of this scheme are summarized as follows:

• The primary benefit of the square-wave pulsating injection at half the switch-
ing frequency lies in simplifying the signal processing stage where the LPF is
no longer necessary. Thus, besides the computation ease, the realization of
higher position observer bandwidth becomes feasible as it no longer restricted
by the LPF.

• Current and current-model flux demodulation schemes can be adapted to the
square-wave injection method. The aforementioned merits and demerits of
the either demodulation schemes applies.

• With increase in the injection frequency, the excited current response di-
minishes for the same voltage magnitude Vh. Hence, for large inductance ma-
chines, sufficiently high voltage is necessary to ensure that the high-frequency
current, ∆ik

dq̂
, is compatible with the resolution of the current sensors. In

turn, this method could demand a larger high-frequency voltage magnitude
compared to standard pulsating injection in certain machines.

8.2.4 Convergence Analysis
This section aims to analysis the ability of the sensorless scheme to converge

to a stable steady-state operating point upon perturbed with a position error.
Hitherto, a small position error was considered for linearization purposes where
Li

∂(idq̂) = L∂(idq) holds. However, for convergence analysis, the current-model
incremental inductance is explicitly defined.

The convergence analysis is investigated for the pulsating voltage injection with
current and current-model flux demodulation schemes.

Current Demodulation

From (8.6) and (8.8), the position error signal can be expressed in terms of the
position error as

ϵh =
li
d li

q − (li
dq)2

2 li
∆

(︄
l∆

ld lq − l2
dq

sin(2θ̃) + ldq

ld lq − l2
dq

cos(2θ̃)
)︄

(8.24)
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Figure 8.1: Convergence analysis for stator current demodulation scheme where the position error
signal (8.24) has no zero-up crossing at high loads on MTPA. Motor: A.

Figure 8.2: Comprehensive convergence analysis of the stator current demodulation scheme using
position error signal (8.24) contour for the MTPA torque reference points. Motor: A.

where the current-model incremental inductance terms (denoted by subscript i)
corresponds to the estimated reference frame Li

∂(idq̂) while the real inductance
refers to the real rotor reference frame L∂(idq).

Fig. 8.1 shows the position error signal (8.24) as a function of position error for
four torque references on MTPA. The zero-up crossing is a stable operating point.
At T = 0.5 p.u., the convergence angle is the cross-saturation error computed from
(8.9). For higher loads, no convergence point is discerned, implying the inapplica-
bility of this technique at these operating points. Fig. 8.2 shows a comprehensive
position error signal contour to illustrate the absence of zero-up crossing points at
higher loads.
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Figure 8.3: Convergence analysis for current-model flux demodulation scheme where the position
error signal (8.25) has zero-up crossing at zero position error for all torque. Motor: A.

Figure 8.4: Comprehensive convergence analysis of the current-current demodulation scheme using
position error signal (8.25) contour for the MTPA torque reference points. Motor: A.

To circumvent the instability, [78]–[80] proposed a tilted reference frame voltage
injection and a compensation signal to shift the convergence point to zero position
error with an adequate convergence margin (angular span between two zero-up
crossings).
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Current-Model Flux Demodulation

The position error signal for the current-model flux demodulation scheme (8.13)
can be expressed as a function of position error using (8.11) without linearizing as

ϵh = 1
2

li
d li

q − (li
dq)2

li
q li

∆ − (li
dq)2

(︄
lq l∆ − l2

dq

ld lq − l2
dq

sin(2θ̃) − ldq lΣ
ld lq − l2

dq

(︂
1 − cos(2θ̃)

)︂)︄
. (8.25)

Fig. 8.3 shows the evolution of the position error signal for four torque levels;
unlike Fig. 8.1, the zero-up crossing of the position error signal coincides with the
zero position error, implying correct convergence. Moreover, a healthy convergence
margin is observed. The stability at all loads is verified with the contour plot of
the position error signal in Fig. 8.4.

8.3 Review of Discontinuous Excitation Schemes
For simplicity, those low speeds position estimation schemes that do not use

a continuous periodic signal injection are classified under envelope of discontin-
uous excitation schemes. This includes modified PWM modulation and current
derivative based methods.

A widely referenced technique is Indirect Flux detection by Online Reactance
Measurement (INFORM) [94]–[96] which relies on the current slope response to a
discrete voltage vector. One established INFORM implementation exploits modi-
fied PWM patterns and current over-sampling [97], [98].

In [99], the 3-phase PWM carrier waves are phase shifted to generate a rotating
voltage at the switching frequency. The scheme reported in [100] suspends the
control routine for half the control period to impose a pulsating voltage injection. A
scheme based on additional sensors for di/dt measurement is proposed in [101], [102]
which is not favorable due to the additional hardware requirements. Intermittent
test voltage vector injection is proposed in [100], [103]. Mathematics of most of
these schemes closely resemble the INFORM technique with the need for multiple
sampling.

Alternatively, finite control set model predictive control (FCS-MPC) assists
current derivatives/ripples-based approach as the full dc-link voltage appears across
the motor terminals in a control period due to the absence of modulators. An
optimization solver is used in [104] for MPC based position estimation which has
a demerit of high steady-state error (> 10◦) under load due to neglected effects
of saturation. Predictive torque control is used in [105], where the position error
signal is computed in the stationary reference frame; the position error is observed
to be quite large in the bounds of ±20◦. Additional angle compensation curve is
used to compensate for cross-saturation effects. Position estimation in stationary
reference frame with MPC is proposed in [106] which, besides being computationally
elaborate, overlooks the impact of saturation and cross-saturation.
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Figure 8.5: Incremental saliency ld/lq analysis for feasibility study of low speeds sensorless control:
(a) in idq current plane; (b) in λdq flux plane. Red curve is the MTPA trajectory. Motor: B.

8.4 Incremental Saliency Analysis and Control
Feasibility

The high-frequency excitation schemes extract the position information from
the local magnetic anisotropy in the vicinity of the operating point. Incremental
saliency, defined as the ratio of incremental inductances ld/lq, is a key indicator
to access the feasibility of the low speed sensorless schemes at an operating point.
Poor incremental saliency implies a weak local saliency that portends the inability
of operation under sensorless condition. The critical areas of operation are at high
loads, where saturation reduces the incremental saliency, and at zero torque, where
the SyR machine is non salient if unexcited.

Fig. 8.5 shows the incremental saliency of SyR motor B in both dq current and
dq flux linkage planes. At very high loads, the saturation of d-axis weakens the
incremental saliency on the MTPA trajectory, suggesting the challenges of overload
operations at low speeds. At no load, the incremental saliency vanishes around the
origin of the dq plane for SyR motors due to the unsaturated ribs in the q-axis.
It is therefore common to impose a minimum current in d-axis, id,min, as done
for the fundamental excitation at no-load. A proper amount of d-axis excitation
saturates the rotor ribs in the q-axis thanks to cross-saturation effect. However,
if the imposed id,min is excessively large, the saturation of the d-axis diminishes
the incremental saliency again and can even possibly result in saliency reversal (for
id,min > 3 A, ld/lq < 1 in Fig. 8.5(a)) [69]. Alternatively, the minimum excitation
can be imposed to the q-axis to ensure saliency as discussed in the next section;
note that minimum q-axis excitation is not compatible with the active-flux position
observer. Hence, low speed sensorless drives should be wary of poor saliency regions
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for stable operation. In conclusion:
• The id,min in SyR machines is purposely designed for the low speed region,

requiring knowledge of the flux-map LUTs of the machine under test.

• Minimum excitation in q-axis is favorable for low speeds region; however, it
may not necessarily provide sufficient fundamental excitation.

• Automatic calibration of minimum excitation will be the scope of future
works.

8.5 High-Frequency Projection Vector Framework
In the spirit of extending the projection vector framework in Section 3.4.2 be-

yond the fundamental-wave excitation schemes, a generalized high-frequency pro-
jection vector framework is designed where the position error signal ϵh is defined as
the projection of difference between voltage and current-model high-frequency flux
estimates on the projection vector ϕh, expressed as

ϵh = ϕT
h (s λdq̂ − L∂ · s idq̂) (8.26)

where the derivatives represent the high-frequency terms. The projection vector
ϕh has the dimension of V−1. To establish the relation between the position error
signal ϵh in (8.26) and the position error θ̃, the term s idq̂ is examined as

s idq̂ = s
(︃

eJθ̃idq

)︃
= s θ̃ · J eJθ̃ idq + eJθ̃ · s idq

= eJθ̃ L−1
∂ e−Jθ̃ · s λdq̂ + s θ̃ · eJθ̃

(︃
J L−1 − L−1

∂ J
)︃

e−Jθ̃ λdq̂ (8.27)

The derivative of the position error is neglected, i.e., s θ̃ = 0, considering that the
mechanical dynamics is much slower than the current and flux linkage dynamics.
Linearizing (8.27) for small values of θ̃ gives

s idq̂ ≈ L−1
∂ · s λdq̂ + θ̃

(︃
J L−1

∂ − L−1
∂ J

)︃
· s λdq̂ (8.28)

Substituting (8.28) in (8.26), the high-frequency position error signal simplifies to

ϵh = ϕT
h · θ̃

(︃
J − L∂ J L−1

∂

)︃
· s λdq̂ (8.29)

where
J − L∂ J L−1

∂ = 2
ld lq − l2

dq

[︄
−ldq lΣ ld l∆ + l2

dq

lq l∆ − l2
dq ldq lΣ

]︄
. (8.30)

It can be inferred from (8.29) that the error signal ϵh is always a function of the
position error θ̃, irrespective of the projection vector ϕh. In the next sections, the
projection vector approach will be used to formulate two new sensorless observers,
one based on FCS-MPC and other using square-wave pulsating injection.
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Figure 8.6: Overview of the finite-control-set model-predictive-control based sensorless control
scheme with a deadbeat voltage reference in the cost function.

8.6 Projection Vector based Injection-less FCS-
MPC scheme

A discontinuous excitation scheme for low speeds sensorless control without pe-
riodic signal injection is proposed using a finite-control-set model-predictive-control
[50], [51]. The block diagram of the scheme is shown in Fig. 8.6. The background of
FCS-MPC is briefed reviewed before discussing the position estimation technique.

8.6.1 Finite-Control-Set Model Predictive Control
The key equations pertaining to a deadbeat type FCS-MPC in estimated syn-

chronous rotor reference frame dq̂ are presented in (8.31)-(8.33). Controlled vari-
ables are the flux linkage components λd̂ and λq̂ for the ease of computing the
dead-beat voltage.

To account for the unit digital delay, the observed state variable λ̂
k

dq̂ is estimated
for the k + 1th sampling instant as

λ̂
k+1
dq̂ = λ̂

k

dq̂ + Ts

(︃
vk

dq̂
− Rsi

k
dq̂

− ω̂J λ̂
k

dq̂

)︃
(8.31)

where Ts is the sampling interval. This corresponds to the voltage model block
in Fig. 8.6. The voltage vk

dq̂
in (8.31) is estimated according to the duty-cycle

commands, incorporating the dead-time compensation.
The deadbeat reference voltage v∗

dq̂
that drives the error to zero at the next

control cycle is given by

v∗
dq̂

= Rs ik
dq̂

+
λ∗

dq̂
− λ̂

k+1
dq̂

Ts

+ ω̂ J λ̂
k+1
dq̂ (8.32)
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Figure 8.7: Block diagram of the proposed injection-less sensorless technique highlighting the
hybrid flux observer with low and high speed projection vectors relying on high-frequency and
fundamental excitation respectively, fusion mechanism and PLL.

where λ∗
dq is the reference flux that corresponds to the commanded reference torque

T ∗ from the speed control loop. The T ∗ → λ∗
dq relationship is obtained by super-

imposing a minimum λq,min over the MTPA trajectory. Besides proving the funda-
mental excitation at no-load, the imposition of λq,min ensures sufficient incremental
saliency at low speeds operation (see Fig. 8.5(b)). The resistive term in (8.32) is
relatively insignificant and hence, the current quantities are not estimated for k +1
in the interest of computational optimization.

The cost function to determine the voltage vector that is at the shortest Eu-
clidean distance from the reference voltage (8.32) is given by

f(vk+1
dq̂,j

) = |v∗
dq̂

− vk+1
dq̂,j

| (8.33a)

vk+1
dq̂

= argmin
j=0,1..7

f(vk+1
dq̂,j

) (8.33b)

where the notation vdq̂,j represents the six active vectors (j = 1 . . . 6) and two
zero vectors (j = 0,7) of a two-level voltage source inverter in the estimated rotor
reference frame.

8.6.2 Position Error Estimation
Owing to the nature of finite-control-set MPC, discrete voltage vectors are ap-

plied. The proposed sensorless scheme is based on the instantaneous machine re-
sponse upon excitation with an active voltage vector. The block diagram of the
flux and position observer is shown in Fig. 8.7 where the APP scheme branch (green
rectangle) serves for position estimation at high speeds.

Projection Vector Design

The discretized form of the high-frequency projection vector position error func-
tion (8.26) is expressed with the discrete derivative operator ∆ defined in (8.19)
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as
ϵk

h =
(︂
ϕk

h

)︂T
(∆λk

dq̂
− L∂ · ∆ik

dq̂
). (8.34)

The term ∆λk
dq̂

is computed from the HFO while ∆ik
dq̂

is determined from the
measurements. Inspecting the susceptibility of the error function (8.34) to mea-
surement noise, owing to the smaller inductance in q-axis, the current ripple ∆iq is
generally higher than ∆id and consequently, less susceptible to measurement noise
and current sensor resolution. Furthermore, the noise is amplified in ld ∆id more
than lq ∆iq since ld > lq. Hence, a projection vector along q-axis is preferred as

ϕk
h =

[︂
0 ϕk

qh

]︂T
. (8.35)

The gain ϕk
qh should be chosen such that ϵh = θ̃. It follows from (8.29) and

(8.30) that ϕqh is given by
(︂
ϕk

qh

)︂−1
= 2

ld lq − l2
dq

(︃(︂
lq l∆ − l2

dq

)︂
∆λk

d̂
+
(︂
ldq lΣ

)︂
∆λk

q̂

)︃
. (8.36)

At low speeds, the magnitude of the active voltage vector is much greater than
the resistance and back-emf voltage terms. Hence, for computational simplicity,
the low speed approximation ∆λk

dq̂
≈ vk−1

dq̂
is adopted, leading to

(︂
ϕk

qh

)︂−1
≈ 2

ld lq − l2
dq

(︃(︂
lq l∆ − l2

dq

)︂
vk−1

d̂
+
(︂
ldq lΣ

)︂
vk−1

q̂

)︃
. (8.37)

Implementation Constraints

At low speeds, the MPC cost function minimization tends to impose a string of
zero voltage vectors in steady-state condition. This impedes the sensorless perfor-
mance as the machine remains unexcited for a short span of time where the position
is unobservable. Moreover, the quantity (ϕqh)−1 (8.36) represents the strength of
the position error signal and must be large enough for a reliable position estimation.
To meet these requirements, two thresholds are defined:

• ϕ−1
min is the minimum value of |(ϕk

qh)−1| to be deemed reliable.

• Nmax is the maximum permissible number of consecutive voltage vectors to
have failed the threshold ϕ−1

min.

The cost function is modified such that a hard constraint C is enabled once the
threshold Nmax is reached as

f(vk+1
dq̂,j

) = |v∗
dq̂

− vk+1
dq̂,j

| +
(︂
n > Nmax

)︂
Cj (8.38)
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where n is the count of consecutive instances of |ϕk
qh

−1| < ϕ−1
min. When the limit

Nmax is exceeded, the hard constraint Cj functions to ensure that only those active
voltage vectors vk+1

dq̂,j
that satisfy ϕ−1

min are eligible for the next sampling instant.
This is accomplished by computing the term ϕ−1

qh,j for each of the six active vectors
(j = 1 . . . 6) excluding the zero vectors and assigning a large penalty for the jth

vector if |ϕ−1
qh,j| < ϕ−1

min as

Cj =
(︂

|ϕ−1
qh,j| ≤ ϕ−1

min

)︂
· ∞ +

(︂
|ϕ−1

qh,j| > ϕ−1
min

)︂
· 0 (8.39)

For the applied voltage vectors having |ϕk
qh

−1| < ϕ−1
min, the evaluation of error

function is suspended with ϵk
h = 0.

Tuning Guidelines

For a precise position estimation at low speeds, it is desired that the error func-
tion is evaluated at the least once every mechanical degree. Considering the upper
speed limit for the high-frequency excitation scheme to be the flux observer cross-
over frequency g rad/s (0.2 p.u.) results in Nmax = 5 at the switching frequency of
10 kHz. Beyond g, the dominance of high speed model comes into effect.

From the experimental trails, the threshold ϕ−1
min = 60 V that is around 12% of

dc-link voltage is determined.

8.6.3 Fusion of Low- and high-speed Sensorless Models
As alluded to before, this FCS-MPC based injection-less technique is augmented

to APP scheme for position estimation at high speeds. The position observer is
designed to transition from low to high speed model around the cross-over frequency
g rad/s, akin to the flux observer. To refrain from sharp discontinuous transition
and chattering, the two position estimation models are fused together with a linear
speed dependent fusion coefficient fω, expressed as

ϵk = fω · ϵk
app +

(︂
1 − fω

)︂
· ϵk

h (8.40a)

fω =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, if |ω̂k| < g − ωg

1, if |ω̂k| > g + ωg

|ω̂k|+ωg−g
2ωg

, otherwise
(8.40b)

where the term ωg signifies the span of transition on either sides of cross-over
frequency g. The fusion coefficient fω is designed to ensure smooth transition over
the span of speeds g − ωg to g + ωg.
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Figure 8.8: Torque step of 0 → 2 p.u. to test for dynamic stiffness with speed controller poles at
2 π · 1 rad/s: (a) Low speed model at standstill condition ω∗ = 0; (b) High speed model at ω∗ =
0.5 p.u. (750 rpm). Motor: B.

8.6.4 Experimental Results
The proposed injection-less sensorless scheme is validated experimentally with

the SyR motor B at a sampling frequency of 10 kHz.
The flux observer gain is set to g = 2 π · 10 rad/s (300 rpm). The transition

span of the fusion model is set to ωg = 2 π · 2 rad/s. The position observer poles
are placed at Ωω = 2 π · 25 rad/s; the estimated speed is low-pass filtered at 2 π · 25
rad/s. The poles of PI speed controller of the SyR machine are placed for a critically
damped response at 2 π · 1 rad/s. A minimum flux λmin

q = 0.2 Vs is imposed for
saliency and fundamental excitation at no-load. Unless mentioned otherwise, the
following results adhere to aforementioned parameters.

Test for Dynamic Stiffness

A challenging scenario for a low speed sensorless control is to sustain a rated
torque step at standstill. In Fig. 8.8(a), a heavy transient of twice the rated torque
is imposed at standstill condition. The position error is stable with an error < 5◦

at steady-state. The small error at standstill is likely due to secondary saliences as
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Figure 8.9: Torque step of 0 → 2 p.u. to test for dynamic stiffness with speed controller poles at
2 π · 2.5 rad/s: (a) Low speed model at standstill condition ω∗ = 0; (b) High speed model at ω∗

= 0.5 p.u. (750 rpm). Motor: B.

the flux-map LUTs is an average model computed from constant speed test [22].
The APP-based high speed model is subjected to a similar test in Fig. 8.8(b) at
750 rpm (0.5 p.u); negligible position error is observed. Besides, the two tests show
similar sag in angular speed of around 150 rpm during transients.

The tests in Fig. 8.8 are repeated for a higher bandwidth speed controller whose
the poles are shifted from 2 π ·1 rad/s to 2 π ·2.5 rad/s, shown in Fig. 8.9. To curtail
the high-frequency noise, the position observer poles are lowered from 2 π ·25 rad/s
to 2 π · 15 rad/s which corresponds to a bandwidth of 37 Hz. Same scales are
retained for ease of comparison. Peak transient position error is around 15◦. The
sag in speed is observed to decrease by a factor of 2 to about 75 rpm while the
settling time is improved by a factor of 3.

Speed Transients

To demonstrate the speed loop dynamic performance and the effectiveness of
the low to high speed transition, a step change in speed reference is imposed from
0 → 1500 rpm (1 p.u) and subsequently, speed reversal from 1500 →-1500 rpm are
reported in Fig. 8.10.
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Figure 8.10: Dynamic performance evaluation with rated speed step and speed reversal com-
manded at no load. Motor: B.

Negligible transient and steady-state position error is observed. The fusion
coefficient fω signifies relative dominance of the two models and the control is
observed to move seamlessly from one model to the other.

Fusion

To illustrate the dynamic performance in the fusion window, a torque step in
load of 1 p.u. is applied in Fig. 8.11(a). The operating speed of machine is the
upper-bound of fusion window, g + ωg. At t = 0 s, the control abruptly transitions
to the low speed model as pointed out by the fusion coefficient fω. Stability is
seamlessly retained.

In another test, a slow speed ramp is applied at a load torque of 0.5 p.u. in
Fig. 8.11(b) to illustrate the smooth transitioning between the models. The position
error in Fig. 8.11(b) reflects the transition where the high-frequency noise is largely
suppressed after t = 3 s once the fundamental-wave excitation based estimation

114



8.6 – Projection Vector based Injection-less FCS-MPC scheme

Figure 8.11: Analysis of fusion: (a) Torque step at upper-bound speed of fusion window, g+ωg, to
demonstrate transient performance; (b) Slow speed ramp to highlight the smoothness of transition.
Motor: B.

gains dominance.

Speed Control Bandwidth Analysis

Finally, the speed control dynamic response is comparatively tested in the low
and high speed regions. To evaluate objectively the speed control bandwidth, a si-
nusoidal speed reference is imposed at standstill to validate the low speed sensorless
model, as reported in Fig. 8.12(a). At a disturbance frequency of 1.5 Hz, the esti-
mated speed is phase shifted by 45◦ from the reference speed. Similar behavior is
observed at 750 rpm when the high speed model prevails, as shown in Fig. 8.12(b).
In either case, the position error is negligible.

A second test regards sinusoidal disturbances in load torque injected at standstill
conditions, reported in Fig. 8.13(a). At 1.5 Hz, the estimated torque lags the load
torque by an angle of 45◦. On repeating the test at 750 rpm for the high speed
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Figure 8.12: Sinusoidal speed reference disturbances at 1.5 Hz: (a) Low speed model at standstill
condition mean ω∗ = 0; (b) High speed model at mean ω∗ = 0.5 p.u. (750 rpm). Motor: B.

model in Fig. 8.13(b), identical behavior is discerned. The position error remains
negligible.

These tests conclude that the control is capable of tracking disturbances either
in load torque or in reference speed up to 1.5 Hz for the speed controller with poles
at 2 π · 1 rad/s. Shifting the poles to 2 π · 2.5 rad/s increases the tracking frequency
to 3 Hz as demonstrated in Fig. 8.14 where disturbances in load torque is injected
at standstill and half-rated speed, analogous to the test in Fig. 8.13. Should higher
bandwidth be desired, the gains of speed controller can be increased at the cost of
increase in torque ripples due to the discrete nature of FCS-MPC.

8.7 Position Estimation with Square-Wave Volt-
age Injection

Using the high-frequency projection vector framework in Section 8.5, the po-
sition observer with pulsating square-wave voltage injection in along d-axis is de-
signed. It is analogous to the flux demodulation scheme discussed in Section 8.2.1.
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Figure 8.13: Sinusoidal load torque disturbances at 1.5 Hz with speed controller poles at 2 π · 1
rad/s: (a) Low speed model at standstill condition ω∗ = 0; (b) High speed model at ω∗ = 0.5
p.u. (750 rpm). Motor: B.

This high-frequency technique is augmented with AUX scheme for high speeds po-
sition estimation. The current-vector-control (CVC) with MTPA LUTs is used
though the sensorless scheme is just as valid for other control techniques with mod-
ulator. The block diagram of the flux and position observer of the full speed scheme
is shown in Fig. 8.15.

8.7.1 Projection Vector Design
For the square-wave voltage of nature (8.18), the generalized position error

signal (8.26) becomes

ϵk
h =

(︂
ϕk

h

)︂T
⎛⎝[︄Vh cos

(︂
π(k − 1)

)︂
0

]︄
− L∂ · ∆ik

dq̂

⎞⎠ (8.41)

It follows from (8.29) and (8.30) that the position error signal (8.41) can be ex-
pressed as

ϵk
h =

(︂
ϕk

h

)︂T 2
ldlq − l2

dq

[︄
−ldq lΣ

lq l∆ − l2
dq

]︄
Vh cos

(︂
π(k − 1)

)︂
· θ̃ (8.42)
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Figure 8.14: Sinusoidal load torque disturbances at 3 Hz with speed controller poles at 2 π · 2.5
rad/s: (a) Low speed model at standstill condition ω∗ = 0; (b) High speed model at ω∗ = 0.5
p.u. (750 rpm). Motor: B.

Figure 8.15: Block diagram of the flux and position observer of the full speed scheme: square-wave
voltage injection with current-model flux demodulation at low speeds and AUX position observer
at high speeds.

The d-axis error signal in (8.42), being proportional to the cross-saturation term
ldq, is diminished in magnitude and unobservable at no load. Hence, the q-axis
error signal is preferred for reliability whose the corresponding projection vector is
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Figure 8.16: Test for dynamic stiffness with rated load torque step TL = 0 → 7.1 Nm at t = 0 s:
(a) Standstill ω = 0; (b) Mid-fusion speed ω = 2π · 10 rad/s (0.2 p.u.). Motor: A.

given by
ϕk

h =
[︂
0 ϕk

qh

]︂T
(8.43a)

ϕk
qh =

cos
(︃

π(k − 1)
)︃

2Vh

ldlq − l2
dq

lq l∆ − l2
dq

. (8.43b)

The projection vector (8.43) is a subset of the FCS-MPC based projection vector
(8.37) when the q-axis high-frequency voltage injection is null. Hence, the same
notations are retained.

As alluded to before, the square-wave voltage injection method benefits from a
simplified signal processing stage. This scheme is supplemented to the AUX posi-
tion observer with the linear speed-dependent fusion (8.40a) discussed in Section
8.6.3.

8.7.2 Experimental Results
The proposed sensorless scheme is validated experimentally with SyR motor A

at a sampling frequency of 5 kHz. The SyR machine is sensorless speed controlled
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Figure 8.17: Load torque reversal test TL = 0 → 7.1 Nm at t = 0 s: (a) Standstill ω = 0; (b)
Mid-fusion speed ω = 2π · 10 rad/s (0.2 p.u). Motor: A.

while the load torque is imposed by an auxiliary drive.
The PLL gains are tuned for Ωω = 2 π · 25 rad/s. The flux observer gain is

g = 2 π · 10 rad/s. The span of fusion window is ωg = 2π · 2 rad/s. The speed PI
controller is tuned for critical damping at s = −2π · 1 rad/s. A minimum current
imin
d = 1 A is imposed for ensuring saturation of ribs at low speeds and minimum

fundamental excitation at high speeds.

Dynamic Stiffness

The test for dynamic stiffness of the low speed model is performed at standstill
with a rated step in load torque in Fig. 8.16(a) and a rated reversal in load torque
in Fig. 8.17(a). In either case, the position error is observed to be negligible and
the speed sag to be around 100 rpm for step torque and 200 rpm for torque reversal
test.

Fusion Evaluation

The competence of fusion is evaluated with a test for dynamic stiffness at the
mid-fusion speed, ω = g = 2π · 10 rad/s, with rated torque step and rated torque
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Figure 8.18: A slow ramp speed reference to illustrate the smooth fusion between the two models
at TL = 3.5 Nm (0.5 p.u). Motor: A.

reversal in Fig. 8.16(b) and 8.17(b), respectively. Also shown is the fusion coefficient
fω to illustrate the relative dominance of the two models. The position error is
observed to be negligible. It is juxtaposed with the tests at standstill condition to
show the similarity in speed sag at either speeds.

To further demonstrate the smooth transition, an accelerating and decelerating
slow speed ramp reference is imposed at half rated torque in Fig. 8.18(a) and 8.18(b),
respectively. It can be observed that the noise in position error diminished as the
control transitions towards the high speed model. No discontinuity is discerned.

Transient Performance

The transient performance is evaluated with an accelerating and decelerating
speed ramp reference, rate limited at 5000 rpm/s, at no load in Fig. 8.19(a) and
8.19(b), respectively. A 50% overload in torque is permitted. It can be observed
that the position error during transients is < 5◦.
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Figure 8.19: Transient performance evaluation with speed ramp reference rate limited at 5000
rpm/s: (a) ω∗ = 0 → 1500 rpm at t = 0 s; (b) ω∗ = 1500 → 0 rpm at t = 0 s. A 50% overload in
torque is permitted. Motor: A.

8.8 Summary of the Chapter Contributions
The major contributions and findings of the discontinuous excitation scheme

published in [50], [51] are listed as follows:

• Akin to the fundamental model, a general high-frequency projection vector
framework is developed to aid in the design of sensorless position estimation
at zero to low speeds region. It is applicable to both continuous excitation
and discontinuous excitation schemes.

• An injection-less sensorless scheme is developed that extracts position esti-
mation from the switching actuation of the FCS-MPC, inherently accounting
for saturation and cross-saturation effects. Besides avoiding the monotonous
acoustic noise that accompanies the periodic high-frequency injection, the
availability of full dc-link voltage for torque production aids in transient per-
formance.

• This discontinuous excitation scheme is integrated with APP scheme for high
speeds region with a linear speed-dependent fusion coefficient for smooth
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transition. Experimental validation shows good dynamic performance dur-
ing transients with seamless transition between the two models, including
identical dynamic performance independently of the speed region.

The main contributions of the continuous excitation scheme published in [47]
are as follows:

• Analogous to the active-flux position observer, a high-frequency projection
vector along q-axis for a square-wave voltage injection in d-axis is investigated.

• It is augmented with auxiliary-flux position observer for high speeds with a
speed-dependent fusion for a seamless transition between the two models.

The two high-frequency excitation schemes are mathematically identical, relying
the q-axis high-frequency flux and show similar performance. The choice between
them is based on factors such as machine inductances, switching frequency and
control strategy (presence of modulator).
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Chapter 9

Self-Commissioning Techniques
for SyR Machines

This chapter presents two self-commissioning techniques for the magnetic model
identification (MMI) of synchronous reluctance machines with and without the po-
sition transducer. The findings of the commissioning technique with encoder at free
shaft is published in [107] while the sensorless technique at standstill condition is
published in [108].

9.1 Introduction
The popularity of SyR motors for several variable speed applications can be at-

tributed to their high efficiency, robustness, manufacturing simplicity, competitive
cost and continuous torque per volume ratio. For SyR motors, the most compli-
cated parameter to be estimated is often the current-to-flux linkage relationship,
also called flux-map, which is nonlinear due to both self-axis saturation and cross-
coupling effect. The optimal operation for minimizing stator resistance losses lies
on the MTPA curve, which is flux-map dependent. In addition, the optimal control
references in the flux-weakening and the MTPV limits are also dependent on the
flux-map, which are typically stored a offline preprocessed LUTs. This is common
for many control schemes: current vector control in [109] and direct flux vector
control in [69], [110]. Therefore, the need for complete flux-map of a SyR machine
is recognized.

The standard methods for identifying the machine magnetic model [111] require
to test the machine in a dedicated laboratory environment. A constant speed test is
reported in [22] where the dq current plane is systematically explored and mapped
with alternating motoring and braking operation. The evaluation of saturation and
cross-saturation in IPMSM under locked rotor condition is reported in [112]. Several
automatic procedures without additional auxiliary drive are developed [113]–[117];
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an AC signal injection with DC bias is proposed in [113] to build the flux-map from
incremental inductance at standstill condition. Dual hysteresis current controllers
for rapid torque reversal at standstill is proposed in [118] where the saturation
approximating function is computed with multiple linear regression. An alternating
acceleration and deceleration test at free-shaft to identify the magnetic model is
proposed in [115].

It is worth pointing out that, for sensorless drives, the commissioning stage must
also be performed without position transducers. In addition, some applications may
require to evaluate the machine parameters without moving the rotor at standstill
condition. These constraints are satisfied in the reported works [114], [118]–[121],
where the complete flux-map is identified by exciting the machine with a proper
sequence of bipolar voltage pulses.

A new sensorless self-commissioning at standstill is investigated in Section 9.2
that is capable of rotor self-locking. A magnetic model identification technique at
free-shaft with alternating acceleration-deceleration is presented in Section 9.3 using
the position transducer. Finally, Section 9.4 summarizes the chapter contributions.

9.2 Sensorless Self-Commissioning with Rotor Self-
Locking Mechanism

A new rotor self-locking mechanism [108] is developed for self-commissioning
of SyR machines at sensorless and standstill condition. The control dq reference
frame is aligned with the initial rotor position, detected by a standard saliency
based algorithm; alternatively, it can be imposed with parking technique. The
magnetic model of d-axis without cross-saturation (iq = 0) is identified with a
hysteresis square-wave voltage injection, referred as test-i. A similar exploration of
the q-axis with hysteresis square-wave voltage injection at id = 0 is referred as test-
ii. Then, to map the cross-saturation, the dq current plane is explored in test-iii.
A weak PI regulator in d-axis imposes an average id while the q-axis is controlled
with a hysteresis square-wave injection to ensure that the torque transients are fast
enough to retain the rotor at standstill. By manipulating the PI reference i∗

d and
the hysteresis limit iq,max, the dq plane is systematically explored. The imposed dc
current id in fixed control reference frame produces a counteracting torque if the
rotor displaces from the initial position; thus, respect to the previous methods [120],
it increases stability and the permissible area of inspection. The cross-saturation
phenomenon is identified from the high-frequency components in id that are induced
by the q-axis hysteresis control.

The tests i and ii to identify self-saturation with hysteresis control are the same
as tests #1 and #2 of [120]. To model cross-saturation effects, the test #3 in
[120] excites both the d and q-axes simultaneously with hysteresis control; it is
supplemented with a sensorless position scheme to track the rotor movement. In
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Figure 9.1: Block diagram for self-saturation identification of λd(id,0): test-i

this new method, the test-iii aims to replace the test #3 for a more systematic
exploration of the dq current plane with a self-locking to firmly hold the rotor at
standstill.

9.2.1 Proposed Self-Commissioning Technique
In this work, the rotor is parked to align the d-axis with phase a. Alternatively,

the initial position can be identified by injecting an high-frequency rotating voltage
and capturing the minor axis of the resulting elliptical current trajectory.

Let θ̂0 be the initial electrical angle of the rotor. In the succeeding text, dq
denotes a fixed reference frame along θ̂0. If the rotor deviates from the initial
position, the error in electrical angle is given by θ̃ = θ − θ̂0.

Test-i & Test-ii: identification of self-saturation

The self-saturation curves λ̂d(id,0) and λ̂q(0, iq) are identified through tests i and
ii respectively. In test-i, the d-axis is excited with a square-wave voltage controlled
by an hysteresis mechanism, reversing the polarity of vd whenever id exceeds a
threshold value id,max. Meanwhile, v∗

q is set to zero, as shown in Fig. 9.1. Since
the torque produced is zero, the current limit can be extended up to the machine
thermal ratings without rotor movement. The stator flux is obtained from the
voltage equation (3.1), expressed as

λ̂d(id,0) =
∫︂

(v̂d − R̂s id)dt (9.1)

where the applied voltage is estimated from the measured dc-link and the three
phase duty cycles, accounting for the inverter dead-time compensation.

In test-ii, the self-saturation of q-axis is identified in a similar fashion as test-i
where the square-wave voltage pulses are applied in q-axis with hysteresis limit of
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iq,max and vd = 0. The flux is obtained by direct integration as

λ̂q(0, iq) =
∫︂

(v̂q − R̂s iq)dt. (9.3)

Unlike test-i, the hysteresis on q-axis is quasi-stable and the maximum attainable
iq,max is often determined by factors such as static friction and shaft inertia. Tech-
nique to extend the measurement area in the q-axis using signal injection is reported
in [120].

Cross-saturation Model of the SyR Machine

Besides saturation along self-axis, it is known that SyR machine exhibits cross-
saturation characteristics, expressed as

λd(id, iq) = λd(id,0) +
iq∫︂

0

ldq(id, x) dx (9.4a)

λq(id, iq) = λq(0, iq) +
id∫︂

0

ldq(x, iq) dx (9.4b)

where the incremental cross-saturation inductance ldq is a function of the operating
point id, iq and is defined as

ldq(id, iq) = ∂λd

∂iq

= ∂λq

∂id

. (9.5)

Test-iii: identification of cross-saturation

To explore the dq current plane, the proposed technique exploits the propensity
of rotor to align itself along the current vector (parking technique). To this end,
if a sufficiently large id is imposed along d̂ (fixed reference frame along θ0̂), it acts
as a natural locking mechanism and inhibits the rotor motion. This is realized
with a PI controller on d-axis and a hysteresis current control on the q-axis as
illustrated in Fig. 9.2, referred to as test-iii. In contrast to the techniques using
dual hysteresis control on d and q-axes simultaneously, the proposed scheme has
a larger hysteresis voltage bandwidth since the d-axis consumes minimal voltage
(resistive drop); consequently, faster torque reversals can be achieved. However,
very high-frequency leads to increase in iron losses and reduction in the acquired
number of data points per cycle.

The high-frequency oscillation of the q-axis permeates into the d-axis current
through the cross-saturation term as

did

dt
= 1

ldlq − l2
dq

(︄
lq

dλd

dt
− ldq

dλq

dt

)︄
. (9.6)
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Figure 9.2: Block diagram for cross-saturation identification of λdq(id, iq): test-iii

Figure 9.3: Principle of the proposed cross-saturation identification in test-iii. In yellow is the
constant λd locus for oscillating id with mean i∗

d.

If the d-axis PI controller is designed such that the high-frequency oscillation in id

induced by the q-axis is out of its bandwidth, then a constant flux is established
as the voltage v∗

d is devoid of high-frequency terms. For the reasons of symmetry,
the oscillations in id is at twice the hysteresis frequency. It is conceptually depicted
in Fig. 9.3 where the id oscillates around the mean value i∗

d, tracing the locus of a
constant λd. This oscillation is in tandem with iq which is hysteresis controlled with
a current limit of iq,max. The minimum value of id coincides with the zero-crossing
of iq, denoted by id0 in Fig. 9.3. The self-saturation curve (in sold line), λd(id,0), is
available from test-i; hence, with id0 extracted from the measured current, the flux
λd0 = λd(id0,0) and subsequently, the locus of constant λd are determined.
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Figure 9.4: Self-saturation identification of λ̂d(id,0) and λ̂q(0, iq) in tests i and ii respectively;
shows good correlation with reference flux-map. Motor: B.

9.2.2 Data Processing and Results
The proposed sensorless scheme is validated experimentally with SyR motor

B at a sampling frequency of 10 kHz. The tests are performed under free shaft
condition without a load to minimize shaft inertia.

Data manipulation for self-saturation (test-i + test-ii)

The current limit id,max in test-i is only restricted by the thermal ratings of the
machine; for a short time, large currents can be acceptable. For the result shown
in Fig. 9.4, the limits are set to id,max = 12 A (3.7 p.u.) and v∗

d = ±220 V. A good
correlation between the measured and reference curves is observed. The reference
flux-map are experimentally obtained from the constant speed test [22].

As alluded to earlier, the iq,max in test-ii is quasi-stable for very high current
values. Hence, it is curtailed to twice the rated peak current in Fig. 9.4 as iq,max =
6.5 A (2 p.u.) at v∗

q = ±220 V. As with test-i, good correlation is observed.

Data manipulation for λ̂d(id, iq) (test-i + test-iii)

For a robust self-locking mechanism in test-iii, a minimum i∗
d is necessary; a

lower limit of 0.3 p.u.(1 A) is recommended at free shaft. Since the machine is at
standstill, a constant id is essentially a dc current in phase a. Hence, attention must
be paid to the maximum value of i∗

d to respect thermal ratings of the machine; it is
set to 2 p.u.(6.5A). The step size of i∗

d is 0.1 A; an external fan is used for cooling
although the entire test only lasts a couple of minutes. The hysteresis limits are set
to iq,max = 6.5 A at vq = ±220 V. The PI controller is designed for a bandwidth of
≈ 2π · 10 rad/s; it can be calibrated with a rough estimate of inductance from the
self-saturation test. To further preserve the high-frequency oscillations in id, a low
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Figure 9.5: Test-iii data recording at i∗
d = 6 A and iq,max = 6.5 A; illustrates high-frequency

oscillations in id, relatively constant vd and λd, and confined rotor movement |θ̃| < 2◦ electrical.
Motor: B.

pass filter with cutoff frequency of 15 Hz is used at the feedback of d-axis current
control loop as shown in Fig. 9.2.

Fig. 9.5 shows the time plots of the data acquired at i∗
d = 6 A (1.85 p.u.) and

iq,max = 6.5 A (2 p.u.) in the test-iii. It illustrates the high-frequency components
of id at twice the hysteresis frequency. Moreover, it can be observed that the weak PI
controller generates a relatively constant vd and thereby, reasoning the assumption
of constant λd. It is worth pointing out that the rotor movement is restricted to
|θ̃| < 2◦ electrical, validating the self-locking mechanism. The position error wave
in Fig. 9.5 gives evidence of the natural realignment caused by the constant id.

Fig. 9.6(a) shows the data acquired in the test-iii for selected values of i∗
d. The

high-frequency oscillations in id are superimposed over the reference flux-map to
draw parallels to Fig. 9.3 and to illustrate the relatively constant λd. Fig. 9.6(b)
shows the corresponding current trajectories whose increasing convex nature with
higher i∗

d is a testament to the cross-saturation phenomenon.
The results obtained for each i∗

d value are interpolated with a quadratic poly-
nomial function (dotted lines in Fig. 9.6(b)) whose equation is given by

id(λd, |iq|) = id0(λd) + a1(λd) · |iq| + a2(λd) · |iq|2 (9.7)

where id0 is the self-saturation term depicted in Fig. 9.3, and a1 and a2 are the first
and second order coefficients. The absolute value of |iq| is used due to symmetry.
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Figure 9.6: (a) Test-iii for cross-saturation identification. Data acquired for different i∗
d at iq,max =

6.5 A. High frequency oscillations of id projected over the reference flux-map to illustrate constant
λd; (b) Current trajectories on constant λd locus traced during test-iii. Dotted lines denote the
quadratic polynomial fitting (9.7). Note that identical color codes are used in the two figures for
ease of comparison. Motor: B.

Figure 9.7: Coefficients of constant λd locus and the best-fit polynomial (9.8): (a) a1(λd); (b)
a2(λd). Motor: B.

This expression (9.7) represents locus of the constant d-axis flux λd; the value of
λd is interpolated from the results of self-saturation test-i using id0 as λ̂d(id0,0).
Fig. 9.7 represents the coefficients in (9.7) as a function of λd. Each data point in
Fig. 9.7 represents a unique measurement set for various i∗

d. It can be observed that
the data points are absent for low magnitudes of flux due to the imposed minimum
i∗
d for rotor locking. In order to extrapolate, a higher order polynomial fitting is

found accommodating, as

a1(λd) = a11 · λd + a15 · λ5
d

a2(λd) = a21 · λd + a25 · λ5
d (9.8)
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Figure 9.8: (a) Comparison of self-commissioning vs. reference flux-map for d-axis; (b) Error
contour of d-axis flux-map identification. Dotted black box denotes the region of exploration.
Motor: B.

where the four constants (a11, a15, a21 & a25) are estimated with the combination
of tests i and iii and in turn, the complete map of id(λd, |iq|) becomes realizable.
Upon manipulation, the direct flux map λd(id, iq) is obtained.

Fig. 9.8(a) shows the identified flux curves with the proposed self-commissioning
technique where a good correlation with reference curves is observed. Despite the
limited exploration of q-axis with maximum iq,max = 6.5 A (2 p.u.), the estimated d-
axis flux at regions beyond the exploration (λ̂d(id,8.5)) shows good correspondence
with the reference, validating the extrapolation coefficients. A comprehensive com-
parison is reported in Fig. 9.8(b) by computing the flux error contour in dq current
plane; the error is confined to less than 0.03 Vs (3% of rated flux), predominantly
in vicinity of the knee-point. The region of exploration is denoted by a black box
to highlight the potential of proposed technique to extrapolate with good accuracy.

Data manipulation for λ̂q(id, iq) (test-ii + test-iii)

The data processing for q-axis flux-map is largely simplified due to the applica-
tion of hysteresis control. Akin to the self-saturation identification in test-ii, direct
integration of hysteresis voltage is also applicable for test-iii as

λ̂q(i∗
d, iq) =

∫︂
(v̂q − Rs iq)dt (9.9)

For simplicity, the id is approximated to the reference value, i∗
d. Thus, it is a

straightforward estimation of the flux curves λ̂q(i∗
d, iq) for points within the region

of exploration. To compute flux beyond the explored region, the dq current plane
is segmented into three regions as shown in Fig. 9.9. Upon saturation, the q-axis
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Figure 9.9: Segmented regions (A,B and C) for flux estimation beyond the region of exploration.

Figure 9.10: (a) Comparison of self-commissioning vs. reference flux-map for q-axis; (b) Error
contour of q-axis flux-map identification. Dotted black box denotes the region of exploration.
Motor: B.

exhibits a largely constant incremental inductance; this property is exploited in
region A where the flux curves are linearly extrapolated by computing the satu-
rated inductance. Region B is bounded by the curve from the self-saturation test-ii
to the left and the cross-saturation test-iii to the right. Hence, a simple linear
interpolation is carried out. In the case of region C, the reciprocity property (9.5)
of cross-saturation inductance ldq is exploited. For each operating point, the term
ldq(id, iq) is computed from the d-axis flux-map. Then, with the boundary of ex-
plored region as the starting point, the q-axis flux λq̂ is estimated progressively to
the right using (9.4b).

The identified q-axis curves with the proposed self-commissioning technique are
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shown in Fig. 9.10 where a discrepancy with reference maps is seen. The absolute
error is approximately 5% at the rated peak current and increases at overload.
This error can be attributed to iron losses owing to the high hysteresis frequency in
the range of 175 Hz. Fig. 9.10(b) provides the comprehensive error contour where
the maximum error is about 0.03 Vs (< 3% of the rated flux). Thus, while d-axis
estimation error is less than 3%, the q-axis is overestimated by 6-7%. Improvements
in this direction will be the scope of future work.

9.3 Kinetic-Rotor Magnetic Model Identification
with Online Adaptation

Akin to [115], this new identification scheme [107] involves self-acceleration and
deceleration at free-shaft to identify the magnetic model via adaptation in real-
time. The identification scheme systematically explores the dq current plane with
a bipolar reference q-axis current i∗

q for torque reversals. The speed regulation is
achieved by varying the duty-cycle of the bipolar iq through a low-frequency pulse-
width-modulation (LF-PWM) structure, as shown in Fig. 9.11. Respect to former
the sensorless technique in Section 9.2, this new method characterizes the cross-
saturation phenomenon with precision, although with the help of an encoder. The
inability of [115] to characterize the self-saturation curves due to the zero torque
areas is overcome in this new technique. Besides a position encoder, neither a
dedicated rig nor any additional hardware is necessary. As many SyR machines
in the market are not innately accompanied with a position encoder, the proposed
technique is also applicable as an end-of-line MMI, where the motor under test is
coupled to an external encoder and identified within a few minutes, without the
need of a prime mover or data recorders.

The projection vector framework introduced in Chapter 3 is the context of
sensorless control for position estimation using the flux-map LUTs. It is inversely
applied here where the flux-map is retrieved in the presence of an encoder. Based
on the projection vector framework, an online stator flux and resistance adaptation
is developed.

9.3.1 Proposed Control Scheme for MMI
Self-Saturation Curves Identification at Standstill

In the first stage (test-d), the magnetic model of d-axis without cross-saturation
(iq = 0) is identified with a hysteresis square-wave voltage injection, just as test-i
in Section 9.2.1. Similar exploration of q-axis (test-q) with hysteresis square-wave
voltage injection at id = 0 is performed, just as test-ii in Section 9.2.1. Respect
to the sensorless implementation in the former section, the presence of encoder
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Figure 9.11: Proposed MMI scheme: block diagram of current vector control (CVC) technique
with low frequency pulse-width-modulation (LF-PWM) for q-axis current reference and online
adaptation with hybrid flux observer (HFO).

Figure 9.12: Time plots of hysteresis controller for self-saturation identification: (a) d-axis exci-
tation; (b) q-axis excitation. Motor B.

permits extensive exploration of q-axis without problems of stability at high values
of iq.

The time-plots of the self-saturation identification test is shown in Fig. 9.12. Due
to the smaller inductance along q-axis, a higher hysteresis frequency is observed.
The square-wave voltage magnitude is set to 150 V (0.46 p.u.) and the current
is limited to twice the rated value, i∗

d = i∗
q = 6.5 A (2 p.u.). The stator flux

is computed from the integration of voltage equation (9.1) and (9.3), shown in
Fig. 9.13 where a good correlation with the reference curves is discerned. This
initial self-saturation look-up tables (LUTs) are denoted as Λ̂d and Λ̂q.
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Figure 9.13: Self-saturation identification curves from test-d and test-q with current limit i∗
d =

i∗
q = 6.5 A (2 p.u.) and superimposed over the reference curves, showing good correlation. Motor

B.

Cross-Saturation Identification

The block diagram of the control technique for cross-saturation identification
at free-shaft is shown in Fig. 9.11 and constitutes an integral contribution of this
method. The self-saturation LUTs will be corrected for including the cross-saturation
current domain using an hybrid flux observer and a flux adaptation technique mu-
tated from sensorless control, as described later. A closed-loop speed control is
implemented with a current-vector-control scheme to impose the reference current
i∗

dq. The parameters from the self-saturation test can be used to tune the CVC reg-
ulators. A non-zero |i∗

d| and |i∗
q| couple generates electromagnetic torque and results

in rotor movement. To limit the rotor speed, a bipolar reference for q-axis current
is used for alternating acceleration and deceleration around the speed set-point, as
shown in Fig. 9.14. The speed controller establishes an average speed equal to the
reference speed by imposing an average q-axis current reference iq,avg.

A low frequency pulse-width-modulation (LF-PWM) is used to calibrate the
duty cycle of the bipolar i∗

q reference such that the mean value respects the speed
controller commanded iq,avg. The frequency of modulation fq for LF-PWM should
be an order higher than the bandwidth of speed controller.

Around nominal speed, iron losses gains significance whereas at very low speeds,
flux estimation is unreliable due to the low signal-to-noise (SNR) of the back-emf
signal integral. Hence, the mechanical speed span 0.33 < |ωr| < 0.66 p.u. is con-
sidered optimal for MMI, represented by the shaded region in Fig. 9.14(a). Ideally,
it is desirable to confine the operation within optimal speed span by adapting the
LF-PWM modulation frequency fq as a function of the torque. However, this is
not feasible due to the excessive mechanical vibrations for high fq corresponding
to high i∗

q and high torque. Alternatively, the maximum speed and the LF-PWM
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Figure 9.14: Experimental time plots of cross-saturation identification: (a) Mechanical speed
where the shaded region represents the optimal speed span for online adaptation; (b) Bipolar
torque estimate; (c) Constant d and bipolar q-axis currents. Line Marker: continuous lines denote
identification at i∗

d = 2.5 & |i∗
q | = 3 (A); dotted lines denote identification at i∗

d = 5 & |i∗
q | = 5

(A). Motor B.

frequency fq are held constant at 0.66 p.u. (1000 rpm) and 15 Hz (experimentally
calibrated to avoid mechanical vibrations), respectively, while the lower speed limit
(speed-span) varies with the torque, as shown in Fig. 9.14. To this end, the speed
reference is determined as

ω∗ = (2π · 25 × 0.66) − ωavg (9.10)

where ωavg is the real-time computed mean of maximum and minimum speed in
the previous LF-PWM cycle. It must be noted that only the data points within
the optimal speed span are engaged in online flux and resistance adaptation, as
discussed in the following.

9.3.2 Current-Model Flux Adaptation
The block diagram of the proposed scheme with the hybrid flux observer for

online stator flux and resistance adaptation is shown in Fig. 9.15. Let ϵd and ϵq

denote the LUTs-based current-model flux error signals along the projection vectors
ϕd and ϕq for d and q-axes, respectively, expressed as

ϵdq =
[︄
ϵd

ϵq

]︄
=
[︂
ϕd ϕq

]︂T
(λ̂dq − λ̂

i

dq). (9.11)

d-axis Adaptation

Reverting to the projection vector framework in Section 3.4.2, the error signal
(3.28) is altered with θ̃ = 0 to indicate the operation with encoder. If the dc-
component of the d-axis current-model flux error signal should be equal to the
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Figure 9.15: Proposed scheme of hybrid flux observer with online current-model flux and stator
resistance adaptation for cross-saturation identification.

parameter error, then it follows from (3.28) that the projection vector should be of
nature

ϵd|s=0 = λ̃
i

d ⇒ ϕd
T = 1

ω

[︂
0 1

]︂
(G + J ω) (9.12)

The d-axis flux adaptation is formulated to reflect the cross-saturation effect on the
self-saturation stator flux from test-d as

λ̂
i

d(id, iq) = Λ̂d(id,0) + kλ

s
ϵd (9.13)

where kλ is the integral gain. The corresponding idq point of the Λ̂d LUTs is
populated with the steady-state value of (9.13).

q-axis Adaptation

Despite the bipolar nature of the q-axis current, the error signal ϵq is designed
to be compatible with the adaptation law by transforming the parameter error to
the first-quadrant (motoring) as

ϵq|s=0 = λ̃
i

q · sgn(iq) ⇒ ϕq
T = −1

ω

[︂
sgn(iq) 0

]︂
(G + J ω). (9.14)

Accounting for the polarity, the adaptation law supplements the cross-saturation
offset to the self-saturation stator flux from test-q as

λ̂
i

q(id, iq) = Λ̂q(0, iq) + sgn(iq) · kλ

s
ϵq. (9.15)

As before, the idq point of the Λ̂q LUTs is populated with the steady-state value of
(9.15).
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Stator Resistance Sensitivity

Under inaccurate resistance, it can be shown from (3.28) that the error signals
ϵd and ϵq are accompanied by the resistance error term as

ϵd|s=0 = λ̃
i

d + R̃s

ω
iq (9.16a)

ϵq|s=0 = sgn(iq) · λ̃
i

q − R̃s

ω
sgn(iq) · id. (9.16b)

However, it can be discerned that the resistance error bearing terms, iq in (9.16a)
and sgn(iq) · id in (9.16b), are bipolar in nature at the frequency fq. Hence, the
adaptation bandwidth is recommended to be less than one third of the LF-PWM
frequency to filter out the bipolar signal, i.e., kλ < 0.33 · 2πfq. Thus, the current-
model flux adaptation turns out to be independent of resistance error.

9.3.3 Stator Resistance Adaptation
It is worth pointing out that, in addition to the two projection vectors (9.12) and

(9.14), a third projection vector for stator resistance adaptation is feasible within
the 2-D error domain (dq) because of the bipolar nature of certain signals that are
filterable from the error signal projected on such third dimension.

Let ϵr denote the resistance error signal. The resistance error projection vector
ϕr is designed using (3.28) such that the dc-component of the error signal is equal
to the resistance error as

ϵr|s=0 = R̃s ⇒ ϕT
r =

iT
dq

|idq|2
(G + J ω). (9.17)

The resistance adaptation law is expressed as

R̂s = kr

s
ϵr (9.18)

where kr is the integral gain as depicted in Fig. 9.15.
The influence of the current-model parameter errors on resistance adaptation is

evaluated as
ϵr|s=0 = R̃s + ω

|idq|2
(λ̃i

d iq − λ̃
i

q id) (9.19)

where the current-model error term (λ̃i

d iq − λ̃
i

q id) is bipolar in nature. As discussed
before, a suitable selection of the adaptation gain to filter out the bipolar signal is
kr < 0.33 · 2π fq that helps to decouple the resistance adaptation from the current-
model flux errors. Moreover, as discussed in Section 3.2.4, the estimate (9.18)
represents the effective stator resistance accounting for the inverter voltage errors.
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Figure 9.16: Time plots to illustrate the dynamics of current-model flux adaptation at i∗
d = 5 A

(1.5 p.u.) and i∗
q = 5 A (1.5 p.u.). The adaptation is enabled at t = 0 s. Motor B.

9.3.4 Experimental Validation
The proposed scheme is validated experimentally with SyR motor B at a sam-

pling frequency of 10 kHz. The speed controller bandwidth is set to 2 π · 1 rad/s.
The flux observer gain is g = 2 π · 10 rad/s. The adaptation gains are kλ = 2 π · 2.5
rad/s and kr = 2 π · 0.5 rad/s
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Figure 9.17: Experimental MMI with self and cross-saturation: (a) Identified curves shown against
reference flux-map, showing good correlation; (b) Error contour in d-axis in Vs; c) Error contour
in q-axis in Vs. Motor B.

Dynamics of Current-Model Flux Adaptation

The time-plots of the current-model flux adaptation is shown in Fig. 9.16 for the
set-points i∗

d = 5 A (1.5 p.u.) and i∗
q = 5 A (1.5 p.u.). The speed-swing for these

reference points is observed to be approximately 1000 rpm although the adaptation,
if enabled, is only active for speeds greater than 0.33 p.u., ωr > 500 rpm.

The adaptation is enabled at t = 0 s. For t < 0 s, the current-model flux
estimates are derived from the self-saturation identification and hence, an error of
λ̃

i

d = 0.04 Vs and λ̃
i

q = 0.07 Vs exists due to the cross-saturation effect. Once the
adaptation is enabled at t > 0 s, the errors reduce to λ̃

i

d = 0.015 Vs (0.014 p.u.)
and λ̃

i

q = 0.002 Vs (0.002 p.u.). The settling time is observed to be around 0.75
s. A small error in the d-axis remains which is likely due to the iron losses at high
speed.

Systematic MMI with Current-Model Flux Adaptation

The dq current plane is systematically explored for the cross-saturation iden-
tification. A minimum torque is necessary for speed regulation; as the motor
under test is in free-shaft condition and disconnected from load, a minimum of
i∗
d,min = |i∗

q,min| = 0.5 A (0.15 p.u.) on either axes is found sufficient for speed
regulation. The maximum current is determined by the inverter limits, subject to
the voltage constraint at the maximum speed (1000 rpm); a 50% overload in either
axes is found achievable, i.e., i∗

d,max = |i∗
q,max| = 5 A (1.5 p.u.).

The control systematically traverses the dq current plane from i∗
dq,min to i∗

dq,max

in steps of 0.5 A, resulting in a 10×10 grid with 100 data-points. For each set of
the references, a small time is elapsed to allow the dynamics of the adaptation to
settle down to a steady-state before data acquisition. The total elapsed time per
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Figure 9.18: Stator resistance adaptation in the experimental MMI: (a) Effective estimate re-
sistance accounting the fundamental dead-time voltage error; (b) Net voltage accounting the
resistance drop and the dead-time non-ideal compensation; (c) Characterization of the stator
resistance and the inverter dead-time (fundamental component). Motor B.

data-point is about 3.5 s and for the complete cross-saturation identification test
is around six minutes.

As formerly discussed, the online adaptation is enabled only in the optimal
speed-span for speeds greater than 500 rpm. The Fig. 9.17(a) juxtaposes the iden-
tified flux curves against the reference curves that show good correlation. The
current-model flux error contours of d and q-axes are shown in Fig. 9.17(b) and
9.17(c), respectively. The error increases at high load with the maximum of around
0.015 Vs. The q-axis estimate is inaccurate near the origin due to the sharp satu-
ration of ribs.

Stator Resistance Adaptation

The stator resistance adaption is concurrently active along with the stator flux
adaptation of the previous section. The Fig. 9.18(a) shows the contour plot of
the effective estimated resistance that inherently accounts for non-idealities in the
dead-time compensation as per (3.18). For a better understanding, the net volt-
age accounting the resistance drop and the dead-time non-ideal compensation is
computed in the contour plot Fig. 9.18(b) where a function of the stator current
magnitude emerges.

The characterization of the stator resistance and the dead-time error is carried
out in Fig. 9.18(c) from which the stator resistance is evaluated to Rs = 5.9 Ω and
the dead-time error to t̃d = −0.3 µs. Thus, besides estimation of stator resistance,
the proposed adaptation also helps to mitigate non-idealities in the inverter dead-
time compensation.
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9.4 Summary of the Chapter Contributions
The major contributions of the sensorless standstill commissioning technique of

SyR machines [108] in Section 9.2 are:

• The new standstill commissioning technique permits the inspection of a larger
dq current area for the identification of the flux-map cross saturation region
without a dedicated experimental rig or a mechanical locking.

• This is possible thanks to the increased stability of the new technique by inte-
grating PI and hysteresis controllers to realize a rotor self-locking mechanism
that holds the rotor firmly still, as demonstrated experimentally.

• Experimental validation on a 1.1 kW SyR machine test bench shows good
correlation with reference flux maps where the estimation error is < 3% in
the d-axis and < 7% in the q-axis.

The major contributions of self-commissioning technique of SyR machine at free
shaft with online adaptation [107] in Section 9.3 are:

1. The new free-shaft MMI improves the state-of-art by using online parame-
ters adaptation within the projection vector mathematical framework first
developed for sensorless control.

2. In addition of stator flux adaptation, the stator resistance adaptation is de-
signed to be decoupled and independent.

3. The experimentally identified flux-map shows good correlation with the ref-
erence maps and the maximum error is around 0.015 Vs (0.014 p.u.) at high
loads, producing negligible error in the interpretation of optimal operation
with MTPA and MTPV laws.

Future works aim to explore the applicability of these self-commissioning tech-
niques to motors of different size and PM machines.

144



Chapter 10

Direct Flux Vector Control
(DFVC)

This chapter talks about the new contribution to the direct flux vector control of
synchronous machines with a position transducer. The findings of this chapter are
under publication [S1-S2].

10.1 Introduction
Synchronous machines, particularly those with interior permanent magnets,

possess good flux-weakening capability for extended speed-range [122]–[124]. The
large constant-power speed range finds importance in a variety of applications such
as traction, industrial applications and home appliances. The optimal control incor-
porates MTPA and MTPV criteria and abides the current and voltage constraints
at all operating points.

The most common current-vector-control (CVC) schemes use PI current regu-
lators in the rotor synchronous dq coordinates. Usually, the combination of torque
and operating speed determine the reference current i∗

dq, fetched from preprocessed
LUTs [109], [125], [126]. In other schemes, a voltage feedback regulator is designed
to induce flux-weakening at high speeds in [127]–[131]. Alternatively, a gradient
descent method is used to track the constant torque locus at high speeds in [132].
As the MTPV control trajectory, if any, is at close proximity to the switch of quad-
rants in the dq current plane, the CVC is prone to torque reversals even for small
errors of the rotor position feedback. This limits the effectiveness of CVC in the
very high flux weakening speed range.

Direct torque control (DTC) is a prominent technique adopted for its fast dy-
namic performance and robustness [133]. The direct of control of stator flux linkage
inherently facilitates the flux-weakening operations [134]–[136]. Similar to DTC, the
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direct flux vector control (DFVC) has constant switching frequency and straight-
forward current limitation [110], [137]–[139], thus combining the merits of CVC and
DTC. DFVC is implemented in the stator flux oriented reference frame with the sta-
tor flux linkage magnitude λ and the quadrature torque producing current iτ being
the controlled variables. The torque producing current loop of DFVC approaches
singularity along the MTPV trajectory where iτ becomes uncontrollable. Hence, an
inherent limitation of DFVC is the inability to operate on the MTPV limit [140].
Therefore, a sufficient margin away from MTPV trajectory is necessary for stable
operation which restricts exploiting the maximum speed-torque characteristics.

With respect to state-of-art, the dynamic model of DFVC with saturation is de-
veloped in Section 10.2. A suitable nonlinear transformation is proposed in Section
10.3 to decouple the torque producing current loop; an online reference genera-
tion as opposed to the conventional optimal LUTs is also developed. Section 10.4
presents a new small-signal model based DFVC with load angle as the controlled
variable instead of the torque producing loop to alleviate the instability problems.

10.2 Modeling of DFVC Dynamics
Conventionally, two proportional-integral (PI) regulators are used for the control

loops. However, the torque producing current loop is nonlinear and therefore, for
constant-gain PI stator flux controller, the dynamics becomes a function of the
operating point. A nonlinear transformation matrix is proposed in [141] to decouple
and achieve uniform bandwidth of the control loops. However, the effect of magnetic
saturation on the nonlinear transformation was overlooked. With [141] as the state-
of-art, this section aims to model the nonlinear dynamics of DFVC with improved
accuracy taking saturation into account.

10.2.1 Stator-Flux-Oriented Control
The stator flux oriented reference frame is denoted by subscript fτ where the

stator flux linkage is aligned along f -axis and τ is the quadrature axis, i.e.,

λfτ =
[︄
λ
0

]︄
= e−δJ λdq. (10.1)

The Fig. 10.1 illustrates the symbols and notations of the two reference frames.
The voltage equation of a synchronous machine in the stator flux oriented ref-

erence frame is expressed as[︄
sλ

λ sδ

]︄
= vfτ − Rs ifτ − ωJ λfτ . (10.2)
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Figure 10.1: Illustration of symbols and notations in dq rotor and fτ stator flux oriented reference
frames.

The electromagnetic torque in the stator flux oriented reference frame simplifies to

T = 3p

2 λ iτ (10.3)

where the controlled variables stator flux magnitude λ and torque producing current
iτ are evidenced.

10.2.2 Control Dynamics: State-of-Art
This section briefly recounts the state-of-art modeling of control dynamics re-

ported in literature [141][31]. The electromagnetic torque equation (3.2) in dq rotor
reference frame can be reformulated using (3.4) as

T = 3p

2

(︄
λ2 sin(2δ)

2
Ld − Lq

Ld Lq

+ λ cos(δ) λm

Lq

)︄
. (10.4)

Equating (10.3) and (10.4), the torque producing current is

iτ = λ sin(2δ)
2

Ld − Lq

Ld Lq

+ cos(δ) λm

Lq

. (10.5)

Assuming constant apparent inductance in the vicinity of operating point, dif-
ferentiating (10.5) gives

siτ = a′ · sλ + b′ · λ sδ (10.6)
where the terms a′ and b′ are

a′ = sin(2δ)
2

Ld − Lq

Ld Lq

b′ = cos(2δ) Ld − Lq

Ld Lq

− sin(δ)
Lq

λm

λ
. (10.7)
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The cross-saturation effect is included in the apparent inductances, function of
both current components. The shortcoming of this dynamics model is the assump-
tion of constant apparent inductance in the differential equation (10.6). This is
inaccurate for machines with nonlinear magnetic model, as addressed in the follow-
ing section.

10.2.3 Proposed Non-approximated Model
This section aims to build the dynamics model accounting for nonlinearity. The

time-derivative of λfτ in the stator flux reference frame is derived as

sλfτ =
[︄
sλ
0

]︄
= s

(︂
e−Jδ λdq

)︂
= e−Jδ

[︃
− Jλdq · sδ + L∂ · s

(︂
eJδ ifτ

)︂]︃
. (10.8)

Upon simplification,[︄
sλ
0

]︄
= e−Jδ

(︃
L∂J idq − Jλdq

)︃
· sδ + e−Jδ L∂ eJδ ·

[︄
sif

siτ

]︄
. (10.9)

Manipulating (10.9) using the auxiliary-current vector (2.15) and rearranging leads
to [︄

sif

siτ

]︄
= e−Jδ L−1

∂ eJδ ·
[︄
sλ
0

]︄
+ 1

λ

[︄
−λT

dq ia
dq

λT
dq Jia

dq

]︄
· sδ (10.10)

It follows from (10.10) that [︄
sλ
siτ

]︄
=
[︄
1 0
a b

]︄ [︄
sλ

λ sδ

]︄
(10.11)

where the term a is the cross-coupling gain and the term b is the self-axis gain of
the torque producing current loop. They are defined as

a = l∆ sin(2δ) − ldq cos(2δ)
ldlq − l2

dq

b = 1
λ2 λT

dq Jia
dq (10.12)

where l∆ = (ld − lq)/2.
It is worth pointing out that b = 0 corresponds to the MTPV law in (2.16).

It is of interest to represent the controlled variables (λ, iτ ) in terms of the state
variables (λ, δ) in (10.2) as[︄

sλ
λ sδ

]︄
= T

[︄
sλ
s iτ

]︄
T =

[︄
1 0

−a/b 1/b

]︄
(10.13)

where T is the nonlinear transformation matrix.
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Figure 10.2: Modeling discrepancy in the cross-coupling gain: (a) State-of-the-art a′; (b) Proposed
a. Red line is the MTPA trajectory. Motor: A.

Figure 10.3: Modeling discrepancy in the self-axis gain: (a) State-of-the-art b′; (b) Proposed b.
Note that b = 0 contour is the MTPV trajectory. Red line is the MTPA trajectory. Motor: A.

The terms a and b are the counterparts of a′ and b′, respectively. For an ob-
jective comparison to highlight the significance of proposed model, the terms a′

and a for the SyR motor A are juxtaposed in Fig. 10.2. The state-of-art approach
underestimates this term up to a factor of 50%, especially at high load. For the
data-point id = 3 A and iq = 6 A on the MTPA trajectory, the approximated and
the non-approximated versions of the cross-coupling gain are a′ = 4 and a = 6.

Likewise, Fig. 10.3 reports the comparison of self-axis gains; the state-of-art
approach b′ is shown to underestimate b by a factor of approximately 50%.
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Figure 10.4: Block diagram of the constant-gain PI DFVC control illustrating the closed loop of
the linear regulators and the machine model with the cross-coupling gain a and the self-axis gain
b in the stator flux oriented reference frame.

10.3 DFVC: Decoupled Model with Adaptive Op-
timal Reference

This section describes the decoupling of the τ -axis current loop with the non-
linear transformation matrix. The literature on DFVC use offline preprocessed
MTPA and MTPV LUTs computed from the flux-map LUTs of the machine under
test. Alternatively, MTPA can be tracked online using signal injection [142], [143].
The proposed method tracks the optimal reference in real-time through analytical
model of MTPA and MTPV criteria using the auxiliary-flux and auxiliary-current
vector concepts, respectively.

10.3.1 Constant-Gain PI DFVC
For a PI stator flux oriented controller, the voltage reference is computed as

v∗
fτ = Rs ifτ + J ω λfτ +

[︄
Kp + Ki

s

]︄ [︄
λ∗ − λ̂
i∗
τ − iτ

]︄
(10.14)

where the proportional Kp and integral Ki gains are constant diagonal matrices
with terms kpf , kpτ and kif , kiτ , respectively, and λ̂ is the observed stator flux
magnitude.

It can be discerned from Fig. 10.4 that the τ -axis is coupled with f -axis through
the cross-coupling gain a. Furthermore, the self-axis term b acts as a loop gain,
making dynamics dependent on the operating point. To date, the constant-gain PI
regulator implementation underestimated the bandwidth variability associated to
the term b (was b′), as well as the weight of the cross-coupling term a (was a′).
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Figure 10.5: Decoupled DFVC with nonlinear transformation matrix for constant bandwidth and
uniform dynamic performance at all operating points.

It is worth pointing out that the control approaches singularity at the MTPV
limit (b = 0) which is an inherent limitation of the DFVC control.

10.3.2 Decoupled DFVC
Using (10.13), the voltage reference with decoupling transformation, shown in

Fig. 10.5, is computed as

v∗
fτ = Rs ifτ + J ω λfτ + T̂

[︄
Kp + Ki

s

]︄ [︄
λ∗ − λ̂
i∗
τ − iτ

]︄
(10.15)

where T̂ in (10.13) is computed using the observed stator flux. Likewise, the
components of T̂ are denoted by â and b̂.

The controller gains can be calibrated for a constant bandwidth in all operating
points with Kp = kp I and Ki = ki I where the gains tuned for critical damping at
s = −Ω are

kp = 2 Ω ki = Ω2 (10.16)

10.3.3 Conventional LUTs-based Reference Generation
The optimal reference block diagram is shown in Fig. 10.4. The stator flux

linkage for the reference torque at MTPA is computed as

λMTPA = fλ

(︂
|T ∗|

)︂
(10.17)

where fλ is the MTPA LUT computed offline using flux-map LUTs. The maximum
stator flux linkage is a function of operating speed as

λmax = kv
vdc√
3 ω

(10.18)
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Figure 10.6: Decoupled DFVC with nonlinear transformation matrix for constant bandwidth and
uniform dynamic performance at all operating points.

where kv defines the voltage margin (≈10%). Thus, the stator flux reference is
obtained as

λ∗ = min
(︂
λMTPA, λmax

)︂
. (10.19)

The maximum torque Tmax is a function of λ∗, determined by the MTPV limit
fT as

Tmax = kT fT

(︂
λ∗
)︂

(10.20)
where fT is a MTPV LUT and kT defines the torque margin. When the torque
limit is in effect, Tmax is relayed back to speed controller for anti-windup. Note
that DFVC approaches singularity at MTPV limit (b = 0); hence, a small margin
(≈ 10%) is necessary in implementation.

The aforementioned choice of controlled variables (λ∗ & i∗
τ ) enables the DFVC

to accommodate MTPA and flux-weakening operations with MTPV and current
limits in a simple and straightforward fashion. This is a unique advantage over the
commonly used CVC.

10.3.4 Adaptive Reference Generation: LUTs-less Online
The block diagram of the proposed online LUT-less adaptive reference genera-

tion is shown in Fig. 10.7.

Online MTPA Adaptation

To make the preprocessing of MTPA LUT obsolete, the flux adaptation for
real-time MTPA tracking is designed from the analytical expression (2.9) as

λMTPA = kA

s

(︂
λ̂

a

dq

)︂T
J idq (10.21)

152



10.3 – DFVC: Decoupled Model with Adaptive Optimal Reference

Figure 10.7: Decoupled DFVC with nonlinear transformation matrix for constant bandwidth and
uniform dynamic performance at all operating points.

where kA is an integral gain and the estimated auxiliary-flux vector λ̂
a

dq is computed
from the observed stator flux. The adaptation law ensures that the auxiliary-flux
and the current vectors are in phase. Note that the MTPA adaptation must be
disabled in flux-weakening region to prevent the saturation of integrator in (10.21).

Online Computed MTPV limit

Akin to the former section, the preprocessed MTPV LUT is avoided by real-
time computation of the MTPV limit using the analytical expression (2.16). As
DFVC is unstable on the MTPV trajectory, an instantaneous hard constraint to
limit torque is necessary.

The maximum permissible torque is computed from the estimated torque and
load angle margin relating to the MTPV limit as

Tmax = kT

⎛⎝|T̂ | + dT

dδ

⃓⃓⃓⃓
λ

·
⃓⃓⃓
∠î

a

dq − δ̂
⃓⃓⃓⎞⎠ (10.22)

where kT < 1 is a margin factor to avoid reaching the MTPV condition and thus
instability. It follows from the derivative of torque w.r.t load angle (2.16) that

Tmax = kT

⎛⎝|T̂ | + 3p

2 λ̂
T
dq J î

a

dq ·
⃓⃓⃓
∠î

a

dq − δ̂
⃓⃓⃓⎞⎠ (10.23)

where î
a

dq is the estimated auxiliary-current vector. Thus, the proposed adaptive
torque limit in (10.23) makes the offline processing for MTPV LUTs obsolete.
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Figure 10.8: Torque control at half rated speed, ωr = 750 rpm, using decoupled DFVC with the
controller poles at Ω = 2π · 100 rad/s: (a) State-of-Art (â′ & b̂

′
); (b) Proposed Non-approximated

(â & b̂). Motor: A.

10.3.5 Experimental Results
The proposed decoupled DFVC is validated experimentally on the SyR motor

A at a sampling frequency of 5 kHz. The flux observer gain is g = 2 π · 5 rad/s.
The speed PI controller is tuned for critical damping at s = −2π · 1 rad/s. The
MTPA adaptive gain is kA = 60.

Significance of Accurate Modeling

To illustrate the significance of the proposed non-approximated dynamic model,
the steady-state performance is evaluated at two different bandwidths of the stator
flux regulators, Ω = 2π · 100 rad/s and Ω = 2π · 200 rad/s; the gains are tuned
according to (10.16).

Figs. 10.8(a) and 10.8(b) report the torque control response of the decoupled

154



10.3 – DFVC: Decoupled Model with Adaptive Optimal Reference

Figure 10.9: Torque control at half rated speed, ωr = 750 rpm, using decoupled DFVC with the
controller poles at Ω = 2π · 200 rad/s: (a) State-of-Art (â′ & b̂

′
); (b) Proposed Non-approximated

(â & b̂). Motor: A.

DFVC at Ω = 2π ·100 rad/s for the state-of-art and the proposed non-approximated
model, respectively, where a similar steady-state response is observed. For a low
bandwidth stator flux controller, the shift of poles due to under-compensation of
the self-axis gain (b̂′

< b̂) is not discernible in steady-state performance.
In Fig. 10.9(a) where the stator flux controller poles are designated at higher

bandwidth Ω = 2π · 200 rad/s, the under-compensation of self-axis gain b for the
state-of-art model shifts the poles to even higher frequency, resulting in a persistent
high-frequency noise in τ axis. On the other hand, the proposed non-approximated
in Fig. 10.9(b) has no high-frequency noise due to the precise compensation of the
self-axis and cross-coupling gains. This results in a uniform and stable performance
at all operating points. Besides permitting a higher control bandwidth, the pro-
posed (a & b) approach also demonstrates a better robustness towards parameters
detuning.
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Figure 10.10: Sensitivity analysis to parameter errors at ωr = 300 rpm (0.2 p.u.) and reference
torque T ∗ = 7.1 Nm (1 p.u.): (a) State-of-art model; (b) Proposed non-approximated model.
Varying error in d-axis from -30% to +30%, λ̂

i

d = 1.3 λd → λ̂
i

d = 0.7 λd, in steps of 10% increment
every 0.5 s; fixed error in q-axis, λ̂

i

q = 1.25 λq. Stator flux controller poles Ω = 2π · 200 rad/s.
Motor: A.

Sensitivity Analysis to Parameter Error

The sensitivity to parameter errors is evaluated in Fig. 10.10 with a varying
error in d-axis from -30% (λ̂i

d = 1.3 λd) to +30% (λ̂i

d = 0.7 λd) in steps of 10%
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Figure 10.11: Dynamic response of proposed DFVC with online optimal reference: (a) speed step
ω∗

r = 0 → 2625 (1.75 p.u) at t = 0 s; (b) speed step reversal ω∗
r = 2625 → −2625 (1.75 p.u) at

t = 0 s. Motor: A.

increment every 0.5 s and a fixed error in q-axis of -25% (λ̂i

q = 1.25 λq). The results
correspond to operation at low speed of 300 rpm (0.2 p.u.) where the impact of the
erroneous current-model flux-map on the flux observer is pronounced. The stator
flux controller is tuned at Ω = 2π · 150 rad/s.

Fig. 10.10(a) shows the performance at rated torque with the state-of-art model;
it is observed to suffer from high-frequency noise for the time t > 2 s as the self-axis
gain is progressively under-compensated. At t = 3.5 s, the self-axis gain is under-
compensated by a factor of b/b̂

′ = 3. The proposed non-approximated model in
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Figure 10.12: Validation of adaptive flux reference for MTPA condition for a sinusoidal torque
reference at 25 Hz at ωr = 750 rpm (0.5 p.u.). Motor: A.

Fig. 10.10(b) is observed to be more resilient as the under-compensation of the self-
axis gain at t = 3.5 s is b/b̂ = 1.5. The non-ideal compensation of the cross-coupling
gain a is observed to be less significant in steady-state conditions.

Speed Control Response

The online optimal reference scheme is validated with a speed control response
at no load. In Fig. 10.11(a), a speed step reference ω∗

r = 0 → 2625 rpm (1.75 p.u)
is commanded at t = 0 s.

• MTPA Operation: The control operates at the MTPA and the current limit
for time 0 < t < 0.35 s where the auxiliary-flux vector is observed to be in
phase with the current vector. The maximum torque is constrained by the
current limit, permitting 50% overload (imax = 1.5

√
2 In). The stator current

magnitude is observed to be coincident with the values from MTPA LUT,
validating the adaptive reference generation.

• Constant Current Locus: Due to the voltage limit, the control is prompted
into flux-weakening at t = 0.35 s upon which the optimal operating point

158



10.4 – DFVC: Small-Signal Model

traverses the locus of the maximum current limit for the time interval 0.35 <
t < 0.55 s.

• MTPV Limit: For time t > 0.55 s, the torque is constrained by the MTPV
limit Tmax computed from (10.23). Note that the load angle and the phase of
auxiliary-current vector do not converge due to the margin kt = 0.9 necessary
for stability.

The Fig. 10.11(b) shows the dynamic response for a step speed reversal ωr =
2625 → −2625 rpm at t = 0 s to validate the performance in braking operation.
Similar discussions that of Fig. 10.11(a) applies to Fig. 10.11(b) where the various
stages of optimal operations can be identified.

Adaptive Stator Flux for MTPA Tracking

The high dynamic response of the proposed stator flux adaptation for MTPA
tracking in (10.21) is validated with a sinusoidal torque reference at 25 Hz in
Fig. 10.12. It can be observed that the stator flux and the stator current magnitude
are coincident with the values from the MTPA LUT, illustrating the feasibility of
dynamic MTPA tracking.

10.4 DFVC: Small-Signal Model
The shortcoming of the former decoupled DFVC model is the inability to op-

erate at MTPV limit. To this end, a new scheme is investigated where the second
controlled variable, besides the stator flux linkage magnitude, is the load angle in
place of the torque producing current to circumvent the instability and permit op-
eration at the MTPV limit. The optimal flux magnitude and load angle references
are calculated using the small-signal approximation of the motor model, without
dedicated preprocessed LUTs.

Torque accuracy and the respect of control trajectories (MTPA, MTPV, voltage
and current limits) rely on the accurate knowledge of the motor flux-map LUTs
in the flux observer. Thus, in the presence of an erroneous flux-map LUTs, the
optimal operation and efficiency can be compromised. Hence, the proposed optimal
reference is supplemented with an online current-model flux adaptation scheme for
accurate stator flux estimation.

The block diagram of the proposed small-signal model based DFVC optimal ref-
erence scheme using the stator flux magnitude and the load angle as the controlled
variables is shown in Fig. 10.13.
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Figure 10.13: Overview of the DFVC scheme with model-based optimal reference generation block
highlighting the MTPA flux adaptation with voltage-limited flux reference, current-limited torque
reference and MTPV-limited load angle reference. Note that no LUTs are employed.

10.4.1 Optimal Load Angle
For a given stator flux magnitude, the load angle is regulated to track the

reference torque. The maximum achievable torque is determined by the current
and the MTPV limits.

Reference Torque Tracking

The small-signal torque perturbation is expressed as the functions of the load
angle and the stator flux magnitude as

dT = ∂T

∂δ

⃓⃓⃓⃓
λ

dδ + ∂T

∂λ

⃓⃓⃓⃓
δ
dλ (10.24)

where the derivative of torque w.r.t load angle is derived in the MTPV formula-
tion (2.14). Manipulating (10.24), the load angle reference is computed from the
discrepancy between reference and estimated torque as

δ∗ = δ̂ + dδ

dT

⃓⃓⃓⃓
λ

·
(︄

T ∗ − T̂ − ∂T

∂λ

⃓⃓⃓⃓
δ
dλ

)︄
(10.25)

where the change in flux magnitude is computed from the f -axis reference voltage
as dλ = Ts(v∗

f − Rs if ), illustrated in Fig. 10.13. The derivative of torque w.r.t load
angle (2.14) reduces to zero along the MTPV trajectory as shown in Fig. 2.1(b). As
the expression (10.25) uses the inverse of (2.14), care must to taken for operation
in the vicinity of the MTPV limit; in practice, a minimum value (≈1) is imposed
on (2.14).

According to (10.25), the change in stator flux magnitude introduces perturba-
tions in torque; it is compensated using the derivative of torque w.r.t stator flux,
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Figure 10.14: (a) Contour of derivative of torque w.r.t stator flux magnitude in A for the reference
load angle computation; (b) Contour of derivative of torque w.r.t stator current magnitude in Vs
for the adaptive torque limit computation respecting current limitation; (c) Contour of derivative
of stator flux magnitude w.r.t current angle in Vs for the MTPA flux adaptation. Motor: A.

given by
∂T

∂λ

⃓⃓⃓⃓
δ

= 3p

2
1
λ

(︂
L−1

∂ λdq + idq

)︂T
J λdq. (10.26)

Having a dimension of A, the contour of the gain (10.26) is shown in Fig. 10.14(a);
it is worth pointing out that this gain maximizes along the MTPV trajectory in
the dq flux plane.

Current Limitation

The permissible maximum stator current imax limits the torque reference that
is analytically expressed as an adaptive torque limit as

T i
max = T̂ + ∂T

∂i

⃓⃓⃓⃓
γ

·
(︃

imax − i
)︃

(10.27)

where T̂ is the estimated torque from the observed stator flux and measured current.
The derivative of torque w.r.t stator current magnitude at a given current angle is
expressed as

∂T

∂i

⃓⃓⃓⃓
γ

= 3p

2

(︄
iT

dq

i
J λdq + iT

dq J L∂
idq

i

)︄

= 3p

2
iT

dq

i
J
(︄

λdq + L∂ idq

)︄
. (10.28)

Fig. 10.14(b) shows the contour of the gain (10.28) for the motor under test; it is
worth pointing out that the gain (10.28) is a representative of the torque factor
(Nm/A) with dimension Vs, being maximum along the MTPA trajectory. The
magnitude of torque reference T ∗ is limited to T i

max.
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MTPV Limitation

The reference load angle δ∗ is limited by the phase of auxiliary-current vector
to respect the MTPV limitation (see (2.16)) as

δmax = |∠î
a

dq| (10.29)

where the estimated auxiliary-current vector î
a

dq is computed from the observed
stator flux.

10.4.2 Optimal Stator Flux Magnitude
The optimal stator flux magnitude is designed to comply with the MTPA law

for operations under the rated speed and with the voltage limit (flux-weakening)
for operations over the rated speed.

MTPA Criterion

Following (2.9), the MTPA condition is found by imposing the phase of the
auxiliary-flux vector as the current angle. Thus, the stator flux magnitude for the
MTPA condition λMTPA is calculated as

λMTPA = λ̂ + ∂λ

∂γ

⃓⃓⃓⃓
i
·
(︃
∠λ̂

a

dq − γ
)︃

(10.30)

where the derivative of stator flux w.r.t current angle at a given current magnitude
is a gain, expressed as

∂λ

∂γ

⃓⃓⃓⃓
i

= 1
λ

λ̂
T
dq L∂ J idq. (10.31)

Fig. 10.14(c) is the contour plot of the gain (10.31) with dimension Vs for the
SyR motor under test. It is observed to vary little along the MTPA trajectory and
could be replaced with a constant to decrease computational load.

Voltage Limitation

The stator flux magnitude is limited by the voltage as a function of operating
speed. The maximum flux magnitude is given by

λmax = kv
Vdc√
3 ω

(10.32)

where kv is a small voltage margin (≈10%). Finally, the optimal stator flux mag-
nitude reference λ∗ is the λMTPA limited by λmax.

Thus, the optimal references are computed entirely relying on the small-signal
model around the operating point without additional LUTs. Note that the small-
signal terms (10.31), (10.28) and (10.26) are gains; hence, any reasonable approxi-
mation does not affect the steady-state performance.
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Figure 10.15: Hybrid flux observer with projection vectors approach for current-model flux adap-
tation.

10.4.3 Stator Flux Oriented Controller
It follows from (10.2) that the voltage reference can be computed with a proportional-

integral (PI) regulator and feed-forward terms as

v∗
fτ = Rs ifτ + J ω λ̂fτ +

[︄
Kp + Ki

s

]︄ [︄
λ∗ − λ̂

λ̂(δ∗ − δ̂)

]︄
(10.33)

where λ̂fτ is the observed stator flux, the proportional Kp and integral Ki gains
are diagonal matrices with terms kpf , kpτ and kif , kiτ , respectively. The f -axis
gains are tuned for critical damping at s = −Ωf as

kpf = 2 Ωf kif = Ω2
f . (10.34)

The τ -axis gains are tuned in a similar fashion for critical damping at s = −Ωτ .
The torque loop is recommended to be faster than the flux loop to curtain overshoot
in torque during transients. Moreover, the PI regulator in the f -axis is limited to
one third of the rated voltage. As the controlled variable in the τ -axis is δ, the
nonlinear transformation matrix (10.13) is no longer necessary. Provided that the
torque reference is translated into corresponding λ and δ references, and that the
feed-forward terms are accurate, the controller (10.33) is linear and decoupled.

10.4.4 Current-Model Flux Adaptation
Under erroneous flux-map LUTs, the optimal operation and torque accuracy

become compromised. Hence, an online current-model flux adaptation is devised
to mitigate the errors in real-time.

The projection vector approach used in sensorless control is here revisited to
design parameters adaptation. The presence of encoder is reflected in the error
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signal (3.28) with θ̃ = 0. The current-model flux error signal is given by

ϵdq = ΦT
dq (λ̂dq − λ̂

i

dq) (10.35)

where ΦT
dq is the 2 × 2 projection vector matrix, given by

Φdq
T = −J

ω
(G + J ω). (10.36)

It can be shown from (3.28) that the current-model flux error signal ϵdq is equal
to the parameter error in steady-state condition, i.e., ϵdq|s=0 = λ̃dq. An integral
regulator is therefore set up to rectify the flux-map LUTs error, according to the
flux estimate error function (9.11)-(10.36) as

λ̂
i

dq = Λ̂dq(idq) + kλ

s
ϵdq (10.37)

where kλ is integral gain as depicted in Fig. 10.15.
Note that the proposed adaption mitigates error in the flux estimation but

error in incremental inductance (3.20) remains; this can be mitigated with high
frequency signal injection techniques although not viable at high speeds operation.
Dealing with the proposed control scheme, flux adaptation (10.37) guarantees that
the steady-state value of controlled torque is accurately tracked, though the effect
of parameter detuning during torque transients is unavoidable, as shown later.

10.4.5 Experimental Results
The flux observer gain is g = 2 π · 10 rad/s. The speed PI controller is tuned

for critical damping at s = −2π · 1.5 rad/s. The torque loop is recommended to be
faster than the flux loop to curtain overshoot in torque during transients. Hence,
Ωτ = 2π · 150 rad/s and Ωf = 2π · 30 rad/s are chosen. The flux adaptation gain
is kλ = 2π · 5 rad/s.

Comparison against State-of-Art DFVC Scheme

The considered state-of-art DFVC scheme is the same adopted in Section 10.3.5,
namely, the decoupled control using λ and iτ proposed in [141]. The merit of
the new scheme over the state-of-art is evaluated with a step speed in reference
ω∗

r = 0 → 2625 rpm (1.75 p.u.) at t = 0 s as shown in Fig. 10.16. A 50% overload
in current is permitted in this test, i.e., imax = 1.5 ·

√
2 In A.

The two schemes are observed to be nearly identical in the MTPA and the
maximum current locus operation until t = 0.7 s. For stability reasons, a torque
margin of 10% from the MTPV limit is imposed in the state-of-art DFVC; this
is reflected in the difference between the phase of auxiliary-current and the load
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Figure 10.16: Speed control with a step reference ωr = 0 → 2625 rpm (1.75 p.u.) commanded
at t = 0 s to illustrate the efficacy of the proposed optimal reference scheme. A 50% overload in
current is allowed. Motor: A.

angle for t > 0.7 s in Fig. 10.16(a). The torque saturation below the MTPV limit
increases the settling time by about 15% w.r.t to the proposal small-signal scheme
in Fig. 10.16(b). The major advantage of the proposed scheme is the alleviation of
instability of the state-or-art DFVC at the MTPV limit.

Speed Step Response

The different stages of the result in Fig. 10.16(b) are analyzed in detail at various
time segments:

• (i) MTPA Operation - 0 < t ≤ 0.4 s: In response to the step in speed
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reference, the control operates at the maximum torque T̂ = T i
max in (10.27),

limited by the current imax. The MTPA operation is evidenced by the current
angle coincident with the phase of auxiliary-flux vector, i.e., γ = ∠λa

dq.

• (ii) Maximum Current Locus - 0.4 < t ≤ 0.85 s: At t = 0.4 s marks the
onset of the flux-weakening region due to voltage limit at the speed ωr = 1100
rpm (0.73 p.u). The flux-weakening is enforced prior to the rated speed
due to the permitted 50% overload in the current. As the speed increases,
the control traverses along the maximum current locus with progressively
decreasing torque output.

• (iii) MTPV Limit - t > 0.85 s: The intersection of the maximum current
locus with the MTPV trajectory occurs at t = 0.85 s. For speeds beyond,
the maximum torque is dictated by the MTPV limit; the MTPV operation
is evidenced by the load angle coincident with the phase of auxiliary-current
vector, i.e., δ = ∠ia

dq. Furthermore, the achievable torque at the speed 1.75
p.u is observed to be about 35% of rated torque (≈ 2.5 Nm). It illustrates
the poor capability of SyR machines to operate in the deep flux-weakening
regions.

Torque Transient Response

Under the torque control mode with speed regulated by the auxiliary drive, a
step reference T ∗ = 10 Nm (1.5 p.u.) is commanded at t = 0 s at half the rated
speed in Fig. 10.17(a). At the onset, the stator flux and the load angle references
that are computed based on the small-signal quantities of the present operating
point are initially inaccurate but converge as the operating point moves closer to
the final steady-state value.

No torque overshoot is discerned; a small overshoot in load angle is observed
which is due to the higher bandwidth of torque loop relative to the flux loop. The
settling time of torque is about 1 ms while stator flux to MTPA condition is about
5 ms.

To ascertain steady-state stability at all torque levels, an incremental reference
of T ∗ = 1 → 10 Nm (1.5 p.u.) in steps of 1 Nm is imposed at 750 rpm (0.5 p.u.)
in Fig. 10.17(b). Besides the stator harmonics exhibited by the motor under test,
the noise is more related to reference values than the controlled values due to the
small-signal based search for the optimal reference.

Dynamic MTPA Tracking

The dynamic MTPA tracking capability of the drive is validated at 750 rpm
in Fig. 10.18 with a sinusoidal perturbation in reference torque at 25 Hz. The
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Figure 10.17: (a) Torque control with a step reference T ∗ = 10 Nm (1.5 p.u.) commanded at
t = 0 s at half 750 rpm (0.5 p.u) to illustrate the transient dynamics; (b) Torque control with
a incremental reference T ∗ = 1 → 10 Nm (1.5 p.u.) in steps of 1 Nm at 750 rpm (0.5 p.u.) to
illustrate steady-state stability. Motor: A.

stator flux is adapted seamlessly to traverse along the MTPA trajectory where
the current angle is observed to be coincident with the phase of the auxiliary-flux
vector, γ = ∠λa

dq.

Parameter Error Adaptation

The hybrid flux observer reflects parameter errors in the flux-map LUTs, es-
pecially in the low speed regions. Hence, the validation of current model flux
adaptation is demonstrated at 0.33 p.u. (500 rpm) and at rated torque reference in
Fig. 10.19 where the quantity T is the torque estimated with accurate parameters.

Any error in observed flux propagates to the estimated torque T̂ and ultimately,
results in a discrepancy between the reference and the actual torque. A 25% error
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Figure 10.18: Sinusoidal perturbations at 25 Hz imposed on the reference torque at 750 rpm to
illustrate the dynamic MTPA tracking capability. Motor: A.

in d-axis flux-map LUTs, λ̂
i

d = 0.75 λd, is considered in Fig. 10.19(a). While the
reference torque is T ∗ = 7.1 Nm, the actual torque is T ≈ 8 Nm which is approx-
imately -14% error. The flux adaptation is enabled at t = 0 s upon which the
observed and current model flux estimates converge and accurate torque control is
realized.

Similar test at -25% error in d-axis flux-map LUTs, λ̂
i

d = 1.25 λd, is shown in
Fig. 10.19(b) where the error between the reference and actual torque prior to flux
adaptation is approximately +18%. Once the flux adaptation is enabled, the errors
in stator flux and torque are mitigated. A small inaccuracy in MTPA tracking
remains as seen from the discrepancy between the phase of the real auxiliary-flux
(computed using accurate flux-maps) and the current angle; this is due to the error
in the incremental inductance (3.20) which affects the accuracy of the auxiliary-flux
estimation.

The impact of the gain kλ on the flux adaptation is evaluated at +25% error
in d-axis for values kλ = 2π · 15 rad/s and kλ = 2π · 35 rad/s in Figs. 10.20(a) and
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Figure 10.19: Torque control under parameter at 500 rpm (0.33 rpm) and T ∗ = 7.1 Nm (1 p.u.):
(a) +25% error in d-axis flux-map LUTs, λ̂

i

d = 0.75 λd; (b) -25% error in d-axis flux-map LUTs,
λ̂

i

d = 1.25 λd. The current model flux adaptation is enabled at t = 0 s. Motor: A.

10.20(b), respectively. It can be discerned that while 15 Hz shows good dynamics,
the adaptation at 35 Hz shows under-damped oscillations. Hence, a very high kλ

is not recommended.
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Figure 10.20: Impact of the gain kλ on the flux adaptation at +25% error in d-axis flux-map
LUTs, λ̂

i

d = 0.75 λd, 500 rpm (0.33 rpm) and T ∗ = 7.1 Nm (1 p.u.): (a) kλ = 2π · 15 rad/s; (b)
kλ = 2π · 35 rad/s. The current-model flux adaptation is enabled at t = 0 s. Motor: A.

10.5 Summary of the Chapter Contributions
The major contributions of the improved dynamic model and the decoupled

control in Sections 10.2 and 10.3, respectively, are:
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1. The dynamic model of DFVC with the coupled f and τ -axes in stator flux
oriented reference frame is improved over the state-of-art model with the
inclusion of magnetic saturation.

2. A nonlinear transformation matrix is proposed for decoupling in order to
have an uniform bandwidth at all operating points. With the proposed non-
approximated decoupling, high bandwidth of stator flux controllers can be
realized. In addition, improved resilience to parameter detuning is obtained.

3. The online optimal generation is designed for MTPA and MTPV criteria using
auxiliary-flux and auxiliary-current vectors, respectively. The proposed adap-
tation schemes demonstrate the prospect of tracking both laws without the
offline preprocessed LUTs. Moreover, the proposed MTPA adaptive tracking
is highly dynamic, as the test at sinusoidal torque reference demonstrates.

The major contributions of the small-signal based DFVC scheme in Section 10.4
are:

1. A DFVC control with the stator flux and the load angle as the controlled vari-
ables is developed, contrary to the conventional stator flux and the quadrature
torque producing current iτ . This choice of controlled variables circumvents
the singularity problem of the iτ current loop and permits operation on the
MTPV trajectory to exploit the maximum torque-speed characteristics of the
machine. Besides, the new scheme obtains linear and decoupled torque con-
trol.

2. The optimal stator flux and load angle references are computed from the
small-signal model around the present operating point. Besides the flux-map
LUTs, no additional tables are necessary.

3. Furthermore, a current-model flux adaptation is supplemented to mitigate
parameter errors in flux-map LUTs. Unlike the control relying on prepro-
cessed MTPA and MTPV LUTs, an improved optimal operation is feasible
under flux adaptation; thus, the proposed scheme becomes more resilient to
parameter error. In addition, mitigating error in flux estimation assists in
accurate torque control.

The proposed decoupled DFVC, the small-signal based optimal reference scheme
and flux adaptation are experimentally validated on a 1.1 kW SyR motor test-bench.
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Chapter 11

Conclusions

The work conducted during the course of three years of PhD resulted in some
new findings that broadly touches on three topics: (i) Sensorless control; (ii) Self-
Commissioning; (iii) Direct flux vector control. A brief summary of the significant
findings are summarized below.

11.1 Findings in Sensorless Control
Chapters 3 - 8 discussed the sensorless control techniques whose major findings

are summarized below:

• A generalized projection vector-based sensorless control framework was de-
veloped in Chapter 3. It is a powerful tool for design and analysis of position
observers based on the flux observers, considering the parameter errors. A
magnetic model accounting position error was introduced to better represent
the nonlinearity in the flux-map under position error.

• Through the common prism of projection-vectors, three flux observer-based
sensorless techniques were reviewed to identify regions of instability in Chap-
ter 4. This exposed the shortcomings of flux cross-product, active-flux and
fundamental saliency-based position observers.

• Within the projection vector framework, a new auxiliary-flux position ob-
server (AUX), based on the accurate magnetic model accounting for position
error (MMAP) was developed in Chapter 5 to circumvent the stability prob-
lems. The sensitivity of AUX scheme to parameter errors was evaluated
analytically and corroborated experimentally.

• The adaptive projection vector for position error estimation (APP) scheme
was developed from the linearized dynamics of flux observer in Chapter 6 and
was shown to have a stable operation at all operating points. In addition,
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using a low-pass-filtered derivative term, the orthogonal projection vector to
APP carries the speed error information that can be retrieved independently
to the position error.

• Differing from the AUX scheme, the APP technique is immune from stator
resistance variations and voltage error due to non-ideal inverter compensation
for operations on the MTPA trajectory.

• Based on the sensitivity analysis, the d-axis current-model flux error has a
relatively higher influence over the APP scheme. Using the orthogonal pro-
jection vector, the parameter adaptation for the d-axis current-model flux was
designed. Alternatively, under accurate flux-map, stator resistance adapta-
tion for good torque and flux estimation was explored.

• A model-based closed-loop torque control scheme was proposed for MTPA
tracking in Chapter 7. Based on the orthogonal projection to APP, a new
current-model flux adaptation law was designed for accurate torque estima-
tion that is decoupled from the position observer. In turn, accurate torque
control under parameter error was realized.

• Following the brief review of high-frequency excitation schemes in Chapter
8, a generalized high-frequency projection vector framework was introduced
as a counterpart and analogous to that of the fundamental-wave excitation.
This matches elegantly with the high speed sensorless schemes based also on
projection vector.

• An injection-less sensorless technique for sustained operation at zero to low
speeds region based on finite-control-set model-predictive-control was pro-
posed in Chapter 8. The position information was retrieved from the high-
frequency machine response to the discrete voltage vectors. A speed-dependent
linear fusion was designed for smooth transition between the two models.

11.2 Findings in Self-Commissioning
Two self-commissioning of SyR machines for magnetic model identification were

discussed in Chapter 9. The highlights of the first technique are:

• A sensorless self-commissioning technique with rotor self-locking mechanism
at standstill condition was investigated for a stable and systematic identifi-
cation. The proposed scheme permits wider exploration of dq plane while
holding the rotor firmly still.

• The high-frequency current response in d-axis induced by the hysteresis con-
trol in q-axis was exploited for cross-saturation identification. Experimental
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validation showed good correlation with reference maps with the error <3%
of rated flux.

The major findings of the second self-commissioning technique are:

• An alternating acceleration-deceleration test procedure was proposed for self-
commissioning at free-shaft and using a position transducer. A low-frequency
modulated q-axis current regulates the speed with a constant frequency of
speed reversals by alternating positive and negative values of current value iq

under test.

• An online stator flux adaptation was developed using the projection vector
framework. Experimental validation showed promising results with an error
<1.5% of rated flux.

• In addition, a stator resistance adaptation was also devised to be independent
and decoupled from the flux adaptation.

11.3 Findings in Direct Flux Vector Control
Chapter 10 presented the findings in direct flux vector control; the highlights of

the proposed decouple DFVC are briefly summarized in the following:

• DFVC is implemented in stator flux oriented reference where the torque pro-
ducing current loop (τ -axis) is nonlinear. With respect to the state-of-art, an
accurate model of the nonlinear dynamics in the stator flux oriented control
was developed that accounts for magnetic saturation.

• Accordingly, a nonlinear transformation was designed to decouple the two
axes and to have fixed poles for the stator flux oriented controllers. This re-
sults in a uniform dynamic performance at all operating points. The proposed
decoupling with accurate dynamic model enhances resilience to parameter de-
tuning.

• To refrain from the offline preprocessed optimal reference LUTs, the stator
flux adaptation for MTPA and the torque limit for MTPV are evaluated in
real-time based on the analytical expressions.

The major findings of the small-signal model-based DFVC are as follows:

• DFVC approaches singularity on the MTPV trajectory as the torque produc-
ing current loop becomes uncontrollable. To circumvent this, the load angle
is chosen as the second controlled variable in addition to the stator flux mag-
nitude, permitting operation at the MTPV limit. The optimal references are
computed from the small-signal model of the machine.
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• A current-model flux adaptation was developed to mitigate errors in flux-map.
This helps in accurate torque and flux estimation, leading to the optimal
operation point.

• With respect to the decoupled control, this method is relatively more noisier
due to small-signal nature for optimal search but benefits from stability and
uniform bandwidth in all operating points.

11.4 Future Works
Had time been more accommodating, some of the following tasks could have

already been in the body of the thesis but are now relegated to future. They are:

• Hitherto, the proposed sensorless control techniques have only been validated
on a SyR machines. Experimental validation on a PM machine is the natural
progression to demonstrate the generality and bring closure to the proposed
schemes. Tests are ongoing on a ferrite-assisted SyR machine for industrial
applications.

• Once more, the thesis showed that - different from MTPA and MTPV LUTs
- the flux-map LUTs are a hard to eliminate necessity, being the bare foot-
print of the machine under control. Sensorless techniques with limited or no
dependency on flux-map LUTs are appealing and is of interest to investigate
for general purpose drives.

• Beyond the control paradigm, the design of machines to be conducive to
sensorless control is worthy of exploration.

• The applicability of the self-commissioning techniques to PM motors will be
assessed. Besides, it is also of practical interest to implement on an industrial
microcontroller in the spirit of plug-and-play systems.
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