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CHAPTER 1: INTRODUCTION

1.1 Preliminary discussion

Electric machines play a crucial role in the industrial development. Electric motors
consume up to 53% of global energy based on the report of International Energy
Agency (IEA). Efficient and reliable motion control of electric drives remains the key
challenge for researchers. Compared to constant speed drive, variables speed drive is
favored due various reasons such as energy saving and speed and position control for

excellent dynamic response.

Permanent magnet synchronous machine (PMSM) is widely popular and utilized
because of its numerous benefits such as high torque density, fast transient response,
high reliability, less maintenance cost, compact structure, high airgap flux density, high
acceleration and deceleration rates, high efficiency, high power factor and simplicity
and ruggedness [1]-[5]. The stator structure of PMSM remains the same as other AC
machine, the rotor structure of PMSM is different than the traditional AC machine. In
Fig. 1.1, rotor structures of PMSM are shown. Surface-mounted permanent magnet
synchronous motors (SPMSM) where permanent magnets are mounted on the surface
of the rotor and interior permanent magnet synchronous motors (IPMSM) where
magnets are embedded inside the rotor core, are mainly two types of PMSM motors
[6], [7]. Compared to SPMSM, IPMSM provide reluctance torque and better field
weakening control [8], [9].
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Fig. 1.1 Rotor structure (a) SPMSM (b) IPMSM



Permanent magnets are important element in PMSM. Permanent magnets
contribute to field excitation by eliminating the field winding and additional supply
which also reduces the corresponding losses. Residual flux density (B), coercive force
(H), and maximum energy product are the important magnetic parameters of permanent
magnet [10]. Alnico, Ferrite, Cobalt-Samarium, and Neodymium-Iron-Boron are the
available magnetic materials [11], [12]. In Appendix - A, B-H curve of different
magnetic martials is shown. Compared to other magnetic material, Neodymium-Iron-
Boron magnet (NdFeB) provides better maximum remanence and coercive force and

large energy product.

PMSM are widely utilized in various application due to their high performance and
efficiency. To make it more applicable and cost-effective, advanced control techniques
such as position sensorless control methods are preferred. In the next section, detailed

review on position sensorless method is provided.

1.2 Review on Position Sensorless Methods

To obtain good dynamic and steady state response of the PMSM drive using the
closed loop control, the information of angular position of the rotor is essential. Position
sensor such as resolver and encoder can be employed for rotor position measurement
but due to high cost, maintenance issues and lower reliability, sensorless control
techniques are preferred which results in downsizing the system size, cost effective and
increases the system reliability. In addition, it can also be used as additional support in
sensor-based control system. When sensor struggle to sense the position of rotor,
sensorless system can ensured proper working operation of IPMSM drive. This
prevents subsequent failure of other system components caused by the failure of the

Sensors.

Moreover, estimated speed and estimated position can be used for condition
monitoring of the IPMSM drive. This reduces the failure, maintenance cost and increase
the reliability of IPMSM drive systems. Sensorless control of AC machine have been
examined and studied for a long time and enough quality literature can be found with
different control methods for different machine. This work is specifically focused on
sensorless control of polyphase IPMSM drive system. Researchers across the globe has
contributed a lot in the development of sensorless control of IPMSM [13]-[19]. The



various sensorless control methods can be classified into three main categories as

shown in Fig. 1.2.

Sensorless control techniques for IPMSM drive can be classified based on zero and
low speed range and medium and high-speed range (speed above 10% of the rated
speed) [20], [21], [22]. In recent years, saliency-based approach has been developed
significantly which made possible to start-up machine in closed-loop using estimated

initial angular position at zero and low speed.

Sensorless control techniques for IPMSM

v v v

Acrtificial intelligence

Saliency-based methods Model-based methods based methods

v v v

f i injecti h 4 h ( Neural network N
e HF signal injection ;
e Transient Injection * Back EMF  Fuzzy logic
e PWM excitation e Adaptive observer e Neuro-fuzzy
Machine learnin

Fig. 1.2 Classification of sensorless methods for IPMSM

The model-based methods struggle at low speed due to significant low amplitude
of back electro-motive force (EMF). Hence, the signal used for estimation is very weak
and can be easily contaminated by the measurement noises or nonlinear effect of
inverter. Moreover, voltage drop due to stator resistance have a very significant impact
at low speed. In addition, the signal can be lost in heavy load conditions due to magnetic
saturation; this problem is still open for research [15]. For medium and high-speed
application, model-based methods are mostly preferred as amplitude of back EMF is
high and other nonlinearities are negligible during medium and high-speed operation.
Moreover, sensorless control techniques based on artificial intelligence have also been
introduced [23], [24].

1.2.1 Saliency-based sesnorless control methods

The machine anisotropic property makes feasible to implement saliency based
sensorless methods which makes possible to estimate initial angular position at zero
and low speed in other words, saliency-based methods, machine winding inductances
are the function of rotor position due to saliency, rotor position can be obtained from

inductance variation which is essential for sensorless control implementation.



Interaction between the rotor saliency and stator teeth varies with magnetic airgap flux
due to which self-inductance and mutual inductance also changes with respect to the
rotor position. To obtain estimated angular position, injection of signals with high
frequency (HF) becomes necessary. Saliency based signal injection technique can be
broadly classified into 3 main types: continuous carrier (HF) signal injection [25],
transient voltages pulses injection [26], and inherent pulse width modulation (PWM)

excitation with no additional injection [27].

Signal injection methods have undergone serious development since the early 1990
[25], [28], [29]. As explained earlier, this method exploits machine anisotropies,
especially based on magnetic saliency and the saturation phenomenon. The continuous
injection of HF career signal is continuously superimposed to the fundamental

excitation.

The rotating HF carrier injection method was first proposed by Prof. R. D. Lorenz
for induction motor and then for a PMSM. In the beginning, both rotating current and
voltage vectors were examined but due to high bandwidth requirement for the current
regulators even larger than career frequency then voltage-based injection was preferred
[30]. A constant amplitude voltage vector rotating with high frequency is superimposed
to the fundamental voltage vector in stationary reference frame. The range of frequency
can be from 500Hz to 3kHz. By interfering with the spatial saliency, the injected HF
voltages give rise to position dependent high frequency signal. By using the
demodulator, HF current is extracted to received rotor position information. While the
fundamental current component is supplied as feedback to current controller after
extracting HF current components. Special, demodulation techniques employed to
decode the value of rotor position such phase locked loop (PLL), phasor transformation

and observer.

The pulsating HF signal injection method was proposed in [31] for PMSM drive. as
compared to rotating vector injection, the pulsating HF signal injection provided faster
dynamic response, reduced computation time, intrinsic cancellation of filter lags during
signal processing [32]. Corely and Lorentz applied pulsating HF voltage injection in g-
axis on an IPMSM, but g-axis injection scheme resulted in noise and high torque
ripples, later HF injection on d-axis was proposed which eliminated the disadvantages
of g-axis injection method [33]-[36]. This technique was very popular in industrial



applications [37]. A specific pulsating HF injection method for stationary coordinate

was proposed in [38], [39].

Rotating and pulsating sinusoidal carrier signal injection-based sensorless methods
have been profoundly used. Both have same physical principle and low implementation
cost. The only limitation of both techniques was limited dynamic bandwidth of the
system due to signal demodulation process. The defined drawback was eliminated by
square wave signal injection technique which also provides higher dynamics and
eliminates requirements of low pass filters for signal demodulation [40]. Square wave
injection method is less sensitive to the machine geometry compared to sinusoidal
injection-based methods. Square wave-based demodulation technique does not allow

more than two points per period of the injected signal to be stamped [28] .

Alternative approach to estimate the position by using saliency property is
implement an impulse voltage vector to the machine and process the transient response
of the current. Blaschke introduced transient excitation technique to estimate machine
parameter and initial rotor position [41]. Prof. Schroedl proposed indirect flux detection
by on-line reactance measurement (INFORM) for various types of AC machine [42].
In INFORM method, for a specific period of time fundamental PWM pattern required
to interrupted. The reason for interruption is to inject test voltages designed manually
which consist of basic six active vectors and two zero vectors. Ogasawara and Akagi
rearranged PWM modulator and all six vectors to minimal time during each switching
period which made possible to measure current at zero and low speed operation [43].
The major disadvantages of this method were introduction of disturbances in current

due to transient voltage vector and it required additional sensor.

Fundamental PWM-Integrated method (FPWMI) method does not require injection
of additional transient voltages or HF signal injection, it only relies on the inherent
fundamental PWM induced effects [42]-[45]. This method gives flexibility to avoid any
problem arises due to signal injection such as additional current ripple and higher
switching loss. Compared to INFORM method, FPWMI provided better dynamic
responses than the INFORM method [46].

1.2.2 Model-based sensorless control methods
For medium and high-speed operation, model-based methods are preferred in which

angular position of the rotor is estimated using the flux linkages or back electromotive



force. In model-based techniques, open loop estimators and close loop observers are
two popular approaches. In the closed loop control, the law has to prepared to force the
estimation error to zero. Estimation of the EMF and flux have significant impact on
position rotor position and speed, it can be reviewed by implemented reference frame,
mathematical model, and error convergence techniques [46]-[48]. The model methods
can be applied either in stationary coordinates system or rotating coordinates system.
The general diagram of speed and position estimation using model-based methods is
presented in Fig. 1.3.
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Fig. 1.3 General structure of speed and position estimation using model-based methods

Estimation of speed and position using open loop observer simple and straight
forward. This method behaves same as real-time dynamic models of the PMSMs as it
requires the same control inputs and run parallel. Information of angular position, and
speed can be derived from the rotor flux of the back-EMF. Reference model [51],
adaptive observer structures [52], extended Kalman filter [53], sliding mode observer
[22], Luenberger observer are popular methods derived from machine fundamental
models to estimate angular speed and position [19]. Over of back-EMF techniques and

observer-based techniques are given below.

In the case of salient structure of PMSM, the information of angular position exists
not only in EMF, but also in stator inductances. Hence, traditional model based
sensorless control structure cannot be implemented directly. To resolve the issue,
mathematical model based on the extended EMF concept [54], [55] and active flux
model [54]- [56] have been reported.

In the past decade, back-EMF technique is widely used, in this approach, back-EMF
is extracted from the machine fundamental model equation. Irrespective of the saliency
ration in machine, back-EMF contains the information of rotor angular position [59],
[60], [61], [62]. The main drawback of the back-EMF method is directly proportional

to the speed, hence at low speed operation the value of back-EMF is extremely small



due to which detection capability is reduces as speed range is less than 10% of rated

speed.

In addition, voltage drop due to stator resistance and nonlinearity of the inverter
becomes dominant compared to back-EMF impacts at low speed which results in
position information gets too small to detect [13], [15], [19]. Moreover, any uncertainty
of the machine parameters directly affects in the back-EMF calculation which can lead
to inaccurate estimation of speed and position. Back EMF can be obtained to extract
the information of angular position of the rotor either using open loop and closed loop
observers [63]. Cross coupling between d-axis and g-axis also affects the estimation
performance [59].

Due to advancement in electronics, processors, and FPGAs (Field-Programmable
Gate Array), it has become possible to implement the state space-based observer
structure [64]. Moreover, the observer structure gives an edge to estimate and measure

the variables which cannot be possible to measured directly.

Taylor linearization based high gain observer were very popular around 1980s [62]-
[64], but due the poor performance at wide region of state space, observer based on
nonlinear techniques such as sliding mode observer (SMO) and nonlinear Luenberger
observer became popular during 1900s [68], [69]. Luenberger observer and extended
Luenberger observer was proposed in [70], [71]. In this observer structure, prediction
term follows the dynamics of EMF and a correction term with a nonlinear gain
coefficient is added. The primary benefit of this type observer is that it ensures

convergence at wide region of the state space.

Sliding mode observer prepared using the variable structure design. In SMO, sign
function based discontinuous gain is added in correction term. SMO is widely used to
reconstruct the rotor position and rotor speed in PMSM drive [71]- [75]. The
disadvantage of SMO is that due to discontinuous function, it causes undesirable
chattering. To eliminate the chattering effect, different modifications were proposed in
[72]. Extended sliding mode-disturbance observer was proposed in [75], where lumped
uncertainties were estimated directly and major disturbances were compensated. In this
proposition, only rotor speed was estimated, angular position was measured using the

Sensor.



Kalman filter for linear system and the extended Kalman filter (EKF) for nonlinear
system comes under the second approach which is stochastic observer [53], [77]. In this
method, objective to minimize the covariance of the error between the real state space
vector and estimated one by considering measurement noises and modelling errors.
EKF provides better estimation accuracy and less affected by measurement noise. The
limitation in EKF is computation task is very complex which makes difficult to
implement in practice. Adaptive control and Model reference adaptive systems
(MRAS) is also another alternative for adaptive observer structure [52], [77]-[79].
Compared to EKF, implementation of MRAS is less complex which is the one of main

reasons of its popularity in sensorless control of drives [81], [82].

1.2.3 Artificial intelligence-based sensorless control methods

Since 1990, artificial intelligence (Al) based algorithm are being develop for the
application of sensorless control [83], [84], [85], [86], [87], [88]. As compared to
previous mentioned techniques, Al based eliminate the requirement of a physical model
of the machine. They can approximate any function, irrespective of its linearity. This
technique can be more beneficial if datasets are available for learning. Al based
algorithms were firstly implemented in with vector-controlled motor drives [85], [89].
It was concluded that this method reduces tuning efforts required by controller and
provide better results. In [23], [90], PI controller was replaced by Al based MRAS to
solve the problem of discretization instability in field weakening region. Al based
algorithms are also used for estimation of angular position [24], [84], [86], [91], [92].
This type of estimators allows the estimation of position without using the fundamental
machine model, which cannot be possible in model-based conventional scheme.
Among the different Al techniques, the fuzzy logic is complicated and simple to apply

[93]. Torque ripple reduction using fuzzy logic base algorithm reported in [94].

In the next section, detailed discussion on multiphase machine is provided

considering the benefits, evolution, research gap in the existing research trends.

1.3 Multiphase Machine

Multiphase machines are receiving significant attention owing to their benefits over
three-phase machines such as reduced power per phase rating, improved reliability,
increment in torque density, higher fault tolerance capability, and lower torque ripple.
Multiphase machine drives provide higher power range by employing low-power



switching devices [95], [96], [97]. Compared to three phase drives, the fault tolerance
capability is one of the most desired properties of multiphase machine drives in
industrial applications [98]. A five-phase IPMSM provides various advantages such as:
higher torque density, fast dynamic response, good power factor and high reliability
[99]. Multiphase machines are used in electromobility, electric aircraft, ship propulsion,
and electric vehicle (EV) [100], [101].

In multiphase machine, it is possible to inject harmonics current to increase the
output electromagnetic torque. Compared to three-phase machine, output torque can be
increased up to 15% in five-phase machine [102], [105]-107]. Generally, harmonic
order lower than the number of phases are mostly used to increase the output torque, if
harmonics order higher than number of phases are injected then losses are increased
and torque ripple is also increased. In seven-phase machine, 3 and 5™ harmonics can
be injected, in nine-phase machine, 3, 5" and 7™ harmonics can be injected to improve
torque density. In multiphase machine, independent vector planes exist for five-phase
machine 2-planes, for seven-phase machine 3-planes, for fifteen phase machine 7-
planes [103].

Design of windings in Five-phase IPMSM can be done in two ways: distributed
winding and concentrated winding. In distributed winding, coil is shared with several
slots which allows to ensure proper flux distribution with less harmonics components,
while in concentrated winding coil is wounded in one single slot [104],[105], due to
which flux curve results as quasi-rectangular as it contains harmonic components.
Spatial displacement between two consecutive stator phases is a = 72° in the five-phase
IPMSM.

The winding of investigated five-phase IPMSM is concentrated type as it offers
enhancement in output torque by injecting third harmonic current[104],[105]. In the
Appendix — B, single plate of state and rotor of five-phase IPMSM is depicted. The
five-phase has 3 pole pairs and 30 slots in the stator and slots per pole per phase is 1.

In Fig. 1.4, properly synchronized rotor flux distribution is presented for five-phase
IPMSM. As per Fig. 1.4, by injecting 3 harmonic current with fundamental current,
resulting flux has quasi-trapezoidal wave shape [106]. It can be observer that the peak
value of fundamental sine wave (green) is higher than the resulting wave (red), but



maximum amplitude duration of quasi-trapezoidal wave (red) is longer which helps to
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Fig. 1.4 Flux distribution with 3 harmonic injection in five-phase IPMSM
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In the 1960s, Ward and Harer presented first article on theoretical and experimental
analysis on five-phase induction machine [107]. It was reported in the article that as
phase number was increased from three to five, amplitude was decreased and torque
ripple frequency was increased. In the 1980s, Jahns examined the fault-tolerant
performance and reliability of multiphase drive system [108]. However, research on
multiphase machine was not popular in that time as due to technical restriction. In the
1990s, technological development in the field of power electronics, microcontrollers,

and adjustable-speed drive led to research implementation on multiphase machines.

Currently, most of the research on sensorless control is dedicated three phase
machines drives. In addition, research on multiphase machine is majorly focused on
improving the fault-tolerant capability [104], [118], [120]-[125]. Moreover, control
strategies of three phase machine applications have been extended to control multiphase
machine [96], [100], [101], [116]. The control approach of a multiphase machine
incorporates simultaneous control of two virtual machine in one physical motor to
ensure a higher value of torque generation by fundamental current and injected third
harmonic current [102], [106], [117], [118].

Advanced control structures such as vector control also known as field-oriented
control (FOC) where state variables are transformed to rotating reference coordinates
(dq), direct torque control and model predictive control (MPC) are most commonly
used in control applications of multiphase machines. Researchers worldwide explained
these control approaches well in the existing literature for three-phase and five-phase
machines [109], [119]-[123] [124] [125].
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The main drawback of the vector control scheme is that while changing the flux
linkage, the decoupling between the electromagnetic and electromechanical part is not
achieved in the presence of nonlinearities defined in [126], [127]. It fails to decouple
the system entirely in the presence of nonlinearity due to the machine state variable
transformation to the rotating coordinates and plausible intervention between the two
controlled subsystems of the multiphase machine. In the direct torque control (DTC)
structure, hysteresis controllers are required and switching table also needs to be
prepared which increases complexity of the control system [128].

For fast dynamic response and to reduce the number of proportional integral
controllers, backstepping technique with feedback control for five-phase induction
machine was proposed in [118]. MPC with disturbance observer was proposed to
minimize steady-state error and harmonics in current for six-phase PMSM [129]. MPC
with the Luenberger observer was reported to enhance the robustness and the steady
state performance for multiphase PMSM [119]. This proposition also reduced the
mismatch of flux and inductance. For a nine phase IPMSM, high frequency injections
with Luenberger observer were implemented to estimate angular rotor position without
generating any high frequency torque ripple [120]. Considering single phase fault,
estimation of inductance for dual three phase PMSM using extended Kalman filter was
proposed and up to 2% estimation error, fast convergence and accurate estimation under

different operating conditions are key contribution [115].

Fig. 1.5 shows that from the year 2014 to 2024 overall 579 research articles were
published on PMSM in the IEEE Xplore. Out of 579 research articles, 502 research
articles were focused on the research on three-phase PMSM and remaining 77 articles
were dedicated to multiphase PMSM. Moreover, year wise research publication in
reputed IEEE journals from 2014 to 2024 is shown in Fig. 1.6. Most of these research
articles on multiphase machine focused towards the fault tolerant performance. It can
be observed from Fig. 1.5 and Fig. 1.6 that research on multiphase machine is
significantly less specially in the direction of control system of multiphase machine due

to high complexity.
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1.4 Originality of the research and research objectives

Based on the literature review presented in section 1.3, existing literature lacks
analysis and discussion on the advanced control systems in which nonlinear state
variables transformation is considered. The control solution of five-phase IPMSM
based on nonlinear state variables transformation ensures effective separation between
electromechanical and electromagnetic subsystems. In the classical FOC structure,
electromagnetic torque production depends on interaction between flux component wsq
in d-axis and torque controlling current is; component in g-axis and reluctance torque

relies on product between direct isq and quadrature isq axis current, hence accurate
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decoupling between flux control system and torque control system is not obtained in

the presence of the nonlinearity [126], [127].

The author of this thesis proposes control strategy using nonlinear transformation
of chosen state variables of IPMSM (three-phase and five-phase) to x - multiscalar form
presented by Krzeminski in [121]. The multiscalar transformation ensure separate
control of electromechanical and electromagnetic subsystem. The author of this thesis
applies multiscalar transformation in combination with predictive and backstepping
approach. To increase output torque in five-phase IPMSM, the third harmonic current
is injected with the fundamental current. An adaptive observer structure is employed to
estimate the state variables to eliminate the noise and gain drift in the measured
parameters due to mechanical sensors. Initially, the proposed control solutions were
verified on experimental setup with three-IPMSM drive with fundamental components

only.

The three-phase IPMSM available in the laboratory set up contains spatial
harmonics and non-sinusoidal distribution of EMF as shown in [122]. The problem of
spatial harmonics and non-sinusoidal distribution of EMF is considered as additional
disturbances in the sensorless control system. The research work carried out in this
doctoral thesis is limited to three-phase IPMSM and five-phase IPMSM.

Based on the above discussion, the principal research objectives of the doctoral
dissertation can be briefly summarized for three-phase IPMSM and five-phase IPMSM:

1.4.1 Three-phase IPMSM drive

e To design different state observer structures based on mathematical structures
of three-phase IPMSM.

e To design the appropriate form of the stabilizing functions considering the
problem machine asymmetry.

e To conduct the stability analysis of three-phase linearized observer error
structures close to an equilibrium points in rotating coordinate system.

e To verify the performance of observer structure in simulation and experimental
investigation.

e To perform comparative analysis of different observer structure.

13



The doctoral research aims to conduct original theoretical, simulation and

experimental research on multiscalar variables based sensorelss control of multiphase

IPMSM drive. The proposed control structures of five-phase IPMSM are also compared

with the existing control solution of multiphase IPMSM machines.

1.4.2

Five-phase IPMSM drive
To design an adaptive observer structure based on the mathematical model of
the five-phase IPMSM.

To conduct the stability analysis based on the linearized observer error structure

near an equilibrium point in (d-q) reference frame.

To study and examine existing sensorless control algorithms of five-phase
IPMSM.

To develop various control technique based on multiscalar transformation for
fundamental plane and second plane to inject 3" harmonic current to increase

output torque up to 10% fundamental torque.

To conduct closed loop stability analysis of the proposed sensorless control
system of five-phase IPMSM.

To examine the effectiveness of the proposed sensorless control scheme of five-
phase IPMSM by simulation and experimental verification under wide speed

operation range and loading conditions.

To investigate similarities and difference between the existing sensorless
control scheme and proposed sensorless control solution of five-phase IPMSM
to perform the comparative analysis.

1.5 Research Hypothesis

In this thesis author proposes control system structure using multiscalar

transformation 1) wr),isi) vectors (1% strategy) 2) ws(),isq) vectors (2" strategy). The

research thesis of the doctoral work is formulated as:

Proposed multiscalar transformation utilized in stationary coordinate system of
five-phase IPMSM for the defined vectors: wr),isg) vectors and ws,is(i) vectors,
allows to determine static state feedback control laws for both control

strategies.
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In the proposed control system structures the classical proportional-integral
(PI), predictive and backstepping controllers are considered. In addition, these
control approaches ensure independent control of the state variables in the
electromechanical and electromagnetic subsystems even if the 3™ harmonic is

injected.

In the proposed control system structure using the x,isi) vectors and s, is()
vectors in stationary coordinate of five-phase IPMSM allows the utilization of

3" harmonic injection to enhance the output torque value.
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CHAPTER 2: MATHEMATICAL MODEL OF INTERIOR
PERMANENT MAGNET SYNCHRONOUS MACHINE

2.1 Overview

The selection of accurate and appropriate mathematical model of the machine is an
important task in the implementation of sensorless control. The mathematical model of
the machine is needed for various important reasons such as: design of controller, the
selection of controller parameters, simulation analysis, and implementation of digital
control. The selection of reference frame also plays a vital part in the modelling of any
machine, as reference frame are like observer platforms in which each of platforms
provide a specific view of the system at hand as well as the changes in the system
equation. Mathematical model of the machine can be prepared in two different
reference frames: stationary reference frame and rotating reference frame. The
stationary reference frame is fixed with stator and rotating reference frame is fixed to
rotor. Before proceeding to design observer structures and control systems,

mathematical model of interior permanent magnet synchronous motor is presented.

2.2 Mathematical model of three-phase IPMSM

The mathematical model of IPMSM is prepared using the space vector theory. Fig.
2.1 shows that mathematical model of IPMSM can be prepared in different reference
frame. The stator windings are placed 120° degrees apart from each other, 6 is the rotor
angle, which is the angle between magnetic axis of stator winding ‘a’ and rotor
magnetic flux (i.e., d-axis). The positive direction is taken in anti-clockwise as shown

in Fig. 2.1, where angular velocity of rotor wr is in positive direction.
Following assumptions are considered for the modelling of IPMSM.

= Stator winding produces sinusoidal mmf distribution.

= Space harmonics are neglected in air-gaps.

= Air-gap reluctance has a constant component as well as sinusoidally varying
component.

= Balanced three-phase supply voltage is considered.
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Fig. 2.1. Different reference frames

= Saturation is neglected, although it can be taken into account by parameter
changes.
» The back emf is sinusoidal.

= Eddy currents and hysteresis loses are negligible.

The IPMSM machine has permanent magnet in the rotor hence the need of
excitation winding is eliminated which simplifies the mathematical model of IPMSM
in natural coordinate system. The following vector equations represents the machine

model in natural coordinates [9], [130] .

. dy
Ug =Rgig +—>
sTRsls T (2.1)
Vs =Lgig +wy (2.2)
dw 11oLg. Oyy.
T, = _p |2l T .
. iy 3
do,
Te _TL =J F"r Ba)r (24)

Where us and is are the stator voltage and current vectors, Rs and Ls are the stator

resistance and inductance matrices, s is the stator magnetic flux vector, ws is
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permanent magnet flux vector, 6 is the rotor angular position, py is the number of pole

pairs, J is the moment of inertia, B is viscous friction coefficient.

2.2.1 Mathematical model of IPMSM in rotating reference frame

The mathematical model of IPMSM is often determined in the rotating reference
frame using the Park transfromation [8], [9]. The primary reason of using rotating
reference frame is that it is possible to control reference frame quantites seprately,
which is the basic aim of vector control scheme. Using the (d-g) coordinate system,
dynamical model of the IPMSM based on stator currents in (d-q) reference frame is

well known in the literature.

dig R. 1 .. 1
— ==y +— @ Lyley +—U
dr L sd L Or Lglsq L sd (2.5)
dig; Ry, 1 ) 1
G g e ) 0
d 1 . -
da;r =7 Wtisg +(Lg ~Lodisaisg —TL) (2.7)
% _, (2.8)

dr
Where is¢ and isq are vector components of currents, uss and usq are vector

components of voltages, Rs is stator resistance, Lq and Lq are inductance in d-axis and

g-axis, respectively. J is inertia, and Ty is load torque.

2.2.2 Rotor flux vector-based modeling of IPMSM
The following mathematical model of the IPMSM can be obtained in stationary
reference frame [122], [123].

di 10) . .
ﬁ:—rﬂﬁﬂ'(_Rslsa+uSa)L1+(_RSISﬁ +usﬁ)L3 (2.9)
dT Ld
di
= = _ﬂﬂu + (_Rsisa +usa)L3 +(_R5i5ﬂ +u5ﬂ)L4 (210)
dT Ld
d 1 . .
d(:r =3(l//fa'sﬁ ~Vtpisq —TL) (2.11)
o _ (2.12)
dr
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Where

:L—fm —(1—%)(%2 ) (2.13)
iy =tq—fwf s +<1—Li;><Loiﬁz ~Lyisg), (2.14)
Lo = 0.5(Lg +Lg),

L, =0.5(Lg —Lg),

L = Lgtcos? 6, + Lalsin2 O, (2.15)

Ly =0.5(Lg" — Lg")sin 26,

Ly = Lal sin? o, + Lal cos? 6,
ic,o =g, C0S(26,) +is 5 SiN(26,)
A (2.16)
Is o = —lsg SIN(26,) +15 5 COS(26; )

The dynamical model of IPMSM considering the extended electromotive force

(EEMF) can be modeled by state space equation in stationary reference frame as is
presented in (2.17) - (2.20). In the EEMF model e, and ez are the vector components of

EMF. It is assumed that the parameters of the machine are considered unchanging in time.

di 1 . .
ﬁzgeﬂ +a)l’lﬂ+(_RSISZZ+US(Z)L1+(_RSISﬂ +u5ﬂ)L3’ (217)
di 1 . .
difz—l_—qea+a>r/1a+(-Rslsa+u5a)L3+(-Rslsﬂ +Usp)Ly, (2.18)
de, _doy
e e Vie % (219)
B _dor e (2.20)
dr dr Vip r ’
. Loi
(Ld Lq)(l-d I-0'052"' Ld ZSa) (221)
1
Ag = (———)(— Loigz ———Lolsp), (2.22)
Lg Lg

Where Rsis stator resistance, Lg and Lq are winding inductances, J is inertia, T, and
Te are load and electromagnetic torque, respectively. U, isopand wy. s are the vector

components of stator voltage current and permanent magnet flux, respectively. wr and

19



6r rotor angular speed and position of the rotor. 1, and Az are defined as rotor flux vector
component. Where parameters Lo, Loand functions Ly, L3, Lsand the park transformation

of stator current are defined in (2.15) and (2.16), respectively.

2.2.3 Active flux-based modeling of IPMSM

The active flux concept-based machine model transforms salient AC motor into the
non-salient one [56], [57]. This transformation reduces the burden of analysis and
design of the position sensorless control system. The active flux linkage can be
explained for the IPMSM in (2.24). To understand the active flux concept in details, the
vector diagram of active flux concept in stationary and rotating coordinate system is
presented Fig. 2.2.

3 ..
Te =5 Pn [‘/’f +(Ld _Lq)|sd }'sq (2.23)
l//?ZI//f +(Ld—|_q)isd, Ld <|_q (224)
3 .
To =3 Pavfis (2.25)

isd
Fig. 2.2 Vector representation of active flux in rotating and stationery coordinate system
where Te is the electromagnetic torque, pn is number of pole pairs, 1/1]0,‘ is the active flux

linkage. The active flux linkage includes permanent magnet flux linkage and the flux
linkage generated by rotor saliency. The direction of active flux linkage is towards the

d-axis. The linear equation of torque appears in (2.25) when n//}‘f is fixed, toque can be

controlled directly by isq.

Wi =ws - Lgis (2.26)
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The voltage equation of IPMSM in the vector form is given in (2.27),

.o d .
Ug = Ryl +E(\.ﬁ; + Lyis ) (2.27)
v =|(us —Ryis ) dr (2.28)
¥ =[(us—Rgig ) d7 - Lgis (2.29)

As per (2.26), simple relationship between stator flux and active flux is visible where
inductance Lq is the only motor parameters affected. The active flux model of the
IPMSM allows to omit the inductance Lq, which simplify the overall model of IPMSM
as described in [56], [57].

Based on the idea of active flux concept, the IPMSM model can be described in
stationary reference frame by the following differential equation (2.30) — (2.33). This
doctoral thesis aims to prove that based on active flux model of IPMSM in stationary
reference frame, it is possible to control IPMSM drive with suitable accuracy compared
to the control system which is based on d-g model where multiscalar the transformation

was proposed by Krzeminski [123].

di 1. 1 1
d—S::—L—q RSIS(Z +L_qwrl//f'8 +L—qusa (230)
di 1. 1 1
dif=-L—qu'sﬂ—L—qwrl//fa+L—quﬂ (2.31)
do, 1 . .
dfr =3(l//fa'sﬁ ~Vtpisa —TL) (2.32)
96 _ (2.33)
dr
Vsa :V/fa+|-qisa (2 34)

Vsp =Vt p5+Lglsp

Similarly, by applying state space in stationary reference frame dynamic model of
IPMSM can be prepared using EEMF as (2.35) - (2.38).

dig, 1.. 1 1
—% =~ Rylg, +—p5+—Ug,, (2.35)
dr Ly Ly Ly
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disg 1 _ . 1 1
— =~ — Rigy——=€, +—U.z, 2.36
dr Lq S'sf Lq a Lq sp ( )
de, do
ar d; Via — g, (2.37)
de d
B 29 2.38
dr dr Vip* e, ( )

In the mathematical model, stator resistance is defined as Rs; magnetic anisotropy
can be ignored by considering the rotor pole salient IPMSM into fictitious rotor non-
salient pole IPMSM, which reduces the complexity in the estimation process of speed
and position. The inductance of the rotor of the IPMSM can be considered as Lq. U,
ise, p @NA wy, p are the vector components of supplied voltage and current to stator
terminals, and flux components of a permanent magnet, respectively. J, T, and Te are
known as the machine's inertia, load torque, and electromagnetic torque. Angular speed
IS wr, and angular position is 6. In the extended model, electromotive force (EMF) is
introduced. e, is the vector components of EMF. The EMF e vector contains the
information of angular position, which will be useful in the EEMF model.

The mathematical model described in (2.30) — (2.33) redcues the overall
complexity and less machine parametrer dependent compared to classical model given
in [8], [9]. Moreover, the active flux model shows a great similarity and equivalence
between the IPMSM and SPMSM with the real magnet flux for IPMSM in the (a-5).
The sensorless control applied to SPMSM can directly applied IPMSM by using the
active flux model. In addition, the model is independent on motor inductance matrix

parameter.

2.3 Mathematical model of five-phase IPMSM

The modelling concepts of three phase electrical machine also applies to five phase
machines. In five-phase machine phase displacement between two consecutive winding
is 72°. Due to injection of current harmonic, machine model can be transformed from
natural reference frame (five-phase) to two stationary orthogonal planes for
fundamental components and third harmonic components, respectively [103], [105],
[131], [132].

2.3.1 Mathematical of five-phase IPMSM in rotating reference frame
The mathematical model of five-phase IPMSM [132], [133], [134] in synchronous
rotating frame is expressed using the following differential equation (2.39) — (2.42).
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digy i R . 1 _ 1
sd (i) — S 'sd(i) + Ld() Cl)r(i) Lq(i)'sq(i) +_Ld(-) uSd(i) (239)
| |

= L
disq(i) Rs . 1 ) 1
= sa) ~ ) (Lol Vi) )+ Usag 2.4
de Lo 0 L) o) ( d(')'Sd(l)+'/’f(l))+|—q(i) Usq(i) (2.40)
daoyiy 1(N _ o
i=
der i
dr() ~ ) (2.42)

Where, vector component of voltages Usd), Usqci) and currents isqg),isqi) for each

planes, Rs is stator resistance, Lq4q and Lqg are inductance in d-axis and g-axis,

respectively. J is inertia, T, is load torque. It is important to mention that, index i defines

reference plane for N-phase IPMSM.

For an odd phase number, i = 0.5(N-1) and for even phase, i = 0.5N -1. The variables

of first coordinate systems which is responsible for fundamental current injection is

represented using the index (1) and variables of second coordinate system which is

responsible for third harmonic current injection into system is denoted using the index

(2). In Fig. 2.3, representation of fundamental variables in the first plane and third

harmonics variables in the second plane are depicted in using vector plane in rotating

coordinates system.

Jd
S WP
L)
(T /™ N doy
Oy
gy Y Orc) i o) Isd(2) >
) : 2
doy <N Or2 @
) ........... isq(2)
Is(2)
@ (o 9

Fig. 2.3 Rotating coordinates systems (a) First plane system (b) Second plane system
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2.3.2 Active flux-based modeling of five-phase IPMSM

The mathematical model defined for three-phase machine using active flux concept
(2.30) — (2.33) can be extended for the five-phase IPMSM. The differential equations
of the mathematical model of the N-phase IPMSM in stationary reference frame for

fundamental plane and third harmonic plane have the following form (2.43) — (2.46).

diggiy 1 . 1 1
Tr T Ly o) T SOV 150 F T st (2.43)
dispiy . 1 o001 NS S (2.44)
i Ly PO T OV i) T ) :
dw, 1( N ) )
d—;(') = j[izl(‘//fa(i)lsﬂ(i) _'//fﬂ(i)lm(i))_TLj (2.45)
do.
— X =ang (2.46)
Vsa() = Lytiylsa) TVt al) (2.47)
Vspti) = La@lspa) V1 6) (2.48)

Where Rs is stator resistance, Lq) IS g-axis inductance, wr is rotor speed, Ty is load
torque, J is the rotor moment of inertia, Uy and Uy are stator voltage components,
Isa(i) @nd iz are the stator current components, . and g are the permanent magnet
flux components for first plane and second plane respectively. It is assumed that

machine parameters for five-phase IPMSM is known and constant.

The presented mathematical model of the three phase IPMSM defined in 2.2.2 and
2.2.3 and five-phase IPMSM defined in 2.3.2 are considered to design the observer

structures as illustrated in the Chapter 3.
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CHAPTER 3: OBSERVER STRUCTURE OF INTERIOR
PERMANENT MAGNET SYNCHRONOUS MACHINE

3.1 Overview

In the last decade, sensorless control has drawn major attention from researchers
across academia as well as industries which has helped to develop new sensorless
control methods for a wide speed range of the IPMSM drive [13], [15], [16]. Sensorless
control also known as self-sensing unit, is primarily used to lessen the cost and size of
the system while improving the reliability compared to mechanical sensors. Moreover,
sensorless speed control techniques are also preferred in explosive, corrosive or
chemically aggressive environments due to unreliable performance of the encoder. This
Chapter presents the formulation observer structures based on the mathematical model
of the three-phase IPMSM and five-phase IPMSM presented in Chapter 2. Before the
discussion of observer structure of IPMSM, the generalized form of observer structure

is explained.

3.2 Full-order observer structure

The generalized form of a system model can be expressed using (3.1) and (3.2).
Here, x represents vector of state variables, u is the vector of control inputs, y is the
output of the system. A, B, C contains the constant parameters of the system model
[135].

X = Ax+Bu (3.1)
y =Cx (3.2)

The full order observer for (3.1) and (3.2) can be computed using the following
differential equation (3.3) and (3.4). Here, observer tuning gains are defined in matrix
G. Error between the estimated variables and measured variables is represented using
the

%= AX+Bu+G(J-Yy) (3.3)
§=Cx (3.4)
X=X-X (3.5
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The dynamics of the observer estimation error can be determined using the (3.6)

and further simplified as (3.7).
X=X-X (3.6)
% = (A+GC)% (3.7)

Assuming that the eigenvalues of the matrix F = A+GC have the negative values

and as t—oo the error in state variable estimation X (t)—0 decays to zero and according

to Lyapunov stability theorem, the observer structure will be asymptotical stable:
% = eF'x(t) (3.8)

Based on the generalized theory of observer structure, section 3.3 and section 3.4

covers observer design of three-phase IPMSM and five-phase IPMSM, respectively.

3.3 Speed and position observer structure of three-phase IPMSM

Firstly, observer structure based on adaptive mechanism will be discussed then
extended emf (EEMF) based observer structure using non-adaptive estimation law will
be discussed. In this thesis, observer structure based on (a-f) reference frame is
implemented for adaptive observer structure as well as EEMF-based non-adaptive
structure. In the observer structure, the symbol “*” is used to define the estimated state
variable and “~” is used to define as the error between estimated and measured state

variable.

3.3.1 Rotor flux vector-based adaptive observer structure

Firstly, adaptive observer structure based on the rotor flux vector [122] will be
presented, followed by the non-adaptive speed and position observer structure. This
considered model is based on (a-f) reference frame connected to the stator and
compares the performance with the EEMF non-adaptive observer structure (2.9) -
(2.10). The observer model contains L1, Ls, and L4 introduced to which are the rotor
position functions, making this observer structure non-symmetrical. The observer
structure can be designed using the mathematical model of IPMSM (2.9) - (2.12). The
symbols such as “*”” and “~” are used for estimated and error values.

I
dig,,

(Z) 3 a a
dr :::‘ﬂ’ﬂ +(_RSISOC +Usa)L1+(_Rs'sﬁ +uSﬂ)L3 +V, (39)

26



di, S R R
—sh =_ﬂ/1a +(=Rglsg +Usg )L + (—Rsls g +Usg)Ls + Vg (3.10)

dr Ly
g, .
4, =0tV (3.11)
where
) A Ly . ]
Ay = il//fa -(1-L—d)(Lo'a2 +Lolsy) (3.12)
Lq q
Aﬂ :Liy}fﬁ+(1'Li)(L0fﬁ2'L2fsﬁ) (3.13)
q q

It can be seen that in (3.9) - (3.11), stabilizing functions are introduced v, vg and ve.
The final form of stabilizing function can be derived with the help of Lyapunov stability
criteria. In the observer model, usp is stator voltage vector components which is
considered to be the known value. Component of rotor flux can be estimated using
(3.12) - (3.13). It is assumed that the function Lz, Ls, L4, .2, i52, wsw,pdefined in observer
structure from (3.9) to (3.13) are calculated using the estimated value of rotor position
and stator current vector components.

Lo =0.5(Lg +Lg),
L =0.5(Ly —Lg),
L = Lg'cos? 6, +Lg'sin? 6, (3.14)
Lg = 0.5(Lg" — Lg")sin 26,
Ly = Lg*sin 4, + Ly cos? &,
Is2 = lsg €0S26; +is55in 26,

- P T . (3.15)
Isp2 = —lsq SIN 26, +15 5 COS 26,

Wty =Vt COSG,
N (3.16)
Vig =y sing

The error between estimated and measured parameters can be calculated using
(3.17).

o~ a . ~ ' .
'W—M_MJw—M_Ml

(3.17)

A

& =y —wp, 0, =0, -6,
The stabilizing functions in the observer structure defined in (3.9) - (3.11) will be
formed using the Lyapunov stability criteria. As per the Lyapunov stability criteria, a
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positively determined candidate function should be defined first. The chosen quadratic

Lyapunov function has the following form.
1 4 4 ~
v :E(asza“fﬁ)w?) (3.18)

The derivative of the defined Lyapunov function should be negatively determined
as (3.19)

1 o A

.| (@ (g —Ap) - (Ag —Ap)

V=ig, | Ld +
_Rs(i;aLl+isﬂL3)+Va

1 . - ~ oA ~
__(wr(/la_ﬂ“a)_wr(/la_ﬂ“a)
+

i~s,b’ ) ) (3.19)
“Rs(isg L +isplsg) +Vp

Op (@ +vp) < 0

The given observer structure is asymptotically stable if obtained stabilizing
functions have the following form and c,, ¢z, ¢ > 0 are introduced to the stabilizing
functions in (3.20), (3.21), and (3.22).

~ 1 A N>
vV, =—C4RsLyls, +C; L—wriﬂ'sa (3.20)
d
~ l AR
Vp =—CaRslalsp —C) Ea’rﬂa'sﬁ (3.21)
Vg =—Cyb; (3.22)

To estimate speed using adaptive mechanism, the positively defined Lyapunov
function can be extended as (3.23), based on the derivative of the Lyapunov function
given in (3.24), speed can be estimated using (3.25).

v =12 (3.23)
Ve
vlza)ré[—iﬁgwiagw%@j <0 (3.24)
A 1 - - A e
(2% :yg(ﬂ’ﬂlsa _ﬁ’alsﬂ)i Ve >0 (325)
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In (3.25), position error is needed to implement the stabilizing function ve. In

sensorless control operation, the implementation of speed and position error has certain
limitations as these parameters are not measured. Hence, position error 8, can be

approximated using the defined the error between the rotor flux vectors 6.
Vg =—Cy0;, (3.26)

Vectors rotate at synchronous speed of the flux vector of the permanent magnets,
which is equivalent to the rotor angular speed. The position of the rotor is the same as
the position of the flux vector of permanent magnets. Hence, the position error between
the rotor flux vectors can be estimated firstly from (3.12) - (3.13) and secondly from
(2.13) - (2.14). Vector J44(2.13) and (2.14) can be calculated using in which it can be
assumed that 6, ~ @, and the measured currents are used for calculation. &; can be seen
in Fig. 3.1. The value 8, is close to 0, and after amplifying, the value can be 8, ~ 6,.

Value 8, can be projected by

f, =tan*(p), (3.27)
_ (Aadp—Aghy) (3.28)
(ﬁaia +iﬂﬂ’ﬂ) .
g, =0 =712 920 (3.29)
9/1 +7Z'/2, @< 0

‘I’fal

AN »
14 »

Fig. 3.1. The space vector representation of IPMSM in the a-p plane

To improve rotor speed estimation during the zero-speed crossing, stabilization
function based on dot product of rotor flux vector components and stator current vector
components is proposed and rotor speed can be estimated using the added new

stabilizing function given in (3.30).
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A 1 .- - Ao
@y = yg(ﬁﬂlsa — Aois g —KcSy) (3.30)

Sw :(/iarsa +iﬂrsﬂ) (3.31)

3.3.2 Rotor flux vector-based non-adaptive observer structure

In this section, the observer structure is presented which is based on non-adaptive
speed estimation. In this structure observer structure, EMF components are introduced
in (3.34), and (3.35). Based on the added EMF the observer differential equations are
extended to (3.32) - (3.37). It is important to mention about the observability of system
before proposing an observer structure. The observability rank is 4 and determinant of
the observability matrix is nonsingular which satisfy the criteria of observability.
Hence, the system is observable [136]. The form of the observer structure is given

below.

1

i =E”ﬁ+aﬁriﬁ+(—Rsi;a +Usg )Ly + (“Ryls +Ug )L +V,, (3.32)
d(jif = —i Sy, + @ Ay + (—Rylsy +Usy )Lg + (—Rgls g +Ug5)Lg +Vy5, (3.33)
%:%m iy Ve, (3.34)

% O vy, vep, (3.35)

Ao = (i—i)(i Lolaz +iin;a), (3.36)

Ap = (é_L_lq)(é Loi g2 —é Lols3), (3.37)

Estimation error can be defined as (3.38).

i~5a = fSOt _isa' iNsﬂ = iAsﬂ _is,Bv
éazéa—ea, éﬂzéﬁ—eﬁ, (338)

O =0 —, 6 =6, -6,

The new added input variables in the observer structures are Ve, Vg, Veq, and Vg are
considered stabilizing functions. With the help of this stabilizing function, the observer

structure can converge to the real value of the machine under the assumption that all
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machine parameters are known and constant in nature. In (3.34) and (3.35), the
derivative of rotor speed can be approximated, considering the dav/dt = A@ilAt,.
Moreover, this term does not impact accuracy while estimating rotor speed and
position. As used in earlier observer structures, the Lyapunov theorem will significantly

help define the stabilizing function.

As per the Lyapunov function, a first positively determined function is defined, and
the function's derivative should be negatively determined V < 0, which can be seen in
(3.39)and (3.40), respectively.

1.0 -
Vv =§(|§a+|§ﬂ), (3.39)

1 . " oA - oA ~
. L—eﬁ+(a)r(/1ﬁ—lﬁ)—wr(/lﬁ—/lﬁ)+
V=g |

(_RSTSH +U5a)L1+(—Rsrsﬂ +u5ﬁ)L3 +V, (3.40)

1. oA s A s
| T8 H (0 (Ay = Ay) =0 (A — A4) +
+ s, <0

(-Rylsy +Usg )Lg + (_RsiNsﬁ +Ugp)ly +Vg,

The proposed observer structure is asymptotic and stable if the stabilizing function

has the following form: Gains c,, Ces, and cezare > 0.

v, =—¢,Rilyiy, (3.41)
Vg =~C,RsLisg (3.42)
Vea = Ceq Li i~s,b” (3.43)
a
1.
Ve =~Cop T sa (3.44)

The estimated angular speed and position value can be determined from the

dependence of EEMF and permanent magnet flux components [137]. It is worth

mentioning that @jfa +y7;ﬂ # 0 flux components tend to have real values in finite time, and

estimated speed converges exponentially to their real value.

. CWtq tEpYs
w:aaﬁﬁ

. " " (3.45)
Viag tVip

31



0, =atan(éy.6,) (3.46)
3.3.3 Active flux-based adaptive observer structure
Based on the active flux-based mathematical model defined in (2.30) - (2.33), the

observer structure can be prepared in the following the form (3.47) - (3.49).

di, 1. 1 .. 1
ﬁ = —L—q RSIS(Z +L—qa)rl/lfﬁ +L—qUSa +Vy (347)
dfsﬂ 1 S 1 A A 1
—F = = Ria-— +—Ugp +V
dr L, slsg an)r‘//fa B sBpTVp (3.48)
dé,
—L =@ +v
. r +Vp (3.49)

Ve, @nd vy are the added stabilizing functions in the observer structure. The final
form of the stabilizing functions can be computed using the Lyapunov stability theorem.

It can be seen in the observer model that uy,, sthe input state voltage vector components.
fsa,/; , ‘/}sgg,ﬂ and ‘/7fa,ﬂ are defined as the vector components of estimated currents,

estimated components of stator flux and permanent magnet flux in (a-f) reference
frame which are calculated using estimated angular position as well as estimated
angular speed.
Ve, =W COSH,
Afa 1; Ar (350)
Vsa = qusa tVWia
Vg =wssing,
e (351)
Vsp =Lglsp +¥1p

The error between the estimated state variable and measured value can be obtained
from the following form.

oy = sy — sy kg =lsg —lsz,

sa ~'sa T 'sa ~Sﬂ ASﬂ sp (352)
oy =y —ap, 0, =0, -6,

By implementing stability analysis using the Lyapunov stability theorem the

proposed observer structure can be stabilized. As per the Lyapunov stability criteria,

firstly a positively determined candidate function should be defined. The chosen

quadratic Lyapunov function has following form.
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1/ o0 = ~
v =§((|52a +|52ﬁ)+¢9?) (3.53)

In the next step, derivative of defined Lyapunov function in (3.53) must be

negatively determined which means v < 0.
.. R. 1,.,. -
V =lsy {__lsa +L_(a)r('//fﬁ —vip)—oWip —l//f,g))+Va]+
Lq q
- R- 1 . . -
ls {_G'sﬁ —L—(wr Wiag—Via) = Wta _‘//fa))"'vﬁ]"' (3.54)
q
O, (& +vg) < O
By introducing c. & cs > 0 in the stabilizing functions v, vs and v the proposed

observer structure becomes asymptotically stable and the stabilizing functions have the

following form:

Rs ~
Vo =Co _Slsa (3.59)
Lq
Rs ~
Vg :—CaL—s'sﬁ (3.56)
q
Vg = —Ceér (357)

The positively defined Lyapunov function can be extended in ordered to obtained
estimated speed. The extended positively defined Lyapunov function and its derivative

are given in (3.58) and (3.59), respectively

v, =1a? (3.58)
v
7 ~ 1 ~ A ~ A ~
V) =y (;wr +(W 1 glse —Vialsp)) (3.59)

With the help of adaptive mechanism, the value of estimated speed can be calculated

from (3.59) and expressed in (3.60) by assuming that aL)r ~ &)r :

O ==Yt plsg ~V1adsp), 7>0 (3.60)

It can be seen that in (3.57) angular position error exists. However, the angular

position error cannot be implemented as in sensorless control system angular position
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as well as speed are not measured. Hence, instead of 8, approximated value of this error

@W can be used and (3.57) can be rewritten as
Vg ==Co), (3.61)

Hence, the position error between the stator flux vectors can be estimated firstly from
(3.50), (3.51) and secondly from (2.34) as follows [122]. In calculation of stator flux

components (2.34), measured currents are used and measured position is replaced by

estimated position using the assumption that 6, ~ 9,.
4, =tan"(p) (3.62)

Where

YsaWsp —Vsp¥s - ~
=7 s g 22 and w, Vs, +Wspiisp 70 (3.63)
VYsaVsa T¥sp¥sp

From (3.60), the estimated value of rotor speed can be obtained. Stator current
deviation and the vector components of permanent magnet flux are used to calculated
the estimated speed. It can be seen that it is a cross product of these vectors. Mutual
position of these vectors is changing at different working instance of the IPMSM. Scalar
product of these vectors is zero if it is assumed that these vectors are perpendicular. In
practice, scalar product cannot become zero due to tuning gains of the observer.
Moreover, error in estimation of the speed will be dependent on the scalar product of
these two vectors. Hence, to increase the robustness of the observer structure, improved
estimation law is proposed in this thesis. The improved estimation law is based on the
cross and scalar product of the permanent magnet flux and stator current errors. Here,
Gain k¢ plays an important part when machine passes through zero speed. The improved

estimation law is as follow:
& =y Wt glsp —Vt pis +KcSp), 7> 0,k:>0 (3.64)
Sw = ('/;farsa 'H/}fﬂi;ﬂ) (365)

3.3.4 Active flux-based non-adaptive observer structure
The EEMF based observer structure for the estimation of speed and position
considering the non-adaptive is prepared based on the dynamic model (2.35) - (2.38)

and given as
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dc'j_iR. +L_1qéﬂ+L_1quw v, (3.66)
iif:—iRsfsﬂ—iéa+L—tusﬂ +Vg (3.67)
%:%y}m—@réﬁ+vm (3.68)
%:ij_‘?’rry;fﬂmréa e (3.69)

It can be seen that stabilizing functions vy, Vg, Ves, and ves are introduced to the
observer structures. Without stabilizing functions, it is not possible for observer to

converge to the real value of the machine, hence, stabilizing functions have significant
importance. By considering day /dz ~Ad, / At | the derivative of speed given in (3.68)

and (3.69) can be approximated. The final form of the stabilizing function can be
achieved using the Lyapunov theorem. Error of estimation and measured value can be

defined as (3.70). Positively determined Lyapunov function and its derivative which is

negatively determined V < 0 are given (3.71) and (3.72).

—lsg s iNs,B =fsﬁ_isﬁ’
—€4 éﬁ Zéﬁ—Eﬁ, (370)

lsq =

Isq
ea ea

O =0 —@p, 6 =6, -6,

1.0 -
V=2 +isp) (3.71)
- R - 1 _ o R -~ 1.
V =|sa[—E|Sa+L—qEﬂ +VaJ+|Sﬁ{—L—qlsﬁ—qea+VﬁJ (372)

The proposed observer structure is asymptotic stable if va, Vs, Ves, and vez have the

following form.

Ry ~
Vo =Co _Slsa (373)
Lq

R, -
V,B :_CaL_:ISﬁ (374)
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1.
Veq = Ceq q's/)’ (3.75)

1.
Vep = —Cep L_q s (3.76)

Where gains Cq, Ceqand cepare >0.

Estimation of angular speed using non-adaptive approach (3.77) can be performed
using dependences of EEMF and components of permanent magnet flux [137].
Similarly, angular position can be estimated using the angle observer between the
EEMF (3.79).

O = éa'/}fa +éﬂ'/}fﬂ _kfsa)

r 2 -2 K¢ >0 (3.77)
Via tVip

So = Aa'/}fﬂ _éﬂl/}fa (3.78)

6, =atan(és,é,) (3.79)

3.4 Speed and position observer structure of five-phase IPMSM

In this section, observer structures of five-phase IPMSM is presented in stationary
reference frame. Adaptive observer structures are prepared based on the defined
mathematical model of the five-phase IPMSM. In the multiphase observer structure,
index i refers to reference plane of the system. For fundamental plane, i = 1 and for

A

second plane i = 2. In the observer structure, estimated quantities are denoted using

(IR
~

and the error between the estimated and measured variable is defined using “~”.

3.4.1 Active flux-based adaptive observer structure of five-phase IPMSM
From the dynamical model of the multiphase IPMSM (2.43) - (2.46), an observer
structure can be prepared in a stationary reference frame for each plane. The final form

of the observer structure has the following form (3.80) - (3.82).

df H 1 ~ 1 N . 1

;0;(0 =‘—Lq 0 Rslsa i) +_Lq(i) Or i)Y' () +%u5a(i) +Va(i) (3.80)
Gy 1 opp Lo L a8
dr Lya) s'sp(i) L) r(i)V f (i) Lot sp() TVA() :
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dd;

) .
o ORAZI0) (3.82)
¥t i) =¥t (i) COSOri) (3.89)
Vsa() = Latiylsal) *¥ fa()
Wt pi) =Vt iy SINGr (i) (3.84)
sy = Lalsat) +¥1 5()
The estimation error can be computed using (3.85).
Isa(i) = sy ~Tsati)r Tsp(i) = Ispei) ~lspiy» (3.85)

@r (i) = Dr(i) ~ Vi) ér(i) :ér(i) = (i)
The estimated quantities are: stator current components ?sa(,») and ?sﬂ(,»), permanent

magnet flux components ?/fa(l.) and ?/fﬁ(i), stator flux components '/A’sa(i) and ?/Sﬁ(l.),

angular speed of the rotor @,(;, angular position of the rotor @,(,»). To stabilize the
observer structure asymptotically, the following stabilizing functions are added V),
gy and veg). The form of the stabilizing functions is calculated using the Lyapunov
stability criteria.

To apply the Lyapunov theorem, based on the current error and position error,
positive function is defined in (3.86). The derivative of defined function should be

negative to obtain the asymptotic stability of the system as expressed in (3.87).

1. 3 .
Vi) =§((lsza(i) +|52ﬂ(i))+‘9r2(i)) (3.86)

. R - 1 o
Vi) = sagi) st (@r iy W £ piiy =¥ £ aGi)) = @r (i) W £ gy —¥ £ aGi)) T Vati) |+
90) Lai)

q(i)
b (i) (@) +Vp()) < O

o~ R -~ 1 Y ~ ~ ~
Is 4 (i) {_L_'sﬁ(i) _%(wr(i)(‘ﬂfa(i) “¥ta(i)) = @) W tag) —l//fa(i)))+Vﬁ(i)J+

(3.87)

The defined observer structure is asymptotically stable for each plane by selecting
the following stabilizing functions ve), Vi) and vey. In the defined stabilizing functions,

tuning gains Ca(y, Coc) > 0.
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R. -
Va(iy = ~Cali ?zi)ka(i) (3.88)

e R
Y0 =W )"0 (3.89)
Vogi) = _Ce(i)ér(i) (3.90)

The defined positive function (3.86) is extended to estimate the speed using the
classical adaptive control law. The extended form and its derivative is defined in (3.91)
and (3.92), respectively.

1 .7
Vigiy = = @ 391
1) = 2 ) (3.91)

Vigiy = Br iy (S~ @r iy + ¢ piylsadiy =¥ faiylsp(i))) (3.92)

: 1
y(i)

By using the adaptive control mechanism, angular speed of the machine can be
estimated using the (3.93)

ér(i) =)Wt g sy ~ ¥ targ) 55 ) 70i) > O (3.93)

Similar to 3-phase observer structure, position error exist in the defined stabilizing
functions in (3.90). The position error 9,(,-) can be approximated using the error <~9W(i) and

stabilizing functions can be updated as (3.94)
Vo(iy) = _Ce(i)éy/(i) (3.94)
To apply updated stabilizing function (3.94), error between stator flux components

required to be calculated. Stator flux components {/;sa(i) and QA”S/;(I-) defined in (3.83) -

(3.84) are calculated using the estimated position and estimated currents. In the next
step, based on assumption that 6, ~ 9r(i), measured stator flux components defined in
(2.47) - (2.48) are calculated using the estimated position @r(i), and measured currents

COMPONENtS isa), Ls(i)-

6‘!’0) = tan_l(go(i)) (395)

Where
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_ Vsa@Y'spti) ~Vsp@Ysali)
Vsa)Wsal) T ¥spi)VsAl)

P s and W i\Wsa(i) +¥spi)Wspi) =0 (3.96)

Similarly, speed estimation law is also improved by adding the stabilizing function
Sw(i), the stabilizing function is prepared using vector dot product between permanent
magnet flux components and stator current components as defined in (3.98). The
updated speed adaptive law improved the estimation during the zero crossing. The

tuning gains ey & ) must be > 0.
ey = 70) 7 t aiylsply =V 1 pGiyTsay * Ketiy o)) (i) > 0 Kegiy> 0 (3.97)
So) = W tal)isal) V1 piiyisac)) (3.98)

3.5 Stability analysis of the observer structures

In this section, stability analysis of speed and position observer structures is
presented. In the observer structure added stabilizing functions are selected based on
the fact that the Lyapunov condition 7 < 0 is satisfied. The Lyapunov condition ensures
the asymptotic stability of the observer structure when defined constant tuning gains
are > 0. The observer structures tuning gains can be identified from the model of the
observer errors linearized near an equilibrium point in d-g coordinate system as
presented in [105], [118], [122]. In the following subsections stability analysis is
presented for rotor flux-based observer structure and active flux-based observer

structure.

3.5.1 Stability analysis of rotor flux vector-based adaptive observer structure of
three-phase IPMSM
The stability analysis of rotor flux vector-based observer (3.9) - (3.11) is discussed
in details [105], [118], [122]. The model of the observer errors is considered in rotating

reference frame d-g. The error vector X is presented in (3.99). Error vector contains

information of current errors: lsq ,l, , speed error @y, position error 0, .

X=liy Ty @ ér]T (3.99)

The matrix A of the observer systems cab be prepared as follows,
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-3 (1+c,) aza):(l+ ;) azi;q 0

A| —dsoricy) —ay(l+c,)  —agigy O (3.100)
_7(a2i;q - kc‘/’;d ) 7(33i;d + kc‘/’:q) 0 0
0 0 1 —Cp
R bk b R (3.101)
il Ld,az Ld’a3 qua4 L

The value of i,

can be computed using (3.102), and the value of i.;, and o, are
chosen based selected equilibrium points. The stability analysis is performed using the

defined tuning gains and chosen working points:

S TL
ISq = x
1 +(Lg—Lolia)

(3.102)

In Fig. 3.2 (a), ¢, = 1.0 p.u. to 10.0 p.u. and ¢y = 0.0 p.u., for . = 1.0 p.u., y = 0.2
p.u., ke=0.05 p.u., ¢;=0.05 p.u., T. = 1.0 p.u.

In Fig. 3.2 (b), cs = 0.05 p.u. to 2.0 p.u., for w,. = 1.0 p.u., ¢, = 3 p.u., y=0.2 p.u,,
ke=0.05p.u.,c;=0.05p.u., TL =1.0 p.u.

2 T T T T T T T 2 T T T
£k KK KK KX F X | | . *
T e e e ] S
) | | |
| | | | | | | | | |
o = 0 a:_']_
e e I S e e
| | | | | | =
08— oootooojo i Unstablefor\ | e=20 R
. =00 \ S—- ToTTTT o qmTTTT r‘“x\:‘
T e | |
R e L L I T e e e o e T
| | | | | | | | | |
B i e e e e T e e
L S o | stablefforc,>0 |
1‘___I____T___T___T____\____T___T___“ [ I T-—————~ I T T T T
| | | | | | | | | |
| | | | | | | | | |
15kttt -4 - 15F-————-—-- I e == Fem—————
oKk kK o+ % 4 % | | %
_2 1 | | | | 1 | _2 1 | |
-08 -0.7 -06 -05 -04 -03 -02 -01 O -2 -15 -1 -05

Re(i) e(i)

Fig. 3.2 The spectrum of matrix A of the linearized observer system (a) for ¢, = 1 p.u. to 10.0 p.u and
¢y =0 (b) for co = 0.0 p.u. t0 2.0 p.u.,

In Fig. 3.2 (a), stability analysis plot is presented when c, was changed from 1.0
p.u. to 10.0 p.u. and cs was 0.0 p.u. As can be seen from Fig. 3.2 (a), the position error
tuning gain cy affects stability of the linearized system, at cy= 0, system is unstable and

as tuning gain c, is increasing from 1 p.u. to 10 p.u eigen values of the matrix A travels
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further in left side of the s-plane. However, due to imaginary poles oscillations can be
experienced in the system. In Fig. 3.2 (b), cy was varied from 0.01 p.u to 2.0 p.u. and ¢,
= 3.0 p.u., the linearized system was stable for the chosen operating points when cy >
0. At cp = 0.01 p.u., eigen value were close to zero but in left half the plane, when ¢y
increases from 0.01, eigen values drifted further left and system stability margin

increases.

In Fig. 3.3 (a), or=-1.0 p.u. to 1.0 p.u. for ¢, = 3.0 p.u., ¢y = 0.07 p.u., y = 0.2 p.u.,
ke=0.05p.u.,c;=0.05p.u., TL =1.0 p.u.

In Fig. 3.3 (b), ke = 0.01 p.u. to 2.0 p.u., for @, = 1.0 p.u., ¢, = 3 p.u,, y = 0.2 p.u.,
¢y =0.07 p.u.,c;=0.05 TL=1.0 p.u.

In Fig. 3.3 (a), with the selected operating points and tuning gains angular speed
was changed from -1.0 p.u. to 1.0 p.u. Eigen values of the system matrix A lies in the
left half of plane and system is stable. In Fig. 3.3 (b), tuning k. was changed from 0.01
p.u. to 2.0 p.u. The linearized system remains stable throughout the change in value of
Ke.
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Fig. 3.3 The spectrum of matrix A of the linearized observer system (a) for wr=-1.0 p.u. to 1.0 p.u. (b)
for ke =0.01 p.u. to 2.0 p.u.

In Fig. 3.4 (a), ¢; = 0.01 p.u. to 2.0 p.u., for w,, = 1.0 p.u., ¢, =3 p.u., y=0.2 p.u., ¢y
=0.07 p.u., ke =0.05, T. = 1.0 p.u.
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In Fig. 3.4 (b), y = 0.01. to 2.0 p.u. for ¢, =3.0 p.u., co = 0.07 p.u., w, = 1.0 p.u., ke
=0.05p.u,c,=0.05p.u., TL =1.0 p.u.

In Fig. 3.4 (a), ¢; was altered from 0.01 p.u. to 2.0 p.u., and in Fig. 3.4 (b), y was
changed from 0.01 p.u. to 2.0 p.u. In both cases, the linearized observer system, was
stable. When c; and y = 0.01 p.u., the eigen value of the matrix A were close to zero
and as the value of both tuning gains increased eigen value travelled further in left half

of the plane.

For the defined operating points and selected tuning gains, linearized observer
structure is stable. For ce = 0.0 p.u, observer structure is unstable which shows the
significant of the proposed stabilizing functions (3.26), in order to increase the stability

range ¢, > 1 and kc> 0.
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Fig. 3.4 The spectrum of matrix A of the linearized observer system (a) for ¢; = 0.0 p.u. to 2.0 p.u., (b)
for y =0.01 p.u. t0 2.0 p.u.

3.5.2 Stability analysis of rotor flux vector-based non-adaptive observer structure
of three-phase IPMSM

The stability analysis of non-adaptive rotor flux vector-based observer structure
(3.32) - (3.35) is depicted here. In (3.103), error vector X consisting current errors isd
,fsq and EMF errors éd ,éq in rotating coordinates are presented. The system matrix A

is presented in (3.104). The value of i.,, and w, are selected based on chosen working

points and is*q can be obtained using (3.106).
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—-a(1+cy) 0 0 as
0 -ag(l+c,) -a4 O
A = *
-Ryp Cog 84 0 a)rz
—Ceﬂa3 —Rsa)r (Orz* 0
Rs 1 Rs 1
y=— =", =", =—
L La L L
o T
Isq

"y (g - Lyling)

(3.103)

(3.104)

(3.105)

(3.106)

The following value of tuning gains and working points are selected to conduct the

stability analysis.

In Fig. 3.5 (a), ¢, = 1.0 p.u. to 10.0 p.u. for w, = 1.0 p.u., Cex = 0.7 p.U., Cep = 0.7

p.u., T. = 1.0 p.u.

In Fig. 3.5 (b), Cee = 0.1 p.u. to 1.0 p.u. for w, = 1.0 p.u., c, = 3. p.U., s = 0.7 p.u.,

TL.=10p.u.
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Fig. 3.5 The spectrum of matrix A of the linearized observer system (a) for ¢, = 1 p.u. to 10.0 p.u. (b)

for c., = 0.1 p.u. to 1.0 p.u.

In Fig. 3.5 (a), tuning gain c, was varied from 1.0 p.u to 10.0 p.u. For lower value

of c,, linearized system was stable but eigen values of matrix A were close to zero
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value, as ¢, was increased eigenvalues drifted further in left half. In Fig. 3.5 (b), Ceq Was
changed from 0.1 p.u. to 1.0 p.u. As seen from the Fig. 3.5 (b), c.« has effect on the
position of the eigen values. For c., = 0.1 p.u., poles are closer to zero and c., = 1.0 p.u.
poles are moving away in the left side of complex plain.

In Fig. 3.6 (a), s = 0.1 p.u. to 1.0 p.u. for w, = 1.0 p.u., ¢, = 3.0 p.u., Cee. = 0.7 p.U.,
T.=1.0p.u.

In Fig. 3.6 (b), w, =-1.0 p.u. to 1.0 p.u., ¢, = 3.5 p.U., Cew, = 0.9 p.U., C;s=0.9 p.U.,
TL.=10p.u.

The spectrum of matrix A of the linearized observer system is presented when cs
is changing from 0.1 p.u. to 1.0 p.u. in Fig. 3.6 (a) and angular speed wy is changing
from -1.0 p.u. to 1.0 p.u. in Fig. 3.6 (b). In both cases, eigen values of linearized system
were in left half and system was stable.
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Fig. 3.6 The spectrum of matrix A of the linearized observer system (a) for c.; = 0.1 p.u. to 1.0 p.u. (b)
for w,=-1.0 p.u. to 1.0 p.u.

3.5.3 Stability analysis of active flux-based adaptive observer structure of three-
phase IPMSM
In the defined observer structure (3.47) - (3.49) and (3.64), the correction terms v,
v and ve with constant tuning gains c,, Cs, y, and k. are added. The tuning gains can be
identified by linearizing the observer errors model near an equilibrium point in (d-q)

reference frame.
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The observer error model is presented in rotating coordinates system as below
(3.107)- (3.110).

gy [% %j - Lo o) (3.107)
d;—q :(—E—ca E—:]i;q —L—lq(cbrwsd o) (3.108)
SO st~ Vi e P+ (3.109)

A L
iji; = @ +Cyb; (3.110)

The vector of deviations X defined in (3.111) and the matrix A is defined as (3.112)

. . . L
X=[Isd o gr] (3.111)
—a(l+c,) a0 aglgg 0
N I, ~a4(l+c,)  —agig O (3.112)

_7(a2i;q - kc‘/’;d ) 7(a3i;d + kc‘/’:q) 0 0
0 0 1 —Cp
Where i, and i, imply the values determined from working point. The iy, = -0.05 p.u.

and w, are chosen from different working points. The working point for i:q can be

calculated from (3.114).

R ot b R 3.113
al—Ld,az—Ld,aa—Lq,a4 ( )

x TL
Isg = *
(s + (L —Lg)isg)

(3.114)

The stability analysis of active flux-based adaptive observer is performed as a result

the following parameters and the equilibrium point changes.

In Fig. 3.7 (a), ¢, = 0.1 p.u. t0 5.0 p.u. and ¢y = 0.0 p.u., for w,. = 1.0 p.u., y = 0.12
p.u., ke=0.05p.u., TL=0.7 p.u.

In Fig. 3.7 (b), c,= 0.1 p.u. to 5.0 p.u. and ¢y = 0.1 p.u. to 0.5 p.u., for @, = 1.0 p.u.,
y=0.12 p.u., ke=0.05 p.u., T = 0.7 p.u.
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In Fig. 3.8 (a), »,, =-1.0 p.u to 1.0 p.u. for ¢, = 3.5 p.u. and ¢cs = 0.1 p.u., y = 0.12
p.u., ke=0.05p.u.,, TL=1.0p.u.

In Fig. 3.8 (b), ke = 0.01 p.u. to 2.0 p.u. for @, = 1.0 p.u. forc, =3.5p.u,, cp=0.1
p.u.,, y=0.12p.u.,, TL=1.0 p.u.
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Fig. 3.7 The spectrum of matrix A of the linearized observer system (a) for ¢, = 0.1 p.u. to 5 p.u. and ¢y
=0.0p.u. (b) forc,=0.1p.u.to 5 p.u. and ¢y =0.1 p.u.to 0.5 p.u.
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Fig. 3.8 The spectrum of matrix A of the linearized observer system (a) for wr =-1.0 p.u. to 1.0 p.u. (b)
for k. =0.01 p.u. to 2.0 p.u.

It is worth noticing that in Fig. 3.7 (a), when c, is changing from 0.1 p.u. to 5 p.u.

and position error equation (3.61) is omitted ¢y = 0.0 p.u. in the linearized system, due
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to open integrator form one pole of the system matrix A lies at zero which means the
linearized system has undamped oscillation and system is unstable. In Fig. 3.7 (b), Cq is
varying from 0.1 p.u. to 5 p.u. and ¢cs > 0.0 p.u. and varying from 0.1 p.u. to 0.5 p.u. all
poles of the system lies in the left half of the plane and system is stable.

In Fig. 3.8, eigen values of matrix A is shown for two cases. In Fig. 3.8 (a), rotor
speed w,. is changed from -1.0 p.u. to 1.0 using defined tuning gains. It can be observed
that the linearized system is stable for the defined tuning gains. In Fig. 3.8 (b), rotor
speed w, was set around 1.0 p.u and applied load torque T, was 1.0 p.u. and gain ke was
changed from 0.01 to 2.0 p.u. It can be observed that eigen values of the system matrix

A moves further in left half plane and overall system remain stable.

In Fig. 3.9 (a), y = 0.01 p.u to 2.0 p.u. for ¢, = 3.5 p.u. and ¢s = 0.05 p.u., »,= 1.0
p.u., ke=0.05p.u., T = 1.0 p.u.

In Fig. 3.9 (b), », = 0.1 p.uto 1.0 p.u. and co = 0 to 2.0 p.u., forc, =3.5p.u.,, y =
0.12, ke=0.05 p.u., TL=1.0 p.u.
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Fig. 3.9 The spectrum of matrix A of the linearized observer system (a) for y = 0.01 p.u. to 2.0 p.u. (b)
for or = 0.1 p.u. to 1.0 p.u and ¢y = 0.0 p.u. to 2.0 p.u.,

In Fig. 3.9 (a), the tuning gain y used in adaptive speed estimation was changed
from 0.01 p.u. to 2.0 p.u. For y = 0.01, one of the poles of the system is closer to zero
and as the value of y increases poles are drifting away from zero and increases overall

stability. For y = 2.0 p.u. systems poles are away from zero but due to imaginary value
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of poles oscillation can occurs. In Fig. 3.9 (b), rotor speed w, was varied from 0.1 p.u.
to 1.0 p.u. and co was also changed from O p.u. to 2.0 p.u. If proposed stabilizing
functions (3.61) is not added in the system, then the system remains unstable as one
pole will remain at zero due to open integrator. When ¢ > 0.0 p.u, system is stable and

as rotor speed is increases from 0.1 p.u. poles are moving imaginary planes as shown .

3.5.4 Stability analysis of active flux-based non-adaptive observer structure of
three-phase IPMSM

The stability analysis of non-adaptive observer structure (3.66) - (3.69) is presented

here. The error vector X consisting current errors: lgg ,isq and EMF errors: éd ,éq IS

defined in (3.115).

e e . T
X=lig Iy & & (3.115)

By using the observer errors for dg coordinates, the matrix A of the observer system
can be determined as follows:

—-ay(1+cy) 0 0 as
0 -ag(l+c,) -a4 O
A= * e 3.116
-Rso, Cep 84 0 a)rz ( )
_Ceﬂ a3 - RS (0: —C()rz* 0
Where Rt R 1 3.117
=Yl Ld,az Ld,a3 Lq,a4 Lq ( )

The Value of iy, i;, and o, are obtained using the chosen working points. The iy,

=-0.05 p.u. and i:q can calculated from (3.118)

. T
lsq = =
(vt +(Lg —Lg)isg)

(3.118)

The following equilibrium points and tuning gains are used to conduct the stability

analysis.

In Fig. 3.10 (a), ¢, = 0.1 p.u. to 5.0 p.u. for w,. = 1.0 p.u., Cex, = 0.9 p.U., Cez = 0.9
p.u, TL=1.0p.u.

In Fig. 3.10 (b), Cee = 0.1 p.u. to 1.0 p.u. for o, = 1.0 p.u., ¢, = 3.1 p.u., ces = 0.9
p.u., TL=1.0 p.u.
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Fig. 3.10 The spectrum of matrix A of the linearized observer system (a) for ¢, = 0.1 p.u. to 5.0 p.u. (b)

for e = 0.1 p.u. to 1.0 p.u.

1.0 p.u., ¢, =3.1p.U., Cer =0.9

0.1 p.u. to 1.0 p.u. for w,

In Fig. 3.11 (a), Cep

p.u., TL = 1.0 p.u.

0.9 p.u,

-1.0 p.u.to 1.0 p.u., €, = 3.1 p.U., Ce. = 0.9 p.U., Cep =

In Fig. 3.11 (b), w,

TL.=10p.u.
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Fig. 3.11 The spectrum of matrix A of the linearized observer system (a) for c.s

-1.0 p.u. to 1.0 p.u.

for wr
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In Fig. 3.10 (a), the tuning gain c,was changed from 0.1 p.u. to 5.0 p.u. and in Fig.
3.10 (b), the tuning gain c., was varied from 0.1 p.u. to 1.0 p.u. It can be observed that
at ¢, = 0.1 p.u. and c., = 0.1, poles are closer to zero, and as the value of tuning gain
increases the poles are drifting away and increases the stability of the linearized system.

In Fig. 3.11 (a), the tuning gain ces is changed from 0.1 p.u. to 1.0 p.u. As the tuning
gain value of c. is increasing, poles are drifting away from zero, but due to imaginary
poles the effect of oscillation can occur. In Fig. 3.11 (b), rotor speed was changed from
-1.0 p.u to 1.0 p.u using the defined tuning gains. It can be noticed that system is stable

but when speed is -1.0 p.u., system is closer to zero and stability margin is less.

3.5.5 Stability analysis of active flux-based adaptive observer structure of five-
phase IPMSM
The stability analysis of five-phase active flux-based adaptive observer structure

(3.80) - (3.82) is presented here. The deviation vector >~<(i) and system matrix A are

presented in (3.119) and (3.120), respectively.

Y ~ ~ ~ ~ T
X(i) :['sd(i) lsq(i)  @r(i) Hr(i)} (3.119)
—ay(j) L+ Cyiy) aZ(i)a’:(i) a2(i)i:q(i) 0
Ag) - _a3(i)a’:(i) =iy (1+ Cq i) _a3(i)i:d(i) 0
)~ * * X *
=760y (@2qiyisqqiy —Ke@)Wsd(i))  7Gi) (@3(iisd iy +Ke(i)Wsqd)) 0 0
0 0 1 —Cg(i)
(3.120)
R i Lyqi R
Where a=—, 8= ) g, - A0 8y =— (3.121)

» 83
L(i) L (i) 0 0
The value of i:d(,.), a):(l-) are selected based on chosen working points. i:q(,-) can

calculated using (3.122). The selected values of iz, = -0.1 p.u. and iy, =0.0 p.u.

T
Wt iy + (Lagiy — Loy sd iy

ing(iy = (3.122)

In Fig. 3.12 (a), C«1) = 1.0 p.u. to 10.0 p.u. for wr@wy = 1.0 p.u., y) =0.3 p.u., key =
0.1p.u.,cyy =0.1p.u, Te =1.0p.u.
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0.3 p.u., ke
3 p.u., ya
S p.U., 72

0.0 p.u., for cu()
0.0 p.u., for cu)

-3.0 p.u,, y

1.0 p.u. to 10.0 p.u. for wrp)
-1.0 p.u. to 1.0 p.u. and cy()
3.0 p.u. to -3.0 p.u. and cy()

0.1p.u, TL=10p.u.

0.1 p.u.
0.1p.u.

In Fig. 3.12 (b), Cx2
In Fig. 3.13 (a), wr@
In Fig. 3.13 (b), wr)

0.3 p.u., ke2)

0.1 p.u., o2
0.3 p.u., keny
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Fig. 3.13 The spectrum of matrix A of the linearized observer system (a) for wr1y)=-1.0 p.u. to 1.0 p.u



In Fig. 3.12, stability plot is presented where tuning gain cag in each plane was
changed from 1.0 p.u. to 10.0 p.u. With the increment in tuning gains cag, the eigen
values of the matrix A drifting away in the left half plane. Due to complex conjugate
roots, oscillation can occur. In Fig. 3.13 (a), rotor speed was changed from -1.0 p.u. to
1.0 p.uin first plane and 3.0 p.u. to -3.0 p.u. in second plane and tuning gain cg= 0 for
both planes. As can be seen from Fig. 3.13, due to omission of Cq), the linearized system

is unstable as one pole always remain at zero value due to open integrator.

In Fig. 3.14 (a), wr@y =-1.0 p.u. to 1.0 p.u. and cgy = 0.1 p.u., for c,2) =3 p.u., y
=0.3p.u.,, ke =0.1p.u, TL=1.0 p.u.

In Fig. 3.14 (b), wr@e) = 3.0 p.u. to -3.0 p.u. and cez) = 0.1 p.u., for c,2) =5 p.u., Y
=0.3p.u., keey =0.1 p.u.
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Fig. 3.14 The spectrum of matrix A of the linearized observer system (a) for w1y =-1.0 p.u. to 1.0 p.u
and ¢y = 0.1 p.u. (b) for wre = 3.0 p.u. to -3.0 p.u and ¢y =0.1 p.u.

In Fig. 3.14, cegywas included and kept at 0.1 p.u. for the same working points. The
linearized system was stable, which shows the importance of the proposed stabilization
function defined in (3.94).

In Fig. 3.15 (), kew) = 0.1 p.u. to 5.0 p.u. and for ¢, = 3 p.u., yy = 0.3 p.U., wr)
=10p.u,cyy =01p.u,TL=210p.u.

In Fig. 3.15 (b), kezy = 0.1 p.u. to 5.0 p.u. and for cq@2) =5 p.u., y2) =0.3 p.u., wre)
=-3.0p.u, coe =0.1p.u.,
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In Fig. 3.16 (), y(1) = 0.1 p.u. to 5.0 p.u. and for c,q) = 3 p.u., kery = 0.1 p.u., wr)

=10p.u,ce =01p.u,TL=210p.u.

In Fig. 3.16 (b), y = 0.1 p.u. to 5.0 p.u. and for c,2) =5 p.u., kep) = 0.1 p.u., wre)

=-3.0 p.u,, coe = 0.1 p.u,,
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Fig. 3.15 The spectrum of matrix A of the linearized observer system (a) for k) = 0.1 p.u. to 5.0 p.u

(b) for ke = 0.1 p.u. to 5.0 p.u
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In Fig. 3.15, the eigen values of linearized observer structure is presented for

fundamental plane and second plane. In the presented plot, tuning k) was varied from
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0.1 p.u to 5.0 p.u. In Fig. 3.16, the stability analysis is depicted for the case of y
changing from 0.1 p.u. to 5.0 p.u. In both Fig. 3.15 and Fig. 3.16, eigen values of the
linearized observer structure were in left half of complex plain and system was stable
in each plane for the given operating points.

In this chapter, complete description of the design of adaptive and non-adaptive
observer structure of three-phase IPMSM is provided. The observer structures of three-
phase IPMSM and five-phase IPMSM are prepared using the mathematical model
explained in Chapter 2. To estimate the state variables of the fundamental plane and
second plane in five-phase IPMSM, adaptive active flux concept-based observer

structure was extended as defined in 3.4.1.

Furthermore, stability analysis of three-phase observer structures and five-phase
observer structures are provided to ensure the proper selection of tuning gains and
stabilizing functions. To conduct the stability analysis, observer error model was
transformed rotating coordinates systems. Based on the stability plots, it can be
identified that without using the proposed stabilizing functions in position estimation

system remains unstable as one pole always lies at origin.

In the next chapter, detailed discussion on control structure of three-phase IPMSM
and proposed control solutions based on wrx),isi) vectors (1% strategy) and s, is()

vectors (2" strategy) of five-phase IPMSM are provided.
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CHAPTER 4: CONTROL STRUCTURE OF POLY-PHASE
INTERIOR PERMANENT MAGNET SYNCHRONOUS
MACHINE

4.1 Overview

In this chapter, control structures of poly-phase interior permanent magnet
synchronous machine are discussed in details. For three-phase IPMSM drive classical
FOC control structure is explained. The estimation accuracy of adaptive and non-
adaptive observer structures described in Section — 3.3, was verified using the classical
FOC structure.

In the following, proposed control system structures: 1) wr),isi vectors based
control solution 2) ws(,isq) vectors based control solution of five-phase IPMSM are
presented in stationary coordinate system (a — ). To obtain effective control of five-
phase IPMSM, proposed control system utilizes the classical Pl, MPC and backstepping
control approaches using the nonlinear transformation. The control approach of a
multiphase machine incorporates simultaneous control of two virtual machines in one
single physical motor to ensure a higher value of torque generation by fundamental
current and injected third harmonic current. Firstly, control scheme implemented for
three-phase IPMSM is explained, then proposed control structure for multiphase
IPMSM are explained.

4.2 Control structure of three-phase IPMSM

4.2.1 Field-oriented control of three-phase IPMSM

In this thesis, a classical control scheme known as field-oriented control or vector
control is employed. The field-oriented control allows the satisfactory control
performance of IPMSM as the DC machine [8], [9]. To achieve good dynamic and
steady state response of the drive, field-oriented control is preferred over direct torque
control. The torque equation defined in (2.23), can be written in per unit as (4.1). For
accurate control of electromagnetic torque, flux controlling current is¢ and torque

controlling current isq should be examined as shown in (4.1).

Te:‘//fisq"'(l-d_l-q)isdisq (4.1)
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In present time, z‘:d = 0 control and maximum torque per ampere (MTPA) control
are the widely used vector control modes. To examine the performance of three-phase
observer structures in the closed loop system, the i., =0 mode was used as first control

strategy in this thesis. In addition, i,; = 0 control structure avoids the usage of machine
parameters whereas MTPA heavily relies on s, Lq, and Lq. The space vector diagram

of i, = 0 control is presented in Fig. 4.1.

p

A

/ [//f

Ug
Fig. 4.1 Space vector representation of i, = 0 control mode

As flux controlling current isg is kept at zero value, the simplified equation of
electromagnetic torque is given in (4.2).

Te =iy (4.2)

The block diagram of the control scheme is depicted in Fig. 4.2. As shown in Fig.
4.2, the Clarke transformation is used to convert 3 phase voltages and currents
components into 2 phase reference frames for the observer structure implementation.
Estimated parameters such as currents, speed, and angular position are defined using

the symbol “*”. Estimated current components i, and i,; from the observer are

transformed to d-q reference frame 7,; and isq using the estimated angular position 8, to

implement field-oriented control (FOC).

In field-oriented control, two control loops are formed. The outer loop uses one
speed controller and the inner loop requires two current controllers. Controllers in field-

SR

oriented control compare reference values of speed . and currents i.; and i, With the

estimated values of speed @, and currents iss and isq, and based on the error signals, it
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generates the reference control signals u,; and u:q. The generated reference signals in
rotating coordinates are transformed to stationary coordinates u,, and u:ﬂ to supply the

reference input voltages to inverter to generate the desired gate pulse to drive the
IPMSM drive.

Ugc

——————- —_————— == — | —

I

| |

| i / &l
2 - sq * | *

I “r lsd 4+ Usd

I

I

) o,
- O, « a
g «— @5 le— Speed |« Usp | abe
lsr, 2 pee : b
: <——— Observer sa,f )
sq <— d,q ’/ <« a, B Clsanc
@y TN

IPMSM

Fig. 4.2 The block diagram of field-oriented control scheme of three-phase IPMSM
4.3 Control structure of five-phase IPMSM

4.3.1 Field-oriented control of five-phase IPMSM

The block diagram of sensorless field-oriented control of five-phase IPMSM is
presented in Fig. 4.3. To implement observer structure in two independent stationary
orthogonal planes: fundamental plane (a-f): and third harmonic plane (a-5). extended
the Clarke transformation is used to transform 5 phase currents into 2 phase reference
frame (a-B)q). Estimated variables: speed, angular position, and currents are used to
implement sensor-less control scheme. Estimated currents in the stationary reference
frame (a-f)) are transformed to the rotating reference frame (d-q)g) using estimated

angular position to implement a field-oriented control scheme.

The FOC structure was implemented on 5.5 kW five-phase IPMSM to provide a
comparative analysis with the proposed control structure [44], [105], [112], [126],
[131], [134]. The control of fundamental and third harmonic variables is shown in the
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red and green dotted box, respectively. For accurate speed control of the five-phase

IPMSM, PI controller was implemented in the first plane. Depending on the speed error,

reference value of torque representing current z':q(l) generates in the first plane. In the
next step, based on the error between reference torque producing current i:q(l) and

estimated current ?Sq(l), g-axis reference voltage u:q(l) IS generated in the first plane to

minimize the speed error and torque error.

'___________

|t —>R—PI sq(l)l,
@y 1) -_‘?_’-
Y udc
| to ) d,dy —i—
P q(1) .
| i r) Iy ( d,g Y
sal MTPA - sd(l)P 14(2) sar(1)
u
St_ﬂﬂi_________sﬂ)__ _ ] 0y,
| aq) ko) U Ueta) | Vsl
a, By VI
| 05’,8(2)
L_watiw___Aﬁ
w Hr(l)"gr(Z)
a
BWO)
o a, A Speed 4—5"‘ b
Lig) €— Py 6 abcde o

<Y | Observer Isa,ﬁ(l)

i 1 P2) 3 (2% system - .
0 € / <_5a A1) plane) abcde
~ *

o) € ) s 2

@D

Speed .
ez <« N
: d,q, [<. Observer | ; a, By,
@ < d o pia) | (27 system | g5 | IPMSM
O plane) @ By

Fig. 4.3 The block diagram of field-oriented control scheme of five-phase IPMSM

To extract reluctance torque, the reference value of flux controlling current i:d(l)
was computed using maximum torque per ampere algorithm (MTPA) [8], [9] as

expressed in (4.3). Similar to g-axis, reference voltage u:d(l) is generated in d-axis to
minimize the error between the reference value of i:d(l)and actual value of ?sd(l). The
generated reference voltages u:d’ 41 Inrotating coordinates are transformed to stationary

coordinates us*a’ 51y Using estimated angular position 9,(1) to apply to the inverter to drive

the five-phase IPMSM drive [8], [9], [138].
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AL + v +8lkog - Low) T
0 Hlaw ~ L)

(4.3)

In the second plane, reference value of i:d(z)z 0, reference of torque controlling i:d(z)

current can be computed from the fundamental plane as the machine model of five-
phase IPMSM in first plane and second plane are in conjunction [102]. To supply the

reference voltages to the inverter, the generated control signals u;d)q(z) in second plane

are transformed to stationary reference frame u:aﬁ(z) using estimated angular position

~

0r2)-

4.3.2 Proposed control structure (y#i,lis(i)) vectors based of five-phase IPMSM

In the proposed control structure, multiscalar variables are prepared using stator
flux vector s and stator current vector isi). The selected variables in each plane are:
X11() IS rotor angular speed, X12( is electromagnetic torque, x21 is square of stator flux,
X22¢) 1S flux controlling variable. In general form multiscalar variables can expressed in

the rotating coordinate system as (4.4) - (4.7).

X11(5) = @r (i) (4.4)

X12(iy = Vsd (i)lsqei) ~¥sa(iylsd i) (4.5)
X21(1) = ‘//szd(i) ""//szq(i) (4.6)
X22(i) =Wsd(i)lsd (i) +Vsq(i)lsq(i) (4.7)

In this proposed control solution, author assumes that stator flux s vector is equal
to permanent magnet flux vector (i) which allows to form new transformation using
permanent magnet flux vector i) and stator current vector isg. The new multiscalar
variables are prepared in the stationary reference frame: X1 is rotor angular speed,
X12¢iy IS vector product of permanent magnet flux vector (i) and stator current vector
is(i), Xo1¢y 1S square of permanent magnet flux, x2oq is scalar product of permanent
magnet flux vector i) and stator current vector isi). The selected variables are defined
in (4.8) - (4.11) using the permanent magnet flux vector i) and stator current vector

is(i).

X11() = @r(j) (4.8)
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X126y =V taliylspl) ~ V't AliYsa() (4.9)
X161y =V i) V5 i) (4.10)

X22() =Vt ali)lsa(i) TV Ay lspi) (4.11)

After taking time derivative of selected variables and substituting the current and
flux derivative, multiscalar model of the control system is prepared as defined in.
gy 1

1
= S —=T
s JX12(|) JL (4.12)

dXqyo (i
20 1 X12(i) L X11(1) X21(i) — X1y X22(i) + =l Us iy f (i) —Usa )V f A(i))
dz Ty Ly .

Ungiy

(4.13)

i) 1

dr TV(i)

1
X2(i) + X11(i) *12(i) +% UsGiyW £ i) T Ysa ()W £ i) (4.14)
I

Ua(i)

Where Ty is time constant (4.15),

L.
Tyiiy = —;(I)

S

(4.15)

It can be observed that nonlinear terms appear in (4.13) and (4.14). Hence, to
implement the proposed control structure in the fundamental and second planes, the
nonlinear state feedback linearization process must be performed in the following step
[121]. The nonlinear signals myg and my) are computed from the PI controllers of x12)
and x22i), respectively. The control variables uz) and uz) are obtained from (4.13) and
(4.14), respectively. To generate the gate pulse in the inverter gate driver, the required

reference voltages u,, 4 N stationary coordinates need to be supplied. The reference

input voltages in stationary coordinates can be computed from the obtained control

signals usgy and uz).

U)WV fa(i) —Ya(i)¥ 1 i

Uy = Lot | a(lx)Zl(i) - (4.16)
U2 1 ) UiV f a(i)

Usp(iy = Lq(i) o (4.17)
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The following linear model of the machine can be formed after completing the

process of nonlinear state feedback linearization and decoupling process. The fully

decoupled model of the machine is presented in (4.18) - (4.20). Mechanical subsystem

IS represented using (4.18) and (4.19). The electromagnetic subsystem is presented in

(4.20).
dxgy 1 1
TR IO Rl (4.18)
dxoi 1
T _ Ly my 4.19
at T ( 12(i) T Mi) ) ( )
dXiy 1
— == —Xoo(iy + My 4.20
at Tv(i)( 22(1) T 2(.)) ( )
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Fig. 4.4 The block diagram of (wx),isgiy) vector based control structure of five-phase IPMSM

In Fig. 4.4, the block diagram of the proposed control structure is visible. The input

stator current components in the natural reference frame (abcde) are requisite to

transform to stationary reference (a-f) frame through the Clarke transformation for

observer structure implementation. The instantaneous value of stator voltages and

currents are used in the estimator in each plane, to reconstruct the machine variables.
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In the next step, multiscalar variables are calculated using the estimated variables to
implement the proposed control structure. In the first plane, the speed controller is used
to regulate the speed of the machine and generate the reference value of electromagnetic

torque x’fz(l) depending on the speed error. Moreover, electromagnetic torque controller

and flux controller generate signals myg and myg for each plane. These nonlinear
signals are used as nonlinear state feedback to linearize the defined multiscalar model
of the control system of the five-phase IPMSM. After the decoupling process, when the
system model considered to be linear and the reference voltage signals are computed

from the control signal appearing in the multiscalar model.

It is important to acknowledge that the reference value of x’fz(z) can be computed using

the X}kzu)- The ratio between the third harmonic torque to fundamental torque is

considered to be around 10 % from the presented FFT analysis in Chapter 5.

X2(2) = Ko X2 (4.21)

Where the value of k1> was selected from the range of 0.1 to 0.15. The x’fz(z) defined

(4.21) is also considered during the implementation of the other proposed control

structures.

In addition, after the linearizing and decoupling process, the machine model
considered as linear and independent control of the mechanical subsystem and
electromagnetic subsystem becomes possible. It is essential to mention that variables
are not required to transform to rotating coordinates in the proposed control structure.
Hence, the proposed control structure eliminates the need of the Park transformation.
Moreover, proper decoupling between the electromagnetic subsystem and the
mechanical subsystem is not obtained in the FOC scheme due to the presence of
nonlinearities, while the proposed control structure provides accurate decoupling

between the electromagnetic subsystem and the electromechanical subsystem.

Fig. 4.5(a) presents the variation of different torque components produced by the
motor corresponding to torque angle. The reluctance torque in IPMSM is directly
influenced by the torque angle as described in [9]. As SPMSM offer uniform reluctance
path, total developed torque and electromagnetic torque is equal, while in IPMSM
permanent magnets are embedded inside the rotor, creating saliency which allow the

IPMSM to produce both electromagnetic torque and reluctance torque, which increases
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total developed torque. Fig. 4.5(b), locus of the constant torque in the current vector
plane is presented. From Fig. 4.5(b), it can be observed that the amplitude of current

vector will be always lower at &mtpa compared to amplitude at 61 and 6.

After substituting the current vector components in the defined multiscalar variable
in rotating reference frame in (4.5). The torque angle at which maximum torque can be
obtained can computed using (4.22).

aXl 2
20,

=l//f|SCOSHe+(Ld—LCI)|82C0529620 (4.22)

The calculated x;m) is defined in (4.23) for the first plane, in the second plane
xé‘z(z) was set equal to zero as produced reluctance torque in the second plane is very

small.
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Fig. 4.5 (a) Torque vs torque angle (b) Locus of the constant torque in the current vector plane
Proposed control structure
The proposed control using wr),isi) vectors will be investigated using the simulation
and experimental assessment. In the next section, proposed control structure — 1 using

Ws(i), sy vectors is explained in details.

4.3.3 Proposed (ws(),is(i)) vector based control structure 1 of five-phase IPMSM

In the proposed control scheme, multiscalar model of the control system is prepared
with equal state variables x. The stator current vector isi) and stator flux vector s can
be transformed into the scalar and vectors by the inner and external product operation.

The new state variables considering s, s vector for five-phase IPMSM are angular
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rotor speed xu1(), vector product of stator flux vector and stator current vector Xizy,
which is proportional to the motor torque component, the square of the stator flux x21
and scalar product of stator flux and stator current vector x2z( which is flux controlling

variable, respectively. The chosen state variables are represented as:

Y1) = @r(i) (4.24)

X12() =Vsali)lspi) ~Vsp(i)sali) (4.25)
Xo1() = '//sza(i) ‘H//szﬂ(i) (4.26)
X22(i) = Vsaliylsa(i) T ¥sp(i)s ) (4.27)

There are 4 state variables in each plane. The multiscalar model of the control system
of five-phase IPMSM drive is presented here by taking the time derivative of
multiscalar variables from (4.24) to (4.27) and substituting the derivative of currents

and fluxes from the motor model; the final form is given as:

dxyiy 1 1
= X — =T
prane s 0 Rl (4.28)
dXq o i 1 1 1
12(') —-_ X12(i) — Xll(i) (‘//S(I) Ol//f (I)) + qS(I) + (l//sa(l)usﬂ(l) _l//S,B(i)uSOl(i)) (4.29)
dt T, L
v(i) Lgiy q(i)
Uiy
Do) e p oy . e nn
. (=RsX2(i) * Usa(i)Wsari) + Ysp(i)¥'s (i) (4.30)
dX22 i 1 A 1
dt(l) = —m X22(|) — RSISZ(I) +%X11(|) (l//S(I) ®y/f (I)) + pS(I)
1 (4.31)
+%(‘/’sa(i)usa(i) +¥spi)Usp(i))
I

Uiy

Where Ty is the motor electromagnetic time constant and other various terms that

appear in differential equations from (4.29) to (4.31) are given as:

L .
Tvi) =% (4.32)
S
Ws(i) OV i) = Wsa()Wtal) T Vsp0)V 1 A)) (4.33)
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Ws(i) OVt i) = Wsa()W 1 AG) ~Vspi)Y fali)) (4.34)

Ps(iy = Ysa(i)lsa(i) +Yspi)sa) (4.35)
Us(i) = Usa(i)lsB(i) ~Ise(i)Us (i) (4.36)
i) = (i) + iszﬂ(i)) (4.37)

In the next step, the feedback linearization process must be completed as given in
[121]. To linearize the nonlinear system, new signals myg and myg) are computed using
PI controllers of xi2¢) and Xz2¢) as shown in Fig. 4.6. The state feedback linearized

control can be obtained from (4.29) and (4.31), as follows:

1 1
Ungiy =7 Mgy + 1) Ws(i) OV i)~ %s(i) (4.38)
v(i) 10
1 L1
Up(iy = mmz(i) +Rsig(iy _%Xll(i) Wsiy ®¥ i) — Ps(i (4.39)

Voltage components in (a-f)i coordinate can be obtained from uig and uxg
defined in (4.29) and (4.31), respectively.

Up(iyWsa(i) —Y16)V/sA(i

sy = Loy | 220 sa(zﬂ(i) 0 Sﬁ(I)J (4.40)
UaiyWsp() T UiV sal(i)

Us(i) = La) Xa1() @4

By using state feedback control law, two linear subsystems are shown from (4.42) to
(4.45). Electro-mechanical subsystem is shown in (4.42) and (4.43) while
electromagnetic subsystem is depicted in (4.44) and (4.45).

dqip 1 1
L |
it ] 12(i) ] L (4.42)
dxgpiy 1 .
at —%(_Xﬂ(l) +m1(|)) (4.43)
dx21 ;
Olt(u) = 2(=RsX2(i) *Use(i)Vsa(i) T Usp(i)Vs (i) (4.44)
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dxaq) _ 1
dt TV(i)

(220 + Mg (4.45)

The control system structure 1 based on stator current isi) and stator flux s is
depicted in Fig. 4.6. From Fig. 4.6, two subsystems are controlled by cascaded
controllers. Controllers are marked in red for the first plane and in green for the second
plane of the five-phase IPMSM. It can be observed that seven controllers are needed to

implement the control scheme.
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Fig. 4.6 The block diagram of (s, isq)) vector based control structure 1 of five-phase IPMSM

To provide the comparison analysis, proposed control structure — 2 using the

(ws(iy,is()) vectors is discussed in the following section.

4.3.4 Proposed (s, is(i)) vectors based control structure 2 of five-phase IPMSM

The block diagram of the proposed (s, isi)) vector based control structure 2 is
presented in Fig. 4.7. The multiscalar model of the proposed control structure for five-
phase IPMSM can be prepared by differentiating the multiscalar variables from (4.24)
to (4.26) and represented as

dq1p 1 1
= i =T
prane e/ Rl (4.46)

66



XmZ(i) 1 1 1
g T e T X Wsi) OV )+ s T WealUspi) ~VspiUsa()
V(I) q(|) Lq(l)
Ui
(4.47)
dX21 H
dt(l) =—2RsX2(i) + 2(Wsa(i)Usa(i) + Vs (i) Us i) (4.48)
Ua(i)

Here, control signal uy is obtained from (4.48) and x22() variable is controlled
internally from x21() controller as per the requirement of IPMSM drive hence, the use
of (4.31) to compute control signal uxg is unnecessary and control system becomes
simpler and the number of controllers required are reduced.

In the proposed control structure, new control signals myg and myg from the Pl
controllers are used for the linearization process as shown in Fig. 4.7. usg and uy are
the control variables appearing in the nonlinear model of IPMSM (4.47) and (4.48),
respectively. The final control variables in stationary frame defined in (4.49) and (4.50)

can be determined from uyg and uz.

Usg (i) =~ (2Lg)UagiyW's p(iy —U2()Vsadi)) (4.49)

2%91(i)

1
Us3(i) = (2L iy Uiy Wser(i) +Y20i)¥'s (i) (4.50)
2%91(i)

By using the state feedback control law, two linear and fully decoupled subsystems
are obtained: electro-mechanical subsystem defined in (4.51) - (4.52) and electro-
magnetic subsystem defined in (4.53).

dxqgy 1 1
pra R ) _ETL (4.51)
dxpi) 1
==Xy +Mypi
Ty ( 12(i) T M) ) (4.52)
dXo 15y
it = ZRS (_XZZ(i) + mz(i)) (453)

It is important to mention that discussion on control system using the stator current

vector and stator flux vector only available for three-phase machines in the literature.
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This control strategy is close to the constant mutual flux linkage control, instead of
constant mutual flux, stator flux is kept constant. Under this assumption, stator current
coefficient could be isqgi # 0. Variable x22() defined in (4.27) is proportional to isag): (X22()
~ isd() # 0).
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Fig. 4.7 The block diagram of (s, isq)) vector based control structure 2 of five-phase IPMSM

The block diagram of the proposed control system is shown in Fig. 4.7. From the
DC link voltage, stator voltage can be determined using the PWM algorithm or directly
from the command voltage in the case of using the voltage modulator. The five-phase
measured currents are transformed to the stationary reference frame (a-f)q for each
plane using the Clarke transformation. The measured currents are connected to the
observer structure in (a-f) coordinates to reconstruct the state variables. Motor
variables are calculated using the instantaneous quantities of stator currents and
voltages. Based on estimated state variables, multiscalar variables are calculated and
defined in (4.24) to (4.26) for each vector plane. After differentiating multiscalar
variables, the multiscalar model of the control system is prepared, defined in (4.46) -
(4.48).
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The speed controller is employed to control the speed and generate torque reference
for the first plane represented by x’[m). Similar to FOC, reference torque for the second

plane can be calculated from the first plane as machine models in the first plane and in
the second plane are connected internally [102]. In the proposed technique, the torque
controller x12¢) and square of flux controller x21) in each plane generate feedback signal
mygy and mzg), which is used to linearize the system model. After the decoupling process,
reference voltage components can be calculated using the control signals uz and u.

The general block diagram of multiscalar control scheme is presented in Fig. 4.8.

Modeling and estimation D e —

i Check tuning gains of
the observer and
control system

Implement of multiscalar
control structure

l A 4

Com_parison of Comparison of
mechanical subsystem electromagnetic
variables subsystem variables

NO

Is output stable?

Result analysis and
conclusion

Fig. 4.8 General block diagram of multiscalar control structure

Control of the electro-mechanical subsystem remains the same for control structure
— 1 and structure — 2 for stator flux and stator current vector. However, when it comes
to the control of electro-magnetic subsystem, control technique — 2 eliminates the need
X22(i) controller and it is controlled directly by x21) controller, which simplify the overall
control structure. If control structure — 1 is not simplified, X22¢) controller is needed to
maintain stator flux constant, which increases system complexity. The necessity of

transformation to (d-q)¢) coordinate system is also eliminated by the proposed control
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technique for five-phase IPMSM. The proposed control method requires total 5

controllers as shown in Fig. 4.7.

In the following section, advanced control structure of five-phase IPMSM is
proposed. The proposed control structure involves predictive control using multiscalar

variable for 1% plane and multiscalar model-based control for 2" plane.

4.3.5 Proposed predictive control using multi-scalar variables for 1st plane and
multi-scalar model-based control for 2nd plane of five-phase IPMSM
The conceptualization behind the multi-scalar is that the inner and external product
of the stator current vector (isi) and stator flux vector (ysg@) can be transformed into
scalars [105], [126], [127], [131]. For the fundamental plane i = 1, in the nonlinear

control such as five-phase IPMSM, these four are state variables in each plane

Y1) = @r(i) (4.54)

X126) = Vsa(i)ls8G) —VsA(i)sali) (4.55)
Xo1(i) = '//sza(i) ‘H//szﬂ(i) (4.56)
X22(i) = Vsaliylsa(i) T ¥sp(i)sA) (4.57)

X11¢) 1S rotor speed, Xiz¢) iS an external product of stator flux and current which
represents the motor torque, X1y is the square of stator flux, and x22¢) is the inner
product of stator flux and stator currents. The proposed control strategy for five-phase
IPMSM is depicted in Fig. 4.9.

The control objective is prepared for the fundamental plane based on multi-scalar
variables. Predictive control is employed to control the multi-scalar variables of the 1%
plane. Multi-scalar model-based control is proposed for 2" plane to control the flux and
torque components. It can be observed from Fig. 4.9. that park transformation is not
required in the second plane to control the third harmonic components.

To discretize (3.80) and (3.81), the forward Euler method can be used, and the
stator current at instant (k + 1) can be predicted as (4.58)-(4.59):

i _ @i T gy + 458
'sari) = Ty 2 L OVISO L O (4.58)
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Where T =

S

(0]
R

(k+1)
sﬂ(l

__(k
= - -

v(i) 0

can be predicted for the same current vector

TS Tg
T Wit L
q(i)

uk)
Ysp(i)

(4.59)

, based on (4.58) and (4.59) the predicted current value, stator flux

(k+2)
Sa(l) = (Lgqp)! Sa(l ) TV ia( i)) (4.60)
(k+1) i(k) .
Vspij = (Latyispiy +V 1 AGi)) (4.61)
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Fig. 4.9 The control diagram of the proposed predictive multiscalar based control of five-phase IPMSM

After substituting the predicted value of stator currents and stator flux in (4.55) and

(4.57), multi-scalar variables: x12¢) which represents torque, and x22¢) which is the flux

controlling variable, can also be predicted and given as

(k+1) _

X23) =

(k+1) (k+1)
Ysa 0] sﬁ(l)
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kel) (k)i (keD) | (kad): (oL
ng?i)) = Wéa?i)) Igc;(—i )) 4 §/;(ri)) Is(/;(_i)) (4.63)

The unit and dimension of (4.62) and (4.63) are the same; hence, the weighting

factor can be eliminated, and the following cost function is proposed.
* k * k
9 = ((azqy - X1P2((i)+ D)+ (01 - Xg’z((i)ﬂ) ) (4.64)

The reference value of torque x’fz(l) IS generated using a speed controller, and the
reference value of flux controlling variable x;2(1) is obtained from the flux controller

le(l). In the proposed scheme, the value of stator flux is kept constant, hence X22() # 0

for the proposed control scheme. The flowchart of the proposed PTC based on multi-

scalar variables is shown in Fig. 4.10.
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Fig. 4.10 Flowchart of the proposed control diagram of proposed predictive control using multi-scalar
variables for 1st plane

Following the above procedure, a predictive controller can be designed for the
fundamental plane of the five-phase IPMSM, as shown in the red dashed box in Fig.
4.9. At the instant of k, estimated current signals from the adaptive observer are used
instead of measured current signals. Implementing multi-scalar variable-based PTC
does not require angle transformation. It is important to mention that in the proposed
control solution, measure speed wr), position &g, permanent magnet flux components
wra ), Stator flux components w4y , and stator current components iy 4 are replaced

with estimated speed @,y;, position @,(,-), permanent magnet flux components ?/fa 50"
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stator flux components i 50) and stator current components ?m,ﬂ(i) for fundamental

plane and second plane to avoid the issue of noise and gain drift due to mechanical
sensor. It is assumed that machine parameters are known and constant in nature.

To conduct comparative inspection, proposed control structure is compared with
classical predictive FOC control system. In the next section, classical predictive FOC

system is explained.

4.3.6 Classical predictive current control based FOC for 1st plane and classical
FOC for 2nd plane of five-phase IPMSM
For control of five-phase IPMSM, the traditional control schemes: MPC for the
fundamental plane, which is also known as traditional predictive torque control (PTC),
and PI controller-based FOC for 3rd harmonic plane is shown in Fig. 4.11.

In the fundamental plane, the PI controller is implemented for accurate speed
control and produce reference current for i:q(l). For sampling timeT,, the derivative of

stator currents can be approximated using Euler approximation, and the final form of
predictive currents model in the rotating reference frame can be obtained, based on the
voltage vectors generated by the inverter in the stationary reference frame are the
rotating vectors in (d-q)q reference frame and stator currents can be predicted, which
is well known in the literature[139]. The predictive current controller tracks the
reference current generated by the PI controller. The voltage vector, which minimizes

the defined cost function in (4.65) will be applied for the whole sampling period [140].

0 = ((isa ) - i;%;l)) +(isq() - ifq(g; Y))? (4.65)
In the second plane, PI controllers control the flux and torque components of the

currents. In the second plane, the reference current i:q(z) is calculated optimally from

the fundamental reference current i:q(l) [102]. In the control scheme, measured currents

in the natural reference frame are transformed into the stationary reference frame to
implement the observer structure. The observer structure estimates the defined state
variables in the stationary reference frame. State variables are converted into the
rotating reference frame for control system implementation using an estimated angular
position. To implement the classical control structure for the five-phase IPMSM drive,
it is necessary to transform state variables in (d-q)q reference frame as shown in Fig.
4.11.
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Fig. 4.11 The control diagram of classical predictive current control based FOC for 1% plane and
classical FOC for 2" plane

In the next section, backstepping multiscalar control of five-phase IPMSM is

discussed in details.

4.3.7 Proposed control of five-phase IPMSM using the backstepping technique

Taking into account the mathematical model of five-phase IPMSM (2.43) - (2.46)
in stationary coordinates system, the xg — coordinate transformation for multiphase
IPMSM are defined as follows:

X11(i) = Dr(i) (4.66)

X12(i) = %(V/Ia(i)is,ﬁ(i) ~Vt 8(i)lsa(i) ~TL) (4.67)
X165) =¥ fa(i) +'//%ﬂ(i) (4.68)

X22() =Vt ali)lsa(i) TV Ai)lspi) (4.69)
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After differentiating (4.66) - (4.69), the machine model provides the following
form,

dqip 1 1
==X — =1
it 70 7 (4.70)
X 1 1 1
0___= 123i) — 7 X16i)X216) — *a16)X22() T T WUs ()W f (i) ~ Use()¥ £ A(i))
dz Ty Ly L(i)
Ui
(4.71)
dXoo i 1 1

20 = X22(i) + X1y X2(i) +—— Us i)W f g(i) + Usa ()W fali)) (4.72)
dz - Ty 0]

Ua(i)

The strict feed-back form is demonstrated in obtained model in (4.70) - (4.72)[141].
Implementation of the control system with backstepping control is well explained in
literature [78], [141]. The reference signal of rotor speed is denoted by x’fl(i) Is smooth
and bounded. Using the classical backstepping control approach, controller can be
designed. In the first step, it is important to calculate reference value of x’fz(i) to oblige
X11(j) to track the reference value of speed x’fl(l.). Similar to vector control scheme where
i:d(,-): 0, here xzz(i) was forced to zero to obtain the final control input. In the next step,
to converge reference value x’fz(i) and sz(,-), the control inputs usg and uz) require to be

computed hence, all system tracking errors are minimized zero value.

The speed tracking error is defined as (4.73), the dynamics of speed error ey can
be obtained as (4.75) by differentiating (4.73) and substituting (4.70).

Q1) = X1y ~ X11() (4.73)
€11(i) = XIl(i) = X11(5) (4.74)
. x 1 1
B11) = X1(i) —(3 12(i) _FTLJ (4.75)

The first Lyapunov function Ve is given as (4.76) and its derivative after
substituting (4.75), presented as (4.77):

1
Vew1(y = 59121@) (4.76)
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. 1 1
Veragiy = —kaagiy ey + 11y (kll(i)ell(i) B OB j (4.77)

In the next step, the virtual control x}“z(i) can be computed as (4.78), it can be

observed that the load torque is estimated by integral action, hence it is represented

A

using the “*”,
X126y = Kuagiyeryd + o (4.78)

In the next step, the control variables should be computed, therefore, other tracking

errors in the system are defined as (4.79) and (4.80)
e1o(iy = sz(i) = X12(i) (4.79)

€22(i) = Xaa(i) ~ X22(i) (4.80)

From (4.79) and (4.78), (4.82) can be calculated, and in the next step the backstep
through the integrator (4.74) takes place,

ena(iy = Ky uagiyd + T — g (4.81)
Xa2) = KuyBuagyd +TL —®12) (4.82)
. 1 1.
€11y = K11y Br1gi) +5812() _FTL (4.83)

The load torque error can be obtained from (4.84), +_. is the real value of load

torque such that T ) =0.
Ly =Tia — i (4.84)

Using the (4.71) and (4.72), the dynamics of tracking errors (4.79) and (4.80) can
be calculated.

€1y = sz(i) = X12(i) (4.85)

. ~ A 1
€.y = (_klzl(i)ell(i) +ky1giyerogy —Kuagiy Te ) +T + ﬁ X2(i)
V(I
(4.86)

1 1
+— X1y X21i) + X01(i) X22() — T WUsg(i)¥ f a(i) — Usa()¥ f A(i))
Ly Lq()

Ui
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€20(i) = XZZ(i) —%22(i) (4.87)

. 1 1
€22(i) = m X22(i) — X11(3i) X12(i) —% (UspiyW f a(i) T Usa ()W fa(i)) (4'88)

Ua(i)

The Lyapunov candidate function is defined in (4.89), calculates the tracking errors
for the completed system. Here, N is the number of phases and can be determined using
(4.91)

N

0.5 »
Viiy = 2[0-5(91210) +9122(i) +e§2(i) )"‘T(_)TLZ(i)] (4.89)
i=1 i

~ky1(i)8f16i) — Kazgiy B2y — Kazeiy 32y + 12y (Kazgiy + Kaagiy )erzy

L. 1 A R 1
+“m't12(i)((—|<121(i)J +2)en(y) + Ty +—— X2y + Xll(i)'//%(i)
N J 20 20

R
io1| tX0) X2() — Uigiy) €221y (Kozqiy€22¢i) + ?(S) X22(i) — XL1¢i) X2(iy — Y2(i)) +
1

~ 1 = 1
Ty C— Ty — @) —Kaagiyeregy) <O
1) J
(4.90)

:{O.S(N -1), N isodd (4.91)

05N-1, Niseven
Moreover, it is important to mention the limitations of the set variables. In
conventional linear controllers, based on the working points of the drive, the controller
output or dynamic of the variables is limited by constant value or dynamically changed.
In such a control system, where control variables are obtained using the Lyapunov
criteria, the limitations in the set variables control structure are absent. The dynamics
of the reference variables can be limited by the first-order inertia elements [78], [141].
The use of an inertia element on the reference signal slows down the reaction of the
electromagnetic torque variable. The electromagnetic torque reaction is proportional to
the time constant of the inertia element. The objective of limiting the electromagnetic
torque reference signal can be possible without compromising the dynamics by limiting
inertial elements. The block diagram of the proposed backstepping control structure of
five-phase IPMSM is presented in the Fig. 4.12.
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Fig. 4.12 The control diagram of the proposed backstepping of five-phase IPMSM
The reference value of x’fz(i) appearing in (4.79) can be limited using (4.92), where

X121im(i) 1S the set value of torque limitation, iszmax(i) is the square of the maximum
current. In the proposed control limitiziy was introduced in (4.90), the value of limitiz)
was either 0 or 1 as per the requirement of set limiting variables [78], [142]. The
limitations of the variables can be applied as per (4.93) and (4.94).

X21im(i) = \/iszmax(i)le(i) - X222(i) (4.92)
i ( * ) h |imit12(i) =0 (4 93)
if (X5 > Xqo0iyim ) then , .
12 7 2l €2 = X12(i)lim — X12(3i)
it (X2 <—=X126)iim) then else limity, ) =1. .
12 12(hm €2 =—X12(i)lim — X12(i) ®

From the differential equation (4.90), control variables u1g and uz) can be obtained

as (4.95) - (4.96). The value of load torque can be estimated from (4.97)
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. 1
Uy = (Kaogy +Kaagiy Jeragy +limityagy ((“kfigyJ +3)911(i))

- . (4.95)
T+ =Xy +——Xagiyw iy *+ Xy %2
L) 20 T L, OV e i 220
R
Ua(iy = Koo(iyB22(i) +ﬁX22(i) = X1() X02(i) (4.96)
|
: 1
TLgy = 7|(i)(3911(i) +K1giye12(y) (4.97)

The obtained control variables u) and uzg) ensure the system stability and final
form of the system is represented using (4.98)

N
Viiy = _Z(kll(i)elzl(i) + Kagiyefagiy + Kazgiy€320i) ) (4.98)

The control variables are transformed to stationary voltage components u,,;, and

ugp; 1o supply to the five-phase inverter, given as (4.99) - (4.100).

Up(iyWsa(i) ~ (i) Vs

Usa(iy = Lo | 22 sa(gm(i)(u) sﬂmj (4.99)
UaiyWsp() T UiV sal(i)

Usﬂ(i) = Lq(i) X21(i) (4100)

Simulation and experimental analysis of the proposed backstepping multiscalar
control structure is provided in the Chapter — 5. In the following section, process of gain

selection is explained for (y#),is()) vector based control structure.

4.4 Gain selection of PI in the linearized control structures

4.4.1 Gain selection of the (yrx),is()) vector based control structure

To ensure the stability of the closed loop system, the design of Pl coefficients is an
important task in control system. Different approaches are demonstrated in the literature
[143]. The selected tuning gains Kpi and kig must ensure the following design
objectives: ensure the closed loop stability of the drive system, reject disturbances,
obtain fast tracking of reference points, and an appropriate degree of flexibility to
process change. Fig. 4.13 shows the cascaded PI control structure of speed loop and
electromagnetic torque loop and Fig. 4.14 depicts the flux controlling loop where one

PI controller is used. The control loop presented in Fig. 4.13 shows the control of the
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electromechanical subsystem variables and in Fig. 4.14, the control of the
electromagnetic subsystem variable is shown. Firstly, Pl coefficients of the inner loop

is obtained as shown in Fig. 4.13, then the coefficients of the outer loop PI will be

— e —— e e—— —— —— — —— —— —— — — — — —

computed.
___________________________________________ -
| Gucw()(S) :_ Groci)S) _:TL |
N I * T . I
X1y (8) X123y (S) Pl My, (5) v(i) Xia(i) (S‘)é5_> 1 N
A A [ ’+®T_’ ” STv(i)+1 H (Js+B) 'I
I
I
I

Fig. 4.13 Cascade PI controllers for electromagnetic torque loop and speed loop

X;Z(i)is) Pl M6y (Sg Tv(i) ﬁzz(iés)
T ST, +1

Fig. 4.14 Flux controlling loop

The analytical representation of open loop transfer function of torque loop is presented
in (4.101).

LY0)
() =PI ,
Gro0L ) (8) (STv(i) " 1] (4.101)
kisagiy ) Tvei
GlZOL(i)(S)z(kplz(i) - SI ﬁ)‘ﬂ (4.102)

To design the torque, speed and flux controller, unity feedback is assumed. The
close loop transfer function of torque loop matches to standard canonical form as
presented in (4.103), where wn is natural frequency and { is damping ratio. The
following designed specification are used to design the control system: 2% settling in
less than a second (ts), peak duration of less than 0.50 seconds (tp), and 5% or less

maximum overshoot.

GlzoL(i)(S) a)g 4.103
G i = ~ .
12cL (i) (5) 1+GrooL(i)(8) s +2¢wns + P ( )
Kp12(i Ki1o(i
Giaci( () = Wpizps * Ksz) (1.109

s+ (Tugly +Kpazgiy)s + Kinzgy
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By using the same approach of open loop Gizow), and closed loop Gizcu) transfer
functions of torque loop, the open loop GzoLi), and closed loop Gaacwgy transfer
functions of flux controlling loop can also be prepared as (4.105) - (4.106). It can be
observed that the open loop transfer function and closed loop transfer function of the

flux controlling loop has the same form (4.105) and (4.106).

Ty
Gyl (i1 (5) = PI | — 0 4.105
220L (i) [STv(i) +1J ( )
K (S 4+ Kipo
GaacL(iy(s) = (Kp2z(ps +Kiza()) (4.106)

s+ (Tyh +Kpaziy)s + kizagy

After solving the closed loop equation of torque controlling loop (4.104) and flux
controlling loop (4.106) in MATLAB for different value of kpg and kig. The value of
Koy was changed from the range of 1 to 10 and ki) was changed from 0.0001 to 0.1.
The following proportional controller gains and integral controller gains are identified
for torque controlling loop and flux controlling loop for first plane and second plane.

Kp1ay - Kpiz() =5

4.107
Kp22(): Kpaz(2) =25 ( )

Ki1o(1) 1 Ki =0.01
i12(2)  "i12(2) (4.108)
Kioa@) Kizo(2) = 0.01
After identification Pl gains of torque controlling loop, tuning gains of the speed
controller is identified. First, the open loop transfer function of speed loop is
represented in (4.109) and after substituting required variables in the open loop transfer

function it can be expressed as (4.111).

] (4.109)

1
G iy(s) =PI i (s
110L (i) (S) Grac (i) (9) (JS+B

Kig K 1o S +Kigoi
GllOL(i)(S):£kp11(i)+ |11(|)] { (Kpaz(iyS + Kinz(iy) J [ 1 j (4.110)

s s2+ (Tugh) +Kpaagiy)s +Kiaagy | \I8+B

K pagiyK pr2iyS” + (K pagiyKinagiy + KaaigiyKpazgiy ) + Kaaiciykinzgiy J (4.111)

GrioL(iy(8) = - ~
I+ (Tv(il) +Kpragy) + B)s® + (IKigo(iy + B(rv(il) + kp12(i)))32 + BKig(iyS

The closed loop characteristic equation of the speed loop can be written as (4.112),

where H(s) is the unity feedback of the system.
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GrioL (i) (8)
Gy iy (5) = — QLD 7 (4.112)
HeL 1+ Gypao iy (9)

By solving (4.112) in MATLAB for different values of kpi1¢1y and kii11y shown in
Table 4.1, bode plot analysis of the closed loop transfer function of the speed loop can
be conducted. The bode plot of the closed loop transfer function of the speed loop is
presented in Fig. 4.15.
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Fig. 4.15 Bode plot of speed loop

Table 4.1 Set of tuning gains for speed loop

Gains Set-1 Set-2 Set-3 Set-4 Set-5 Set-6 Set-7 Set-8

Kp11(1) 10 7 25 1.5 3.5 1 8 0.5

kizzqy | 0.001 | 0.005 | 0.002 | 0.0001 | 0.05 0.09 0.001 0.01

Based on the obtained phase margin (PM) and gain margin (GM), the conclusion
about close loop system stability is made. To ensure the stability, phase margin and
gain margin must be positive, if the either margin is zero then the system is marginally

stable, if any of the margin is less than zero than system is unstable.

The step response of the speed loop is demonstrated in Fig. 4.16. The stability

margin and step response performance values are given in Table 4.2.
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Table 4.2 Performance value for different set of Pl gains

Parameter Set-1 Set-2 Set-3 Set-4 Set-5 Set-6 Set-7 Set-8
PM 174.5 147.6 109.3 86.1 138.4 67.2 175.2 -9.3
GM 0 0 0 0 0 o0 0 0
Stable Yes Yes Yes Yes Yes Yes Yes No
tr(s) 0.196 0.112 0.082 0.061 0.357 0.443 0.141 NaN
ts(s) 0.313 | 0.330 | 0.271 | 0.315 | 3.320 | 6.078 | 0.342 NaN
Mp% 0.447 5.466 | 10.900 | 17.683 | 12.427 | 52.59 2.488 NaN
Peak value | 1.004 1.054 1.109 1.176 1.124 1.525 1.024 Inf
tp(S) 0.466 0.235 0.176 0.139 1.042 1.209 0.297 Inf

It can be observed form Table 4.2, for different values of Kp11¢1) and kiz1(z), Set — 1

to Set — 7 provide positive gain margin and phase margin hence system is stable. For

Set — 8, system has infinite gain margin but phase margin is negative around -9.3° hence

the closed loop system is unstable for the given case. Moreover, it is important to

mention that from kp11) and ki1(z), Set — 2 to Set — 6 is able to achieve the stable

performance of the closed loop system but it failed to meet desired performance criteria
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as can be seen in Table 4.2. It can be observed that maximum peak overshoot is more
than 5% for Set — 2 to Set — 6. For Set — 1 and Set — 7, maximum peak overshoot was
around 0.447% and 2.488%, respectively. Other criteria such as settling time and rise
time were also met by Set— 1 and Set — 7. The closed loop transfer function of the speed
loop and flux control loop remains the same for stator current vector isi) and stator flux
vector s based nonlinear feedback control structure. Hence, the performed stability
analysis remains the same for stator current vector isg and stator flux vector s based
nonlinear feedback control structure. The stability analysis of electrotechnical loop
remains the same, the only change is visible is in square of the stator flux loop, instead
of Kp22(1) and Kizz(1y, K21y and Kizs() is obtained in the similar way. The square of stator

flux loop is shown in the Fig. 4.17.

X21(i!‘ (% p [T ) To [Xuq (S
+ Ll Ll

T‘ STV(i) +1

Fig. 4.17 Square of stator flux loop

In the next section, gain tuning process of backstepping multiscalar control of five-

phase IPMSM is explained.

4.4.2 Gain tuning of the backstepping multiscalar control technique of five-phase
IPMSM
The dynamics of the tracking errors defined in the nonlinear state feedback control

structure can be rewritten as per the given the form (4.113) - (4.116).

. 1 1.
€11(i) = ~KuagiyBragy + Te20) 5T (4.113)
€10y =—Kao(iyer2(i) (4.114)
€2() = —Kaz(i)€22(i) (4.115)
: 1
Tu) =76 (5 86) + kaayeaziy) (4.116)

The error dynamics can be rearranged as per matrix Eegy defined in (4.117), where
K11 to kazgy and yiiy >0.
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Ee(i) =

1 17
—ka1(iy 3 o -3
00—k o o (4.117)
0 0 —kpg O
VAI(
% 7iyKaag) 0 0

In Fig. 4.18, the spectrum of Ee) are presented. In Fig. 4.18 (a), ki1¢) was changed

from 0.01 to 1.0 p.u and in Fig. 4.18 (b), ki2g) was also changed from 0.01 to 1.0 p.u.

eigen values of the matrix Eeg) lies in the left half of the s-plane which ensure the

stability of the system.
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Fig. 4.18 Spectrum of Matrix Eeg) (a) ki) varies from 0.01 to 1.0 p.u. (b) ki) varies from 0.01 to 1.0

p.u.

The tuning gains ko2 was also varied from 0.01 to 1.0 p.u., but it provided similar

performance as shown in Fig. 4.18 (b). It can be observed from Fig. 4.18, that as the

values of tuning gains increased from 0.01 to 1.0 p.u, eigen values of the matrix Ee)

are drifting away from the origin.

In summary, this chapter deals with sensorless control structures of three-phase

IPMSM and five-phase IPMSM. First, classical FOC control structure (i,, = 0) of three-

phase IPMSM was discussed. Later, the description of control structure of five-phase
IPMSM begins with the explanations of FOC with MTPA of five-phase IPMSM.

After discussion of existing control scheme, proposed control solutions considering

the i), is() vectors and s, isq) vectors are explained. Using ws(),isg) vectors two type
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control structure are proposed. Furthermore, advanced control structure such as
predictive multilscalar control using ws,isi) vectors and backstepping multiscalar

control using the ), isGi) vectors are proposed and explained in details.

Following that, tuning gains of the proposed control systems were identified using
bode plot analysis and the step response of the multiscalar control system using i, is)
vectors is presented using MATLAB. The gain tuning process of the backstepping

multiscalar control is also presented in this doctoral thesis.

In the next chapter, to validate the closed loop performance of the designed observer
structures and proposed control systems of five-phase IPMSM are verified using the

simulation as well as experimental tests.
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CHAPTER 5: SIMULATION AND EXPERIMENTAL
INVESTIGATIONS

5.1 Overview

In this chapter, discussion of simulation and experimental results of three phase
IPMSM drive and five-phase IPMSM drive are provided. The analysis begins with
simulation and experimental results of adaptive observer structure and non-adaptive of
three-phase IPMSM drive. To verify the performance of adaptive and nonadaptive
observer structures at different speed range in simulation and experimental stand,
classical FOC structure was employed. Moreover, the comparative analysis between
the adaptive and non-adaptive observer structure is provided.

In the following, performance of five-phase IPMSM drive using the proposed
control structures: wr),isg) vectors and wsiy,isi) vectors are depicted using the simulation
and experimental results. The proposed multiscalar transformation-based control
structures are applied using the classical PI, predictive control and backstepping
control. Proposed control solutions using nonlinear transformation is compared with
the FOC structure and MPC based FOC structure. This chapter of the thesis is focused
on benefits of using the proposed control strategies of five-phase IPMSM drive such as
improved control flexibility, enhanced electromagnetic torque using 3™ harmonic
injection, fault-tolerant operation. In addition, the comparative analysis between the

conventional control schemes and proposed control scheme is provided.

5.2 Simulation results of 3-phase IPMSM drive

The simulation work was carried out in WinSim where simulation program was
written in the C language and was developed in the department. The simulation code
was extended for the declaration of machine model of IPMSM, state observer, control
system and transformation. The use of C programming language provides quick
transition to the practical DSP program during the experimental work. The nominal
parameters of three-phase machine are defined in Appendix - A The depicted results

are provided in the per unit system.
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5.2.1 Simulation results of rotor flux vector-based adaptive observer and non-
adaptive observer using classical FOC structure
Simulation results of drive starting up to nominal speed and reversing from 1.0 p.u
to -1.0 p.u. using the adaptive and non-adaptive rotor flux vector-based observer

structure are presented in Fig. 5.1 and Fig. 5.2, respectively.
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Fig. 5.1 Simulation results of 3-phase IPMSM drive starting up to 1.0 p.u. (a) Adaptive observer
structure (b) Non-adaptive observer structure
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Fig. 5.2 Simulation results of 3-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. (a) Adaptive
observer structure (b) Non-adaptive observer structure

In Fig. 5.1, three-phase IPMSM drive performance is visible for drive starting up to
1.0 p.u. The simulation performance of the rotor flux vector-based adaptive and non-
adaptive observer is similar to Fig. 5.3 for the same state variables. Error between the

measured speed and estimated speed was less than 0.015 p.u. for adaptive observer
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structure and 0.04 p.u. for non-adaptive observer structure. The direct axis current 7,
was almost zero during this test and the quadrature axis current ?Sq increased from 0.0

p.u to 0.6 p.u during the dynamic state and again decreased to 0.0 p.u. as drive reaches
the steady state.

In Fig. 5.2, simulation analysis is conducted for the case of drive reversal, where
three-phase IPMSM drive is reversing from 1.0 p.u. to -1.0 p.u. using the adaptive
observer in Fig. 5.2 (a) and using the non-adaptive observer structure in Fig. 5.2 (b). It
can be observed from Fig. 5.2, that adaptive observer structure provides satisfactory
performance during the reversal test, while non-adaptive observer struggle to estimate
rotor speed and position during the zero crossing. The primary reasons for the poor
performance of non-adaptive observer structures are nonlinearity of the inverter,
significant voltage drop at low speed and lower amplitude of back EMF. The
information of position error 8, in adaptive observer structure is computed using the
defined stabilizing function (3.27).

5.2.2 Simulation results of active flux-based adaptive observer and non-adaptive

observer using classical FOC structure

In Fig. 5.3 and Fig. 5.4, simulation results of active flux based adaptive observer
and non-adaptive observer are presented for 2 cases: 1) drive starting up to nominal
speed 2) reversing from 1.0 p.u. to -1.0 p.u. In Fig. 5.3, dynamic performance of three-
phase IPMSM drive is presented for the first case. Measured speed wr, estimated speed
®,, speed estimation error @,, current components in rotating coordinates i, are
shown. As shown in Fig. 5.3, three-phase IPMSM drive starts to accelerates from 0.1
p.u to 1.0 p.u. When drive starts acceleration, torque component ?sq increases from 0.0
p.u and reaches to defined limit 0.6 p.u during the dynamic state. When IPMSM drive
reaches to steady state, electromagnetic torque decreases to 0.0 p.u due to no-load
condition. In addition, flux controlling current component i, remains almost to 0.0 p.u.
The speed estimation error was less than 0.05 p.u. for adaptive observer structure and
non-adaptive observer structure during the transient state of three-phase IPMSM drive.
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Fig. 5.4 Simulation results of three-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. (a)

Fig. 5.4 depicts the performance of three-phase IPMSM drive using adaptive
observer and non-adaptive observer structure for the case of drive reversal from 1.0 p.u.
and -1.0 p.u. State variables such as Measured speed wr, estimated speed @,, speed
estimation error @,, measured position &r and estimated position 8,, position estimation
error 9,,@,, torque controlling current component 2sq are visible in Fig. 5.4. It can be
observed from Fig. 5.4(a) that using adaptive observer structure, three-phase IPMSM
drive crosses zero speed successfully and reaches to -1.0 p.u., while non-adaptive
observer structure fails to provide desired result at zero crossing as shown in Fig. 5.4(b).

In Fig. 5.4(a), position error calculation is made using the proposed stabilization
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function given in (3.62). From the given simulation results, it can be noticed that due
to lower amplitude of back EMF non-adaptive observer structure provides poor
performance compared to adaptive observer structure. The dynamic performance of is
close to Fig. 5.2 for same state variables.

Compared to Fig. 5.2(b), non-adaptive estimation using active flux-based observer
also struggles to estimate at speed reversal but provide better performance as shown in
Fig. 5.4(b). The theoretical hypothesis is confirmed using the chosen simulation results
for the case of drive starting up to nominal speed and drive reversal. The effectiveness
of the active flux-based observer structures and rotor flux vector-based observer

structure are verified using the experimental investigations in the following sections.

5.3 Experimental results of 3-phase IPMSM drive

The performance of the sensorless control system using the adaptive observer
structure and non-adaptive observer structure is evaluated in real-time operating
conditions using the set of laboratory equipment. The experimental test was carried out
on a 3.5kW IPMSM drive system. A voltage source converter supplies the three-phase
drive system. All the nominal parameters of the three-phase IPMSM drive is provided
in Appendix — A. The control system was interfaced with digital signal processor (DSP)
Sharc ADSP21363 floating-point signal processor and Altera Cyclone 2 FPGA with
sampling time of 150us (6.6kHz). The switching frequency of the transistor was
3.3kHz. The three-phase IPMSM drive contains spatial harmonics and non-sinusoidal
distribution of EMF as presented in Fig. 5.5.
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Fig. 5.5 Steady state of three-phase machine (a) Phase — A back EMF (b) Phase to phase AB back EMF
The control system structure can be seen in Fig. 4.2. To measure the current in
natural reference frame, LA 25-NP transducer was used. To implement observer
structure in the stationary reference frame, the measured current was transformed to
stationary coordinate system (a-f) using the Clarke transformation. Furthermore, the

estimated state variables are transformed to rotating coordinate system to apply
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classical FOC where i, = 0 applied. The depicted results are in per unit system. The
nominal value of torque limit was around 1.0 p.u. but for thermal management, safety
and protection reasons torque limit was adjusted to small value around 0.7 p.u. or 0.6
p.u. In addition, the computation time of the control system is 49us without applying
the code optimization. The incremental encoder of 2048 pulses per revolution (PPR)
was used to measure the speed of three-phase IPMSM drive. The only purpose of using

the encoder was to confirm the estimation accuracy of the observer structures.

5.3.1 Experimental results of rotor flux-based adaptive observer and non-adaptive
observer using classical FOC structure
In Fig. 5.6, reversal of IPMSM drive is shown from 0.1 p.u. to -0.1 p.u. using the
adaptive observer structure. During the low-speed reversal test, torque value was
limited up to 0.5 p.u. The observer structure is prepared using the sinusoidal machine
model. Due to machine asymmetry, small oscillations are visible at low-speed operation
of the IPMSM drive. It can be observed that estimated speed and position follows that

measured speed and position. Estimated current component in g-axis and speed error

0.11
®,,®, 0
0.1

are also shown.

0 500 1000 1500 2000 2500 3000
Time [ms]

Fig. 5.6 Experimental results of 3-phase IPMSM drive reversing from 0.1 p.u to -0.1 p.u. using
Adaptive observer

In Fig. 5.7, drive reversal performance is presented using the non-adaptive observer
structure. Fig. 5.7(a) shows that the drive reverses from 0.1 p.u. to -0.1 p.u. and in Fig.
5.7(b) drive reverses back from -0.1 p.u. to 0.1 p.u. At zero crossing, the estimation of
speed and position becomes extremely difficult for observer structure. The IPMSM
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drive suffers heavily due to machine disturbances at low-speed operation. Overall, in

both cases, as shown in Fig. 5.7(a) and Fig. 5.7(b) observer structure fails to provide

satisfactory results at low speed even though torque reaches to maximum value of 1.0

p.u., other estimated parameters are also shown in Fig. 5.7.

0.2 0.2-
017% i
@, @, 01 ah,éz 0
0.1 0.1
-0.2 T T T T T T T T T 1 -0.2
0.1 0.1
“ °\/W\/\/V\/W\A“' @0
‘Ol T T T T T T T T T 1 '01
19 1
& &
Iy of\/\/‘\/\\,\* g O
'1 T T T T T T Al '1
21 1 21 7
6,.0, 6,,0,
OI T T T T T T T T T 1 O
0 1000 2000 3000 4000 5000
Time [ms]

@

2000 3000 4000 5000
Time [ms]

(b)

0 1000

Fig. 5.7 Experimental results of 3-phase IPMSM drive reversing from 0.1 p.u to -0.1 p.u. using Non-
adaptive observer
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Fig. 5.8 Experimental results of 3-phase IPMSM drive starting to nominal speed using the adaptive
observer

Results of the three-phase IPMSM drive starting up from 0.1 p.u to 1.0 p.u. using

adaptive observer structure is presented in Fig. 5.8. Adaptive observer structure follows

the reference speed command but speed estimation error during the transient state is
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less than 0.05 p.u. In addition, the effects of spatial harmonics are not visible during the

medium and high-speed ranges as compared to low-speed range.

Three-phase IPMSM drive reversal from 1.0 p.u to -1.0 p.u. is shown in Fig. 5.9.
Three-phase IPMSM drive successfully crosses the zero-speed range using the adaptive
observer structure. The calculated speed estimation error during the dynamic state is
significantly less than 0.05 p.u. during drive reversal. Considering the results of IPMSM
drive, the adaptive observer structure is more robust than the non-adaptive observer

structure.
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0 1000 2000 3000 4000 5000
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Fig. 5.9 Experimental results of 3-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. using the
adaptive observer

5.3.2 Experimental results of active flux-based adaptive observer and non-

adaptive observer using classical FOC structure

In Fig. 5.10(a), the three-phase IPMSM drive successfully reverses from -0.1 p.u to
0.1 p.u. using the adaptive observer structure but in Fig. 5.10(b), the IPMSM drive
struggles to reverse at zero speed using the non-adaptive observer structure. The
observer structure is based on sinusoidal machine model. Due to spatial harmonics and
non-sinusoidal distribution of EMF, disturbances significantly affect at the low-speed
operation as shown in Fig. 5.10. Extending the control system to the damping structure
presented in [144], [145] can compensate for this oscillation. However, this thesis only
focuses on speed observer structure; the problem of non-sinusoidal distribution of EMF
is treated as a disturbance. A low-pass filter (LPF) can be employed to minimize the

disturbances.
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Fig. 5.10 Experimental results of 3-phase IPMSM drive reversing from -0.1 p.u to 0.1 p.u. (a) Adaptive
observer (b) Non-adaptive observer
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Fig. 5.11 Experimental results of 3-phase IPMSM drive starting up to 1.0 p.u. (a) Adaptive observer (b)
Non-adaptive observer

In Fig. 5.11, experimental test is conducted for drive starting up from 0.1 p.u. to 1.0
p.u. It can be seen that the estimated state variables using both types of observer
structures works well at medium and high speed but struggle at low speed. Error
between estimated speed and measured speed was less than 0.05 p.u. for both observer
structure. To minimize the mechanical stress on the machine and reduce overcurrent
issues, maximum torque limit was set around 0.5 p.u. When speed changes from 0.1
p.u. to 1.0 p.u., the g-axis current increases from 0.0 p.u to 0.5 p.u. and when drive

reaches to steady state g-axis current decreases to 0.0 p.u as shown in Fig. 5.11.
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measured speed wr, estimated speed @,, speed estimation error @,, measured position
Or, estimated position 8,, torque repressing current component ?Sq are shown in Fig.

5.11.
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Fig. 5.12 Experimental results of 3-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. using
Adaptive observer

Fig. 5.12 presents the working of the adaptive observer structure during IPMSM
reversal from 1.0 p.u. to -1.0 p.u. The results shows that control system using the
adaptive observer crosses the zero-speed range without any problem and reaches to
desired speed -1.0 p.u. Important parameters such as estimated speed @,, speed
estimation error @,, position estimation error 8,, current components in d-q coordinates

system are shown.

Fig. 5.13(a) shows that IPMSM drive reverses from 1.0 p.u. to -1.0 p.u. and in Fig.
5.13(b) IPMSM drive reverses back from -1.0 p.u. to 1.0 p.u. In both cases, IPMSM
drive struggles during the zero crossing, however, it reaches maximum value again, but
at zero speed, it does not provide satisfactory results. Speed error @, and position error
0, are high compared to adaptive observer. As back EMF value is extremely low, which
is not enough to estimate speed; hence, the observer structures fail to estimate during

the extremely low speed of IPMSM.

96



1+ 149
. 057 051
@ 0+ @, 0
0.5 -0.5
-1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -1
0.2 0.2
0.11 0.1
a"‘) 0 a") 0 7—~\-_——.&M/—‘_—\——_—
0.1 "-0.11
-0.2 -0.2
3.14+ 3.14
~ 1577 1.57
0, o 7“__# I ’ | , 6 o
-1.57 -1.577
-3.14 i T i T i -3.14
17 1q
o ‘"J’rl
0T\ g 0 *——/ \'—"
sq A . I\ /_
-1 i T i T i T i T 1 -1 i T i T i T i T
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time [ms] Time [ms]
(@ (b)

Fig. 5.13 Experimental results of 3-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. using Non-
adaptive observer

To examine observer structures performance during loading condition, rotor speed
was set at 0.5 p.u. and torque limit was increased from 0.5 p.u. to 0.8 p.u as shown in
Fig. 5.14.
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Fig. 5.14 Experimental results of 3-phase IPMSM drive when speed is 0.5 p.u. and load torque
increased from 0.2 p.u. to 0.75 p.u. (a) Adaptive observer (b) Non-adaptive observer

After 0.1s applied load torque was increased from 0.2 p.u. to 0.75 p.u. Performance
of both observer structure can be visualized in Fig. 5.14(a) and Fig. 5.14(b),
respectively. Speed estimation error @, was less than 0.05 p.u. for adaptive observer

throughout the test and while speed error was increased non-adaptive observer as
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applied load was increased from 0.2 p.u. to 0.75 p.u. It can be seen that the adaptive
observer structure is more reliable and provides satisfactory results than non-adaptive

observer structure.

The simulation and experimental results of the adaptive and non-adaptive observer
structures of three-phase IPMSM validate its effectives. Building on this, the following

section provides discussion on simulation results of five-phase IPMSM.

5.4 Simulation investigation of 5-phase IPMSM drive

This section presents the simulation results of different control schemes the five-
phase IPMSM drive. The simulation analysis of five-phase IPMSM drive with 3™
harmonic injection was also conducted in Microsoft Visual Studio software. It is
important to mention that the 3 harmonic injection turned on means, the control
system in the second plane is turned on. Major portion of the simulation work involves
solution of differential equations, reference frame transformation matrices and gain
tuning of PI controller. To facilitate the implementation of simulation work in the
practical DSP program during the experimental investigations, simulation work was
carried out in WinSim. To confirm the theoretical hypothesis, the simulation and
experimental tests are conducted using the proposed control structures for different
scenarios. The nominal parameters of the five-phase IPMSM are presented in Appendix
- A

5.4.1 Simulation investigation of (yx),isi)) vector based control structure of five-
phase IPMSM drive
Simulation results of five-phase IPMSM drive starting up to nominal speed and
reversing from 1.0 p.u. to -1.0 p.u. using (yi),is()) vector based control structure are
shown in Fig. 5.15 and Fig. 5.16, respectively. To reduces the losses and enhance the
drive performance, MTPA control was employed in the first plane in the proposed
control structure using (4.23). As reluctance torque production is extremely small in the

second plane, x;(z) = 0 was applied. Moreover, (y+i),isG)) vector based control structure

is also compared with field-oriented control scheme. For FOC structure maximum limit
for torque controlling current isq) and maximum torque limit in the multiscalar control

structure was around 1.0 p.u.
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Fig. 5.15 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (a) Field-oriented control (b)

(wr),is)) vector based control structure

In Fig. 5.15(b) and Fig. 5.16(b), multiscalar variables: rotor angular speed in first
plane x11(1), generated torque Xi2¢), X12¢2) and flux controlling variables Xx22(1), X222) in
first plane and second plane are shown. In Fig. 5.15, when drive accelerates from 0.1
p.u., torque generated in first plane reaches to 1.0 p.u. Simultaneously, torque

production in second plane was almost 10% of fundamental torque.
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Fig. 5.16 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) Field-oriented
control (b) (wr),is) vector based control structure

It is important to mention that Fig. 5.23 presents Fast Fourier Transform (FFT)
analysis of scrutinized five-phase IPMSM. Based on the FFT results, 3™ harmonic
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component exists in the designed five-phase IPMSM. The value of 3 harmonic

component was approximately around 12% to 15% of the fundamental component.

In Fig. 5.16, when speed changes from 1.0 p.u. to -1.0 p.u., torque changes from 0.0
p.u. to -1.0 p.u. during the transient state and as drive reaches to desired speed, torque
value also reduces to 0.0 p.u. At transient state, torque contribution from second plane
was 0.1 p.u. In the simulation investigations, upper limit and lower limit of Pl controller
was set 1.0 p.u. and -1.0 p.u. respectively. Performance of the five-phase IPMSM drive
using (i), isi) vector based control structure and FOC provides similar dynamic

response.

5.4.2 Simulation investigation of (ws),is()) vector based control structure - 1 and

control structure — 2 of five-phase IPMSM drive

In Fig. 5.17 and Fig. 5.18, chosen simulation results are presented for control
structure — 1 presented in Section 4.3.3 and control structure — 2 depicted in Section
4.3.4 in Chapter 5.
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Fig. 5.17 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (a) control structure - 1 (b)
control structure — 2

In Fig. 5.17, five-phase IPMSM drive with 3" harmonic injection is starting up to
1.0 p.u. The performance of control structure — 1 and control structure — 2 is shown in
Fig. 5.17(a) and Fig. 5.17(b), respectively. Multiscalar variables such as rotor speed of
the first plane xi11¢), torque produced in first xi2¢) and second plane xi22), square of

stator flux x21(1) and flux controlling variable x22(1) components are shown.
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Fig. 5.18 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (2) control
structure - 1 (b) control structure - 2

The dynamic performance of reversal of five-phase IPMSM drive from 1.0 p.u. to
-1.0 p.u is presented in Fig. 5.18(a) for control structure — 1 and in Fig. 5.18(b) for
control structure — 2. Angular speed of first plane x11(1) and second plane x11(2), torque
generated in the first plane x12¢1) and second plane Xi2(2), Square of stator flux x21¢1) in

second plane are depicted in Fig. 5.18.

It can be observed that transient performance of both control structures presented
in Fig. 5.17 and Fig. 5.18 are identical. By injecting 3 harmonic current in second
plane, motor torque generated in second plane was 10% of fundamental torque. The
dynamic control of electro-mechanical subsystem is same in both control structures but
the control of electro-magnetic subsystems is different as shown in Fig. 4.6 and Fig.
4.7. In the control structure — 2, to control square of stator flux only 1 controller is
required each plane and the flux controlling variable is controlled internally, while in

control structure — 1, 2 controllers are needed in each plane.

5.4.3 Simulation investigation of predictive control using multi-scalar variables of
1st plane and multi-scalar model-based control of 2nd plane of five-phase
IPMSM
The simulation results of the predictive multiscalar-based control structure of the

five-phase IPMSM as shown in Fig. 4.9 are presented here. Moreover, to provide

comparative analysis, the predictive multiscalar-based control structure is compared

with predictive field-oriented control structure. In Fig. 5.19 and Fig. 5.20, the chosen
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simulation results are provided for two scenarios: 1) five-phase IPMSM drive starting

up to nominal speed 2) drive reversal from 1.0 p.u to -1.0 p.u.

In Fig. 5.19(a) and Fig. 5.20(a), performance of predictive field-oriented control is
shown where rotor speed wrq), flux controlling current components isqy and isae),
torque controlling current components isqz) and isq2) are shown, while Fig. 5.19(b) and
Fig. 5.20(b) dynamic performance of predictive multiscalar is shown. Multiscalar
variables: rotor speed x11(1), generated torque in first plane x12¢1) and second plane xi2(),

square of stator flux x21¢1) and flux controlling variable x22(1) are shown.
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Fig. 5.19 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (2) Predictive field-oriented
control (b) Predictive multiscalar control
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Fig. 5.20 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) Predictive
field-oriented control (b) Predictive multiscalar control
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By injecting 3™ harmonic current with fundamental current, both control structure
ensures overall torque enhancement. It can be observed at transient state that torque
contributions by the first plane and second plane were 1.0 p.u. and 0.1 p.u., respectively.
In addition, when drive reaches to steady state torque generation is reduced to 0.0 p.u.
due to no-load condition. Simulation results shows that predictive multiscalar control
schemes of five-phase IPMSM provides faster dynamic response than predictive field-
oriented control for both scenarios. Predictive control provides excellent dynamic
response compared to other control structure; however, it also introduces higher

harmonic components which is visible in the torque response as shown in Fig. 5.19.

5.4.4 Simulation investigation of backstepping multiscalar control structure of
five-phase IPMSM

In this section, simulation results of backstepping multiscalar control structure are
presented for start-up and reversal tests. The backstepping mutliscalar control structure
is also compared to field-oriented control for the case of drive starting up to nominal
speed and reversal from 1.0 p.u. to -1.0 p.u. Simulation results of drive starting up to
1.0 p.u. using the Field-oriented control is shown in Fig. 5.21(a) and using backstepping
mutliscalar control structure illustrated in Fig. 5.21(b). In Fig. 5.22(a) and Fig. 5.22(b),
simulation outcome of five-phase IPMSM drive reversal from 1.0 p.u. to -1.0 p.u. is
presented using the both control structures.

It can be noticed, MTPA control strategy was employed in the first plane of both
control structure to obtain reluctance torque, while in the second plane isq2) = 0 control
was implemented because output reluctance torque value is very small. With third
harmonic injection, overall output torque generation was enhanced as can be seen from
Fig. 5.21 and Fig. 5.22, respectively. From the simulation results, backstepping
multiscalar technique achieved similar dynamic response as field-oriented control

scheme.
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Fig. 5.21 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (a) Field-oriented control (b)
backstepping mutliscalar control structure
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Fig. 5.22 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) Field-oriented
control (b) backstepping mutliscalar control structure

In the next section, experimental results of the proposed control solutions are

discussed in details.

5.5 Experimental investigation of five-phase IPMSM drive

In this section, the theoretical hypothesis is validated using the experimental tests
on five-phase IPMSM drive with proposed control structures in first plane and second
plane utilizing 3™ harmonics for different cases. To start, a brief overview of
experimental testbench is given to show the capabilities of five-phase IPMSM drive

system.

104



TekPrevu U

|

(@ 10.0A 2 J(20.0ms 500kS/s @ . |12 Nov 2024
[. 1.00 A& 125 Hz j 100k pOiI‘ItS 60.0mV J|14:08:49

Fig. 5.23 Current waveform (Blue), Phase A back EMF (Cyan), FFT measurement (Red) of the
examined five-phase IPMSM at Nominal speed

In Fig. 5.23, measurements of current waveform, phase A back EMF and FFT
analysis of investigated five-phase IPMSM is depicted. In this test, five-phase IPMSM
was mechanically coupled with three-phase induction machine (load). The load
machine was operating at rated condition during this test. It can be observed from the
measured current waveform and FFT curve that the component of 3™ harmonic exists
in the phase current in five-phase IPMSM. The amplitude of third harmonic component
was around 15% of the fundamental component. The uncontrolled presence of the 3™
harmonic component in the phase current shape is not inherently disadvantageous but
indicates that the magnetic circuit of the five-phase IPMSM is not being utilized to its
full potential. To utilize the 3" harmonic component to enhance output torque level,
control structure in the second vector plane requires to implement. Fig. 5.23 ensures
that the designed five-phase IPMSM allows to inject 3 harmonic currents to enhance

the output torque generation.

In order to examine the behavior of the proposed control solution in real-time
operating conditions, the presented control system was precisely verified by the use of
set of laboratory equipment. The laboratory set employed 5.5kW five-phase IPMSM
drive system supplied by voltage source converter (VSC). The experimental testbench
of the five-phase IPMSM drive can be seen in Fig. 5.24. Parameters of the five-phase

drive systems are given in Appendix — A. The signal processing unit plays a crucial in
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the overall implementation of the drive system. DSP sharc ADSP21363 floating-point
signal processor and Alter Cyclone 2 FPGA are used in the interface for control system
implementation. The experimental setup is constrained by a strict execution time limit
of 150us. In this case, code optimization and time-saving compromises become crucial.

Computation and signal processing unit are split between two subsystems.

Connection

Connection

to 5-¢
t03-4IM IPMSM
control control

Inverter

Inverter

Fig. 5.24 Experimental testbench of five-phase IPMSM drive

The Alter Cyclone 2 FPGA handles communication between the computer console,
memory and Analog to Digital Converter (ADC), while also controlling the transistor
gate unit and relays. Additionally, the FPGA supplies the clock and triggers for DSP
interrupt routine, in which all calculations are executed. The connection between DSP
sharc ADSP21363 and FPGA is made using address and data bus, facilitating data
exchange between the two integrated circuits.

In the next task, computation of observer structure for first plane and second plane
are carried out using the different control solutions, chosen by the operator.
Subsequently, the required space vector modulation (SVM) calculations are carried out
to determine the switching times for the required voltages. In time period of 150us, the
calculation must be completed. The switching frequency of the transistor was 3.3kHz.
Current measurement was done using LA 25-NP current transducers and later on
transformed to stationary reference frame (a-P) using the Clarke transformation. The

angular speed of the machine was measured using the incremental encoder 2048 PPR.
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The only purpose of using the encoder was to verify the estimation accuracy of the

observer structure

5.5.1 Experimental results of control system based on the wrx),isg) vectors

In Fig. 5.25 and Fig. 5.26, the performance of the multiphase IPMSM drive is
depicted for the case of drive starting up to 1.0 p.u. and reversing from -1.0 p.u. to 1.0
p.u., respectively. To apply speed command, ramp time of 260 ms was introduced to

reduce torque pulsation and obtain smooth dynamic response transient performance of

the five-phase IPMSM drive.

Fig. 5.25 Experimental of five-phase IPMSM drive starting up to 1.0 p.u. (a) FOC structure (b) control
system based on the wr),isgiy vectors
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Fig. 5.26 Experimental results of five-phase IPMSM reversing from -1.0 p.u. to 1.0 p.u (a) FOC
structure (b) control system based on the wrxj),is vectors
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In Fig. 5.25(a) and Fig. 5.25(b), the multiphase IPMSM drive starting up to nominal
speed using the FOC structure and control system based on the wx),isiq vectors.
Measured rotor speed cwr(1) ~ X11(1), estimated speed @,(;, ~ X;(1), speed estimation error
@1y ~ X11(1), generated torque in the fundamental plane ?Sq(l) ~ X121y and in the second
plane ?Sq(z) ~ X5(2) are show. When the reference speed of the machine was changed
from 0.1 p.u. to 1.0 p.u., electromagnetic torque was generated and increased up to the
defined limit around 0.7 p.u. for the first plane and 0.07 p.u. for the second plane. When
the machine speed reaches to 1.0 p.u., torque reducues to zero value as no-load was
applied. During the transient state, the error between the measured and estimated speeds
was less than 0.05 p.u. It can be observed that torque contribution from second plane

was almost 10% of the fundamental plane.

Fig. 5.26(a) presents the response of FOC structure variables in rotating coordinates
(d-g)q and Fig. 5.26(b) shows the response of wx,isq vectors based variables in
stationary coordinates (a-p)q for the case of drive reversal from -1.0 p.u. to 1.0 p.u. for
both sensorless control structure. At no-load, the IPMSM drive reverses from -1.0 p.u.
to 1.0 p.u. during the transient state, electromagnetic torque increases up to the defined
upper limit in the controllers for the first plane and second plane, and as drive completes
the reversal, the generated torque decreases to zero. The speed estimation error was less
than 0.05 p.u. The torque generated in the second plane was 10% of the first plane

during the transient state.

The maneuver corresponds to drive staring up to nominal speed and drive reversal
from -1.0 p.u. to 1.0 p.u. using the i), is) vectors based control system is identical to
sensorless FOC structure. The wr,isiq vectors based control system eliminates the
requirement of variables transformation to rotating coordinates for control structure
implementation. In addition, the wr),isq) vectors based control scheme ensures the
torque enhancement by injecting 3™ harmonics in five-phase IPMSM drive and also

provides proper decoupling between the mechanical and electromagnetic subsystems.

In the second scenario, wr),isg vectors based control system of the five-phase
IPMSM drive was tested against the load torque injection at medium speed and nominal
speed. In Fig. 5.27 and Fig. 5.28, the tracking response of the variables based on ), is()
vectors are shown for the load torque injection. In Fig. 5.27(a), the IPMSM drive was
running at steady state around 0.5 p.u. with applied load at 0.1 p.u. and after 0.65s, the
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applied load torque was changed from 0.1 p.u. to 0.91 p.u. When sudden load torque
change T. is applied to the IPMSM drive, the wx),isq) vectors based control system
provides fast and adequate response, as can be seen in Fig. 5.27(a).
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Fig. 5.27 Experimental results of five-phase IPMSM drive using wx),is) vectors based control system
(a) Load torque was changed from 0.1 p.u. to 0.91 p.u. after 0.65s (b) steady state is presented for

150ms
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Fig. 5.28 Experimental results of five-phase IPMSM drive using wsi,is vectors based control system
(a) Load torque was applied after 0.36s (b) steady state is presented for 150ms

The electromagnetic torque increases from 0.1 p.u. to 0.91 p.u. for the first plane
¥12¢1yand 0.01 p.u. to 0.091 p.u. for the second plane ;). In the first plane, the benefit

of the reluctant torque X,,(;) was utilized to enhance the drive performance, however in

the second plane due small value of reluctance torque x;Z(z) = 0 was set. In Fig. 5.27(b),
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steady state operating performance of the same variables is shown for 150ms. At steady

state, the drive runs at desired speed and at applied load torque without any issue.

In Fig. 5.28(a), the drive was running at 1.0 p.u. without load. After 0.36s, the
applied load torque was increased increases from 0.0 p.u. to 0.87 p.u. As the sudden
load was applied, speed undershoot less than 4% for a very short duration can be seen
and again rotor speed quickly settled at desired speed at 1.0 p.u. As the load was

connected after 0.36s, the torque generation in the first plane ;5 ), in the second plane
¥12(2) and reluctance torque X,(; in the first plane increased as shown in Fig. 5.28(a).
In Fig. 5.28(b), the same machine variables are represented for 150ms period. It is
visible that at a dynamic and steady state, the wx),isi) vectors based control system
responds appropriately in the case of load torque injection at medium speed and high
speed.
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Fig. 5.29 Estimated stator flux distribution of g?/sﬂ(i) for first plane and second plane in stationary
reference frame using wsx;),is vectors based control system

In Fig. 5.29, stator flux distribution using i), isg vectors based control system for
first plane and second plane are depicted. The following variables are illustrated:

estimated rotor speed X,,(;), calculated speed estimation error ), estimated stator

flux components in the first plane ,y;sﬂ(l)’ second plane iﬁsﬂ(Z) and total flux distribution

~

Vop1e2y In wi),isi) vectors based control system, stator flux level of the machine was

maintained at permanent magnet flux level of the machine. Fundamental component

with 3" harmonic injection results in quasi-trapezoidal stator flux distribution ’y?sﬁ(l )
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as shown in Fig. 5.29. Peak value of stator flux components ?/sﬁ(l), /V;sﬁ(Z) and @sﬂ(m)

were around 0.8841 p.u., 0.1326 p.u. and 0.77 p.u., respectively.

In the next scenario, the IPMSM drive performance was examined for low speed
reversal and standstill test using the wrxi),isg vectors based control structure. In Fig.
5.30(a), the multiphase drive was reversed from -0.1 p.u. to 0.1 p.u. at no load condition.
Machine parameters such as measured speed xi1(1), estimated speed in the first plane
¥11(1y and second plane %;,(»), generated electromagnetic torque in fundamental plane
¥12(1yand second plane %, are shown. When fundamental speed %, reverses from -
0.1t0 0.1 p.u., speed in second plane %, ,(,, reverse from 0.3 p.u. to -0.3 p.u. as shown
in Fig. 5.30(a). The calculated speed estimation error was under 0.05 p.u. at dynamic
state, electromagnetic torque rises up to 0.7 p.u. and 0.07 p.u. for fundamental plane
X1¢1y and second plane %5, respectively. When machine reaches 0.1 p.u. torque
quantities reduce zero value as no-load was applied for this test. At low-speed
operation, the effect of voltage drop due to stator resistance and the presence of

nonlinearities in the drive system components affects the drive operation significantly.
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Fig. 5.30 Experimental results of five-phase IPMSM drive using wx),is) vectors based control system
(a) machine reversing from -0.1 p.u. to 0.1 p.u. (b) Standstill test

In Fig. 5.30(b), the ), s vectors based control strategy was tested for the case of
standstill test. The five-phase IPMSM drive was running at medium speed %, ;;, around
0.5 p.u. After 0.25s, speed of the IPMSM drive was changed from 0.5 p.u. to 0.0 p.u.
The rotor of the machine was held at 0.0 p.u. for almost 2.4s and after 2.65s, rotor speed

was changed back to 0.5 p.u. as shown in Fig. 5.30(b). Speed of the second plane %, ;)
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changes from -1.5 p.u. to 0.0 p.u. and again 0.0 p.u. to -1.5 p.u. for this test. The control
structure using wr,is(i vectors does not lose synchronism at zero speed and follow the

reference command. The torque variables of each plane are also shown in Fig. 5.30(b).
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Fig. 5.31 Experimental results of five-phase IPMSM drive using wx),is) vectors based control system
(a) Motoring mode at T, =0.2 p.u. (b) Regenerative mode at T, =-0.1 p.u.

In Fig. 5.31, the performance of yrxy,isi) vectors based control strategy is presented

for motoring mode and regenerative operations. In Fig. 5.31, reference speed step
change xfl(l), estimated speed for each plane ,,(;) and X,,(,), generated torque in each
plane X,y and X,,,) are depicted. In Fig. 5.31, the reference speed xfl(l) was changed
from 0.25 p.u. to 0.35 p.u. and again switch back from 0.35 p.u. to 0.25 p.u. During
motoring mode, the applied load was 0.2 p.u. and for the regenerative test load torque
was -0.1 p.u. as can be confirmed in Fig. 5.31(a) and Fig. 5.31(b). For motoring mode
and regenerative mode, the tracking response of electromagnetic torque variables for
the fundamental plane and second plane was opposite in sign. The control structure

provides satisfactory results for both operations modes as can be seen in Fig. 5.31.

In the next scenario, to verify the torque enhancement in the multiphase IPMSM
drive, third harmonic current injection was turned on and turned off as shown in Fig.
5.32 and Fig. 5.33. Estimated speed X,;(;), fundamental current ?sa(l), third harmonic
current ?Sa(z)and total current ?Sa(m) and torque generated in second plane %, are
presented. In Fig. 5.32(a), the IPMSM drive was running at 0.7 p.u. with applied load
of 0.3 p.u. After 0.14s, third harmonic injection was turned on. It can be noticed that,

as third harmonic was injected torque contribution from second plane increases from
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0.0 p.u. to 0.03 p.u. and total current waveshape changes from sinusoidal to quasi-

trapezoidal wave as shown in Fig. 5.32(a). In addition, steady state results of third

harmonic injection were presented in Fig. 5.32(b) for same state variables.

In Fig. 5.33(a), after 0.17s third harmonic injection was turned off. As third

harmonic current was turned off, current and torque contribution in the second plane

reduced to zero. The shape of total current changes from quasi-trapezoidal to sinusoidal

as shown in Fig. 5.33(a). The performance of the drive during the steady state when

third harmonic was turned off is presented in Fig. 5.33(b).
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Fig. 5.32 Experimental results of loaded five-phase IPMSM (a) after 0.14s 3™ harmonic injection was

turned on (b) steady state
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Fig. 5.33 Experimental results of loaded five-phase IPMSM (a) after 0.17s 3" harmonic injection was

turned off (b) steady state
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In the next scenario, to examine robustness of the iy, isi) vectors based control
system uncertainty tests were conducted on five-phase IPMSM drive by varying the
machine parameters as shown Fig. 5.34 and Fig. 5.35. To conduct uncertainty test,
machine was rotating at steady state around 0.5 p.u. with applied load around 0.53 p.u.
In Fig. 5.34(a) and Fig. 5.34(b) inductance of the first plane Lq(1) and second plane Lq2)
was varied in 3 stages. In the first plane Lq) was 0.5Lgn(1) for up to 1.2s, after 1.2s Lqq)
= Lgn(y) for up to 4s, and after almost 4s Lq) = 2Lgn() as shown in Fig. 5.34(a). Similarly,
in second plane Lq) was 0.5Lgn(2) for up to 1.1s, after 1.1s Lqe) = Lgn(2) for up to 4.65s,
and after 4.65s Lq2) was 2Lqn(z) as presented in Fig. 5.34(b). It can be observed from
Fig. 5.34(a), as inductance value of the first plane Lq) increased above nominal value
control system losses the stability. Speed estimation error is also more than the
permissible limit and ripple in output torque also increases. In addition, it can be noticed
from Fig. 5.34(b), that the control system remains the stable against the variation of

inductances in the second plane Lq().
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Fig. 5.34 Experimental test of five-phase IPMSM for different value of inductances (a) Lqq) (b) Lqe2)
Fig. 5.35 presents the variation of stator resistance to verify the robustness of the
control system. Machine parameters such as rotor speed in the first plane %,,.;, and
second plane X,,), speed estimation error X,;(;), torque in second plane X5, are

shown. Rotor speed was set at 0.5 p.u., speed estimation errors was less than 0.05 p.u.,
and torque contribution by second plane was 0.053 p.u. Stator resistance Rs was 0.5Rsn

up to 1.4s, after that Rswas equal to Rsh up to 5.7s and beyond that Rs was 1.5Rsh. With
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the variation in stator resistance control system remains stable and has been proven to

be robust.
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Fig. 5.35 Experimental test of five-phase IPMSM for different value of stator resistance Rs

In the next scenario, five-phase IPMSM drive was operated from 0.1 p.u. to 2.0 p.u.
in the field weakening region using the wx,isi vectors based control system as Fig.
5.36(b). It is important to mention that in this test, drive operates in the constant power
region. To compare the dynamic performance of ws),isq) vectors based control system,
the performance of FOC structure is also presented in Fig. 5.36(a). Measured speed
wr) ~ Xi), estimated speed @,(;) ~ Xy1(), speed estimation error @,y ~ Xy,
electromagnetic torque ?Sq(l) ~ X1(1) and reluctance torque ?Sd(l) ~ Xy5(1y in the first plane
are shown in Fig. 5.36. During this test, third harmonic injection was turned off as drive
was operating above the base speed region. Fig. 5.36 shows that as drive starts to
accelerates from 0.1 p.u., generated electromagnetic torque reaches to defined upper
limit 1.0 p.u. and reluctance torque reaches to 0.22 p.u. When drive operates beyond
the base speed 1.0 p.u., field of permanent magnet weaken by the negative (?sd(l) ~
¥51y) and electromagnetic torque ?Sq(l) ~ X15(1) also reduces to operate the drive in
constant power region. During this operation, the calculated speed error between the
measured and estimated speed was less than 0.05 p.u. in both control structures. It can
be observed from the given results that wr),isi vector based control system provides
fast and adequate dynamic response for field weakening region. The dynamic
performance of ), is vector based control system matches with the well-established

control structure such as FOC.
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Fig. 5.36 Field weaking operation of five-phase IPMSM (a) FOC structure (b) control system based on
the i), isg) vectors

Fig. 5.37 shows the field weakening operation when drive is accelerating from 0.1
p.u. to 1.8 p.u. using the proposed wrj),is() vector based control system. Measured speed

X11(1), estimated speed X;(), calculated speed estimation error X, stator flux

component in the a-coordinate ‘/A’sa(u’ and amplitude of stator flux |?/s(1)| are shown.
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Fig. 5.37 Field weaking operation of five-phase IPMSM using proposed control system based on the
Wiy, Is() vectors

All variables presented in Fig. 5.37 are from the fundamental plane, as third
harmonic injection was turned off during this experimental test. It can be observed from

Fig. 5.37 that as speed crosses 1.0 p.u., flux amplitude of the machine starts to decreases
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as drive operates in the field weakening region. Speed estimation error was less than

0.05 p.u. during this test.

One of the key benefits of a multiphase machine is its ability to keep operating even
when a fault occurs in one or two phases. The fault-tolerance performance of i), s
vector based control system is shown in Fig. 5.38. To create open phase faults manually
switched circuit breaker was employed. In Fig. 5.38(a), drive was running at steady
state around 0.3 p.u. with no-load condition and without injection of third harmonics.
After 0.28s, phase A was deactivated by manually switched circuit breaker. As phase
A was removed, inverter output current increases and oscillations in estimated rotor

speed can be visualized in Fig. 5.38(a).

In Fig. 5.38(b), five-phase IPMSM drive was operating around 0.3 p.u. at no-load
and with third harmonics injection. Due to third harmonic injection, current waveshape
deformed to quasi-trapezoidal waveshape. After 0.21s, phase A and phase C both were
deactivated. Drive continues to rotate in the event of 2 phase deactivation. Current in
healthy phases increases and small oscillation can be seen in Fig. 5.38(b).
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Fig. 5.38 Fault-tolerance test on five-phase IPMSM using control system based on the s, isq) vectors
(a) phase A deactivated (b) phase A and C deactivated

5.5.2 Experimental results of ys(),isG) vectors based control systems

The tracking response of state variables of the five-phase systems using ws,ls()
vectors based control system are presented here for different cases. The s, is(i vectors
based control structure — 1 is also compared with ws),isG vectors based control

structure-2 for the case of drive start up to nominal speed and reversing from 1.0 p.u.
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to -1.0 p.u. It is important to realize that ws),isiq) vectors based control structure-1
requires additional PI controller to control electromagnetic subsystems as shown in Fig.
4.6, while ws),isi) vectors based control structure-2 ensures the direct control of flux
controlling variable which eliminates the requirement of 1 controller in electromagnetic
subsystem in each plane as shown in Fig. 4.7. In Fig. 5.39 and Fig. 5.40, the dynamic
performance of drive accelerating from 0.1 p.u. to nominal speed and reversing from
1.0 p.u. to -1.0 p.u. using the ws(,isi) vectors based control structure-1 and control
structure-2 are presented. It is important to mention that small ramp time of 260 ms was

added to the speed command during these tests.

Five-phase IPMSM drive running to rated speed is shown in Fig. 5.39(a) using the
control structure — 1 and in Fig. 5.39(b) using the control structure-2. Estimated
parameters are used in both control structure. Variables in the first plane (a-f)q)
represented using the index (1) and variables in the second planes are expressed using
the index (2). In Fig. 5.39(a) and Fig. 5.39(b), variables such as machine speed %, ;y),
square of stator flux X,,;, flux controlling variable %, in first plane, and generated

electromagnetic torque in the first plane %,,;, and second plane %, are depicted.

The reference command of the stator flux was 1.0225 p.u. and 0.0225 p.u. for the
first plane and second plane, respectively. From FFT analysis presented in Fig. 5.23,
torque contribution in the second plane was considered around 10% of the fundamental
torque. From Fig. 5.39 (a) and (b), it can be observed that torque generation in the
second plane was around 0.07 p.u. of first plane as shown. Square of stator flux kept
constant during the steady state and dynamic state. To keep stator flux constant,

requirement of flux controlling variable X, ;) was increased from 0.08 p.u. to 0.15 p.u.

In the next case, the drive reversal from 1.0 p.u. to -1.0 is shown using the control
structure-1 and control structure-2 in Fig. 5.40(a) and Fig. 5.40(b), respectively.

Measured speed xi1(1), estimated speed %), error between the measured speed and
estimated speed X, (), torque generation in the first plane x,,(;, and second plane %, ,,
are shown. Speed estimation error ¥,y was less than 0.05 p.u. in both control

structures. During the drive reversal, torque generation due to third harmonic injection
increased up to 0.07 p.u. in the second plane which is the 10% of the fundamental torque

generation.
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Fig. 5.39 Experimental results of five-phase IPMSM drive starting up to 1.0 p.u. (a) wys,isi) vectors
based control structure — 1 (b) s, isi) vectors based control structure — 2
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Fig. 5.40 Experimental results of five-phase IPMSM drive reversing from 1.0 p.u. to -1.0 p.u. (a)
(i, is(iy Vectors based control structure — 1 (b) wsq),is) vectors based control structure — 2

From Fig. 5.39 and Fig. 5.40, it can be visualized that the output performance of

control structure-2 is almost the same as cont

rol structure-1. The ws),isi) vectors based

control structure-2 is simple and also reduces the overall control efforts as flux

controller is not required as shown in Fig.

4.7., while in the ws),isi) vectors based

control structure — 1 flux controller is necessary presented in Fig. 4.6.

FOC structure variables are compared with the variables of ws(),isG) vectors based

control structure-2 in Fig. 5.41. Fig. 5.41(a)

shows the speed change from 0.1 p.u. to

1.0 p.u. The electromagnetic torque components X1y, X12(2) Of ws(i),is() vectors based

control structure-2 and FOC system ?Sq(l), 2sq(2) are shown. When the reference speed

x}‘l(l) is changed from 0.1 p.u. to 1.0 p.u., machine accelerates and electromagnetic
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torque quantities increases up to applied limit 0.7 p.u. and 0.07 p.u. for fundamental
plane and second plane, respectively and as machine reaches to 1.0 p.u. torque
generation reduces to 0.0 p.u. due to load condition. Steady state results of five-phase
IPMSM drive is presented in Fig. 5.41(b). In Fig. 5.41(b), drive was running at 1.0 p.u.
and square of stator flux x;m) was set 1.0225 p.u. for the first plane. The flux level is
maintained as per command value, when flux controlling variable X,,;) is positive and
closed to 0.08 p.u. during the steady state condition. Similarly, flux controlling
component ?Sd(l) of FOC system behave the same as flux controlling variable X, of

Ws(i),Is(iy vectors based control structure-2.
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Fig. 5.41 Experimental results of s, isi) vectors based control structure — 2 compared FOC structure
variables (a) drive starting up to 1.0 p.u. (b) steady state

In Fig. 5.42 and Fig. 5.43 wys(),isg) vectors based control structure-2 was examined
for the case of sudden load injection and load removal at low speed and medium speed,
respectively. The five-phase IPMSM was loaded with three-phase induction machine.
Both machines were coupled mechanically as shown in Fig. 5.24. Important variables

are shown such as measured speed x, ), estimated speed %, (), speed estimation error

%111y, and torque production in each plane X,5;), X12(2).

In Fig. 5.42(a), drive was running at steady state around 0.15 p.u. without load.
After 0.12s, the load torque was changed to 0.45 p.u. With applied load, torque
production in first plane %,,.;, and second plane X,,;, increases up to 0.25 and 0.045
p.u., respectively. Similarly, in Fig. 5.42(b). In Fig. 5.43(a), speed of five phase IPMSM
was set at 0.5 p.u. and after 0.24s the load torque was changed from 0.2 p.u. to 0.74 p.u.
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as shown. In Fig. 5.43(b), applied load was pulled out from 0.74 p.u. to 0.0 p.u. after

0.19s. During both tests, calculate speed estimation error was almost close to zero. The

Ws(i),Is(i) vectors based control structure-2 provides satisfactory performance for both

cases: load torque injection and load torque removal.
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Fig. 5.42 Experimental result of loaded five-phase IPMSM using ws),is() vectors based control
structure — 2 (a) after 0.12s load torque was changed from 0.0 p.u. to 0.45 p.u. (b) after 0.2s load
torque was changed from 0.45 p.u. to 0.0 p.u.
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Fig. 5.43 Experimental result of loaded five-phase IPMSM using ws),is) vectors based control
structure — 2 (a) after 0.24s load torque was changed from 0.2 p.u. to 0.74 p.u. (b) after 0.19s the load

torque was removed from 0.74 p.u. to 0.0 p.u.

In Fig. 5.44(a), rotor speed X,;(;, was set at 0.25 p.u. with an applied load around
0.4 p.u. and after 0.16s third harmonic injection was turned on. When third harmonic

injection was turned on torque generation X, in second plane increases from zero to

121



0.04 p.u. which is 10% of the fundamental torque. Total current of the first plane and
second plane ?m(m), fundamental current ?sa(l), and injected third harmonic current
?m(z)are shown. In Fig. 5.44(b), steady state behavior with third harmonic injection in

IPMSM drive is presented. It can be noticed that the current waveshape changes from

sinusoidal to quasispheroidal wave with third harmonics injection.
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Fig. 5.44 Experimental result of loaded five-phase IPMSM using ws),is) vectors based control
structure — 2 (a) after 0.16s 3 harmonic injection was turned on (b) steady state

1 7 1 -
X1q1) 057 )211(1) 0.5
0 . : . : 0
1 1-
; 0.5 p 0.5
a )_0.5 ] sa(142) g ¢ |
-1 . . . . -1 . . . :
1 14
i‘ 0.5 a 0.5
SN VAVAVAVAVAVAVAVETIN AVAVAVAVAVAVAVA
-0.5 - -0.5
-1 " -1 "
11 1+
s 057 . 057
0 VV\V\N\N\NV VN
() g5 - l(2) 5
-1 : : : : -1
0.1 01+
% 0.05 o 0.05 1
X12(2) 0 = X22) 0
-0.05 -0.05
‘O.l T T T T T T T T 1 'O.l T T T T T T T T 1
0 100 200 300 400 0 100 200 300 400
Time[ms] Time[ms]
a (b)

Fig. 5.45 Experimental result of loaded five-phase IPMSM using ws),is) vectors based control
structure — 2 (a) after 0.17s 3™ harmonic injection was turned off (b) steady state

In Fig. 5.45(a), third harmonic injection was turned off after 0.17s. The value of
current torque in second plane reduces to zero and only fundamental current is supplied

to five-phase IPMSM. The shaper of total current changes from quasi-trapezoidal to
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sinusoidal. Fig. 5.45(b), shows the performance of the drive during the steady state

when third harmonic was off.

Fig. 5.46 shows the performance of the five-phase IPMSM drive when 3™ harmonic
injection was turned off. The same variables shown in Fig. 5.45 are depicted in Fig.
5.46. During this test, drive was running around 0.7 p.u. and applied load torque was
around 0.37 p.u. Torque limit in the first plane was reduced from 0.7 p.u. to 0.4 p.u. to
check the performance of the drive during the break test. It can be noticed from Fig.
5.46, as 3" harmonic injection was turned off after 80 ms slight reduction in estimated
speed curve is visible from 0.7 p.u. to 0.66 p.u. It can be understood from Fig. 5.46 that
injection of 3 harmonics improves the dynamic performance of five-phase IPMSM

drive.
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Fig. 5.46 Experimental result of loaded five-phase IPMSM using ws),is) vectors based control
structure — 2 for the case of 3 harmonic injection off at speed around 0.7 p.u.

Fig. 5.47 shows the performance of drive for the similar case as presented in Fig.
5.46. In Fig. 5.47, state variables such as estimated speed %, ,(;), torque components in
the first plane %,,(;, and second plane %,,(;), total torque %;,(;+», and applied load torque
T measured using the torque meter. In this test, five-phase IPMSM drive was running
around 0.5 p.u with load around 0.5 p.u. (17.5 Nm). At 100 ms, 3" harmonic injection
was turned off and drive was running with fundamental supply. As 3" harmonic
injection was cut off, speed curve reduced from 0.5 p.u. to 0.43 p.u., torque generation
in the second plane reduces to 0.0 p.u., total electromagnetics produced by the machine
also reduces from 0.55 p.u. to 0.45 p.u., applied load torque also reduced from 17.5 Nm
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to 15.75 Nm. The torque meter used in the experimental stand is manufactured by
messtechnik and it capable to measure torque up to 50 Nm. To measure the load torque
of IPMSM drive, torque meter model DRBK-50-n was used.
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Fig. 5.47 Experimental result of loaded five-phase IPMSM using ws),is) vectors based control
structure — 2 for the case of 3 harmonic injection off at speed around 0.5 p.u.

To verify the drive performance at low speed and zero speed, speed reversal test
from 0.1 p.u. to -0.1 p.u. and standstill test were conducted on five-phase IPMSM drive
using wsy,is vectors based control structure-2 as presented in Fig. 5.48. Estimated
speed in the first plane %;,.;, and second plane %;,.), square of flux %, torque
generation first plane %,,(;) and second plane %, are presented in Fig. 5.48. In Fig.
5.48(a), when drive reverses from 0.1 p.u. to -0.1 p.u., electromagnetic torque increases

up to the defined limit in each plane during the transient state and reduces to zero as
drive completes the reversal and reaches to steady state at -0.1 p.u.

In Fig. 5.48(b), five-phase IPMSM drive performance is shown under the standstill
test. To conduct this test, drive was running at 0.15 p.u. with no-load condition. After
0.4s, reference speed was changed to 0.0 p.u. and after 4.3s reference speed changed
back to 0.15 p.u. From Fig. 5.48(b), It can be observed that rotor kept at zero speed for
almost 3.9s and after that it returns back to the defined reference speed. Speed of second
plane changes after 0.4s from -0.45 p.u. to 0.0 p.u. and after 4.3s speed changes from
0.0 p.u. to -0.45 p.u. square of stator flux is maintained at desired level in the both cases:
drive reversal and standstill test as shown in Fig. 5.48(a) and (b).
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Fig. 5.48 Experimental result of five-phase IPMSM using ws,isi) vectors based control structure — 2
(a) machine reversing from 0.1 p.u. to -0.1 p.u. (b) standstill test

In Fig. 5.49, the five-phase IPMSM drive is operating in motoring mode and
regenerating mode. Step change in reference speed xfl(l), estimated speed X1, X;1(2)
and electromagnetic torque X,,;), X122, in first plane and second plane are illustrated in
Fig. 5.49. In Fig. 5.49(a), the drive performance is presented under the motoring mode.
Reference speed was changed from 0.15 p.u. to 0.25 p.u. after 0.3s and again changed
to 0.15 p.u. after 3.15s. Applied load torque was 0.2 p.u. for the motoring mode. In Fig.
5.49(b), regenerating mode of operation of five-phase IPMSM drive is presented. In
this test, applied load torque was -0.2 p.u. and reference speed was changed from 0.1

p.u. to 0.2 p.u. after 0.5s and again speed was switched back to 0.1 p.u. after 3.3s.

To examine the robustness of the ws),isq vectors based control system-2
uncertainty tests were conducted on five-phase IPMSM drive as shown in Fig. 5.50 and
Fig. 5.51. For this test, angular speed of the first plane was set around 0.7 p.u., the speed
of second plane was around 2.1 p.u., applied load torque was around 0.57 p.u. In Fig.
5.50(a) and (b), uncertainty test carried out by varying inductance in each plane. In Fig.
5.50(a), it can be observed that initially Lqz) was 50% of Lqn(1), and after 3.2s Lq1) was
equal to Lgnq), and again after 6.9s Lq(1) was 150% of Lgne). Similarly in Fig. 5.50(b),
Lq) was 0.7 time of Lgn(2), and after 3.2s Lq2) = Lgn), and again after 6.2s Lq2) was 1.7

time of Lan(2). In Fig. 5.50(a), system loses stability when inductance of the first plane
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value is changed to Lq(1) =1.5Lgne). While in Fig. 5.50(b), system remains stable for all

the cases of inductance variation Lq) in the second plane.
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Fig. 5.49 Experimental result of loaded five-phase IPMSM using ws),is() vectors based control
structure — 2 (a) Motoring mode (b) Regenerating mode
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Fig. 5.50 Experimental result of loaded five-phase IPMSM using ws),is() vectors based control
structure — 2 for different value of inductance (a) Lqe) (b) Lo

In Fig. 5.51, nominal value of stator resistance was changed to carry out the
uncertainty on the five-phase IPMSM drive. Initially, Resistance was 0.5Rsn, and after
4.4s Rs = Rsn, and again after 7.5s Rs was switched to 1.5Rsh. From Fig. 5.51, ys(),ls()
vectors based control system-2 does not loose stability while varying the resistance in

three different cases.
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The fault tolerant performance of five-phase IPMSM drive is analyzed using the
Ws(i), sy vectors based control system-2 as presented in Fig. 5.52. The open phase faults
were created using the manually switched circuit breaker. Fig. 5.52 (a) and Fig. 5.52
(b), IPMSM drive was running at steady state around 0.5 p.u. and indicates the current
vector components phase A (dark blue), phase C (light blue), and phase E (pink) in
natural reference frame measured using an oscilloscope. The current waveform is
shown as quasi-trapezoidal due to third harmonic injection. In Fig. 5.52 (a), phase A
was deactivated and in Fig. 5.52 (b), phase A and phase C both were deactivated. By

deactivating one phase and two-phase, five-phase IPMSM drive continues to rotate.

Fig. 5.52 Fault-tolerance test on five-phase IPMSM using ws),isi) vectors based control structure — 2
(a) phase A was deactivated (b) phase A and C were deactivated
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Stator flux reference for the first plane was set around x;m) = 1.0225 p.u. for the

first plane, however using this approach flux controlling variable value at steady state
was around 0.08 p.u. and during the transient state the flux controlling variable
increases up to 0.15 p.u. to maintain the stator flux at defined level as shown in Fig.
5.39. Fig. 5.53 shows the five-phase IPMSM drive performance for two cases: drive
start up to nominal speed and drive reversal from 1.0 p.u. to -1.0 p.u. using the s, is()

vectors based control system-2 for optimal stator flux reference x;m). The value of
optimal stator flux reference x;m) is calculated using the (5.1). The value of x22q) is

substituted using (4.23)

* 2 2
Xo1(1) = ('—d 0 %22(1) +‘//f(1)) +(|-q(1) Xy ! “//s(i)‘) (5.1)
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Fig. 5.53 Optimal stator flux based performance of five-phase IPMSM using ws),is vectors based
control structure — 2 (a) starting up to 1.0 p.u. (b) reversing from 1.0 p.u. to -1.0 p.u.

By using stator flux reference defined in (5.1), at steady state square of stator flux
components remains equal to square of permanent magnet flux which results in better
dynamic control of flux controlling variable X,,;). During the transient condition, flux
controlling variable increases up to 0.15 p.u. and as drive reaches to steady state, flux

controlling variable reduces to zero value. Estimated speed X,;(;), torque generation
X1201): X12(2) In each plane, square of stator flux %,,(;, and flux controlling variable %,

in first plane are shown. Fig. 5.53(a) shows drive acceleration from 0.1 p.u. to 1.0 p.u.
and in Fig. 5.53(b) presents drive reversal from 1.0 p.u. to -1.0 p.u. Electromagnetic
torque components in the first plane and second plane increases up to the defined limit
0.7 p.u. and 0.07 p.u., respectively. From given results in Fig. 5.53, it can be confirmed
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that by using (5.1), square of stator flux was equal to square of permanent flux
components at steady state and at dynamic state it was increased up to 0.95 p.u.
Simultaneously, at steady state flux controlling variable contribution is not required and
flux controlling variable contribution at dynamic state was around 0.15 p.u.

5.5.3 Experimental results of sensorless predictive multiscalar-based control

The first scenario is presented in Fig. 5.54, machine is starting up to 1.0 p.u. at no-
load. In Fig. 5.54, measured speed Xi1(1), estimated speed %;,(;), speed estimation error
%1101y, generated torque in the fundamental plane X,,(;, and in the secondary plane %5 ,)
are depicted. In Fig. 5.54(a), predictive FOC structure and in Fig. 5.54(b), predictive
multiscalar based control structure is presented. The calculated speed estimation error
was below 0.05 p.u. In Fig. 5.54, during the transient state, torque reaches to maximum
limit around 0.7 for the first plane and 0.07 for the second plane and minimizes to zero
when the motor reaches a steady state. The torque provided by the first plane and second
planes during the dynamic state in both control structure is almost the same as

simulation results, confirming the theoretical hypothesis.
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Fig. 5.54 Experimental result of five-phase IPMSM drive starting up to nominal speed (a) classical
predictive FOC based structure (b) predictive multiscalar based scheme

In Fig. 5.55, the five-phase IPMSM drive reverses from -1.0 p.u. to 1.0 p.u. at no-
load using the estimated rotor speed. Fig. 5.55(a) shows the performance of the classical
control scheme and Fig. 5.55(b), depicts the performance of predictive multiscalar
based control scheme. The maneuver corresponds to speed reversal using the predictive
multiscalar based control introduces less disturbances than the classical PTC. During
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the dynamic state, the torque generated in the second plane by third harmonic current
injection is almost 10% of the fundamental torque. Moreover, without using the
weighting factor, multiscalar based predictive control provides a better dynamic
response than the classical control scheme.
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Fig. 5.55 Experimental result of five-phase IPMSM drive reversing from -1.0 p.u. to 1.0 p.u. (a)
classical predictive FOC based structure (b) predictive multiscalar based scheme
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Fig. 5.56 Experimental result of five-phase IPMSM drive (a) starting up to nominal speed b) reversing
from 1.0 p.u. to -1.0 p.u. using predictive multiscalar based scheme

In Fig. 5.56(a), five-phase IPMSM drive is starting up to nominal speed and in Fig.
5.56(b) five-phase IPMSM drive is reversing from 1.0 p.u. to -1.0 p.u. using the

predictive multiscalar based control. Multiscalar variables: estimated speed %,

square of stator flux ,;;), flux controlling variable %,,;, of the first plane and generated
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electromagnetic torque in first plane %,,(;) and second plane X, are illustrated in Fig.
5.56. In this control scheme, the square of stator flux is kept constant at defined value
X311y = 1.0225 p.u. for the first plane and x5, 5, = 0.0225 p.u. for the second plane. To
maintain a constant value of stator flux level in five-phase IPMSM for the first plane,
the flux controlling variable has to be positive, which can be seen for both cases:
machine starting up to nominal speed and reversing from 1.0 p.u. to -1.0 p.u. From Fig.
5.56, to keep the flux level constant %,,(;), the demand of flux controlling variable %55,
is less during the steady-state conditions, but during dynamic conditions, the
requirement of flux controlling variable increases. In Fig. 5.56, torque contribution of

each plane is also shown for both cases.

In the next scenario, the rotor speed was set at 0.5 p.u. and applied load torque was
0.1 p.u. After 0.13s, load torque was increased to 0.6 p.u. To conduct the test, torque
variables was limited to 0.7 p.u. and to 0.07 p.u., respectively. In Fig. 5.57, estimated
rotor speed in first plane %,;(;) and second plane %,;,), torque variables of both plane
X121y, X12(2), and flux controlling variable X,, ;) of first plane are displayed. Fig. 5.57(a),
presents when applied load was changed from 0.1 p.u. to 0.6 p.u., the demand of flux
controlling variable also increased to maintain constant level of stator flux. In Fig.
5.57(b), steady state performance of the five-phase IPMSM drive is presented for the
same working points about time period of 150 ms. It can be noticed that at steady state,
estimated speed of first plane was maintained at 0.5 p.u. and estimated speed of the
second plane was maintained at -1.5 p.u. Moreover, generated electromagnetic torque
in first plane and second plane were around 0.6 p.u. and 0.06 p.u., respectively. Demand
of flux controlling variable also increased from 0.08 p.u. to 0.15 p.u. to keep the stator

flux at desired level.

Fig. 5.58 shows the dynamic and steady-state performance of the five-phase
IPMSM when the load is reduced. In Fig. 5.58 (a), the rotor was rotating at a reference
speed of 0.5 p.u. for the first plane and 0.6 p.u. load was connected. After 0.1s, load
was reduced to 0.1 p.u. Due to sudden reduction in load, speed increases for a very
small time and again reaches the reference speed, and the torque value settles at the
desired value. The requirement of flux controlling variables to maintain stator flux level
also reduced as the applied load is reduced. Steady-state performance for the same

working points is visible in Fig. 5.58(b) for the small time period of 150 ms. As shown
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in Fig. 5.58(b), estimated speed was maintained at defined value, electromagnetic

torque supplied by five-phase IPMSM for fundamental plane %;,(;, was around 0.1 p.u.

and for second plane x5, was around 0.01 p

was reduced up to 0.08 p.u. in steady state.

.u. Flux controlling variable X,,.,, demand

From Fig. 5.57 and Fig. 5.58, predictive

multiscalar-based control solution remains stable and provides fast dynamic response

in the case of load injection and load remova
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In the next scenario, five-phase IPMSM drive was investigated for low-speed

reversal test and standstill test. In Fig. 5.59(a)
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TL = -0.2 p.u. Performance of predictive multiscalar-based control provides excellent
dynamic response at low-speed reversal. Fundamental speed reverses %, ;) from 0.1 to
-0.1 p.u. and speed of second plane X, ;,) reverses from -0.3 p.u. to 0.3 p.u. Flux level
X511y Is maintained at constant at 1.0225 p.u. for the first plane. During the transient
state, the supplied electromagnetic torque changes from -0.2 p.u. and 0.02 p.u. to
maximum allowable limit -0.7 p.u. and 0.07 p.u., respectively, and when the reversal is
completed to -0.1 p.u., the torque value again approaches -0.2 p.u. and 0.02 p.u. In Fig.
5.59(b), standstill test on five-phase IPMSM drive is presented. The IPMSM drive was
running at steady state around 0.3 p.u. and after 450ms, reference speed command was
changed to 0.0 p.u. The drive successfully operates at zero speed and the rotor of the
five-phase IPMSM was held at zero speed for almost 1.9s. After 2.3s drive returned to
desired speed command around 0.3 p.u. in the first plane as shown. The proposed
control solution of five-phase IPMSM ensures that drive remains stable during zero

speed reference and does not loose synchronism.
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Fig. 5.59 Experimental result of five-phase IPMSM drive (a) drive reversing from 1.0 p.u. to -1.0 p.u
(b) standstill test

In the next scenario, the test of robustness was carried out using the predictive
multiscalar control structure of five-phase IPMSM drive. In Fig. 5.60 and Fig. 5.61, the
nominal value of inductances in each plane and stator resistance was changed in 3
different scenarios. The reference speed of the rotor was set at 0.5 p.u. and the value of
load torque TL = 0.45 p.u. In Fig. 5.55(a), Lq) was 0.5Lgn(r) and after 1.7s Lqq) was
equal to Lqne1) and after 5.7s Lq) = 1.5 Lgn@). In Fig. 5.55(b), the same working points
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are implemented for various value of the second plane’s inductance Lg). In Fig.
5.60(b), the control system is robust and maintains the system’s stability on changes in
the value of inductance Lq2): however, when the value of inductance of the first plane
changes to 1.5Lgn(y), the stability of the system reduces. Similarly, in Fig. 5.61 the value
of resistance is altered in three stages: Rs = 0.5Rsn, Rs = Rsnh and Rs = 1.5Rsn. The control
system proves to robust and stable against the changes of different resistance values as

shown in Fig. 5.61.
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Fig. 5.61 Experimental result of five-phase IPMSM drive for different value of resistance

5.5.4 Experimental results of backstepping mutliscalar control structure
Fig. 5.62 and Fig. 5.63 shows two sets of plots where IPMSM drive is starting up
to nominal speed and reversing from -1.0 p.u. to 1.0 p.u., respectively. Different
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variables such as measured angular speed xi1(1), estimated speed X,;(;), error between
the measured and estimated speed X;,(;), electromagnetic torque generation in first

plane %, and second plane %, are illustrated.

The time domain response of five-phase IPMSM drive over a time period of about
900 ms is shown using FOC structure in Fig. 5.62(a) and by backstepping mutliscalar
control structure in Fig. 5.62(b). From Fig. 5.62(b), it is possible to enhance toque
generation by third harmonic injection using the backstepping mutliscalar control
structure. As drive accelerates from 0.1 p.u. to 1.0 p.u., torque production in each plane
rises from zero to 0.7 p.u. and 0.07 p.u., respectively. In this test, speed estimation error
was less than 0.05 p.u. for both control structures. From the given experimental results,
it can be noticed that Fig. 5.62(b) appears slightly more damped with less oscillation

and the system variables settle quicker.
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Fig. 5.62 Experimental results of five-phase IPMSM drive starting up to 1.0 p.u. (a) FOC structure (b)
backstepping mutliscalar control structure

Fig. 5.63 presents time-domain plots of drive reversing from -1.0 p.u. to 1.0 p.u.
over a duration of 1100ms. Fig. 5.63(a) and (b), provides comparative analysis between
the drive system behavior under different control strategies. Similar to Fig. 5.62(b),
torque enhancement using the backstepping based control structure can be seen in Fig.
5.63(b). Moreover, compared to Fig. 5.63(a), Fig. 5.63(b) shows smooth responses and
less disturbances in the output response. Backstepping mutliscalar control structure
approach provides excellent dynamic performance in both cases: drive starting up to
nominal speed and drive reversing from 1.0 p.u. to -1.0 p.u.
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Fig. 5.63 Experimental results of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) FOC
structure (b) backstepping mutliscalar control structure

In the next case, backstepping control of five-phase IPMSM drive was tested against
the load torque injection in Fig. 5.64 and removal in Fig. 5.65, respectively. Estimated
angular speed of the machine %,,(;), electromagnetic torque generation in each plane
X121n.X1202), and reluctance torque %,y in first plane and calculated speed estimation

error X,y are visible in the given plots.

In Fig. 5.64(a), five-phase IPMSM drive was running at steady state around 0.5 p.u
with no-load. After 0.45s load torque T, was injected up to 0.86 p.u. With injection of
load torque Ty, electromagnetic torque generation increases in each plane up to the
defined limit in the controller. In the first plane, electromagnetic generation X,
increases up to 0.7 p.u. and in the second plane, torque contribution X;,,) is up to 0.07
p.u. which is the 10% of the fundamental torque. The contribution of reluctance torque
in the first plane is also presented. The speed estimation error was significantly less
through the test. In Fig. 5.64(b), steady state performance of the five-phase IPMSM
drive with the same operating points are presented for the time period of 150 ms.

In Fig. 5.65(a), the drive performance was investigated for load ejection. Drive was
running at 0.5 p.u. with applied load around 0.86 p.u. After 0.48s, load torque was
removed from 0.86 p.u. to 0.12 p.u. During the transient state, small overshoot is visible
in the speed curve, but drive quickly settle at 0.5 p.u. with the given load condition of

0.12 p.u. The contribution of torque in each plane also changes to required level. For
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the time period of 150 ms, stable drive performance is shown in the same operating

points in Fig. 5.65(b).
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Fig. 5.65 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a)
after 0.48s load torque was removed from 0.86 p.u. to 0.15 p.u.(b) steady state

In the next scenario, performance of the drive was verified by turning on and off 3™
harmonic injection as depicted in Fig. 5.66 and Fig. 5.67. In the given experimental
results, estimated speed %, ,(;), fundamental current ?sa(l), third harmonic current ?sa(z),
total current ?Sa(m), and torque generation in the second plane %, are shown. In Fig.
5.66(a), drive was running at 0.4 p.u. with fundamental supply only. The applied load

was around 0.5 p.u. After 0.15s, 3™ harmonic current was injected into the five-phase
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IPMSM drive. As 3" harmonic current was injected, the waveshape of total current

changed from sinusoidal to quasi-trapezoidal wave. In addition, torque contribution

from second plane increased from zero to 0.05 p.u. In Fig. 5.66(b), steady state

operation of the drive is illustrated with same operating points.
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Fig. 5.67 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a)

after 0.12s 3™ harmonic injection was turned off (b) steady state

Fig. 5.67(a) shows that after 0.12s, 3™ harmonic injection was turned off. As 3

harmonic injection was turned off, current waveshape becomes sinusoidal from quasi-

trapezoidal. Due to purely sinusoidal supply, torque generation in second plane reduces

to zero. Fig. 5.67(b), steady state of the drive is visible for 150 ms time period. As
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shown in Fig. 5.66 and Fig. 5.67, that 3™ harmonic current injection leads to

enhancement of electromagnetic torque up to 10% of the fundamental torque.
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Fig. 5.68 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a)
drive reversal from -0.1 p.u. to 0.1 p.u. (b) standstill test

In Fig. 5.68(a), backstepping mutliscalar control structure was examined for low
speed reversal from -0.1 p.u. to 0.1 p.u. Different variables: measured speed Xi1(1),
estimated speed X,,(;), calculated speed estimation error X,;(;, and electromagnetic
torque X151y, X121y in €ach plane are shown. At low speed reversal test, the effect of
voltage drop due to stator resistance and nonlinerities of the inverter plays a signficant
role hence oscillaion are visibile in the speed response curve. At low speed test, speed

estimation error was less than 0.05 p.u.

Fig. 5.68(b), shows that standstill of the five-phase IPMSM drive by backstepping

mutliscalar control structure. In Fig. 5.68(b), presents the behavior of step change in
reference speed x| 1(1) estimated speed in first plane %;,(;) and second plane %y, »), torque
production in first plane %5, and second plane X,;,. In this test, drive was running
around 0.15 p.u., after 1s reference speed Xikm) was changed from 0.15 p.u. to 0.0 p.u.

At zero speed, rotor was held stationary for nearly 3s and after 4s rotor speed was
changed back to 0.15 p.u. Electrical machine does not loose synchronism at zero speed
by using the backstepping technique, in addition the control system provides adequate

and reliable control at zero speed also.
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In Fig. 5.69, the experimental results of motoring test and regenerating test are given

over a time period of 4200 ms. Experimental results contain the information of
reference speed xfl(l), estimated speed in first plane %,;;) and second plane %),
production of electromagnetic torque ¥;,(;y, X122y in each plane. First, motoring test on

five-phase IPMSM drive is explained, followed by the regenerating test.

In Fig. 5.69(a), drive was running at 0.25 p.u. with applied load was around 0.2 p.u.
Around 0.5s, reference speed was altered from 0.25 p.u. to 0.35 p.u. for up to 3.3s and
after 3.3s reference speed was returned back to 0.25 p.u. Thorough out the test, torque
contribution from first plane and second plane was obtained at desired value. It can be
noticed that produced electromagnetic torque in first plane was around 0.2 p.u. and in
second plane was around -0.02 p.u.

0.45 4 0.45 7
Xy 031 | | Xy 02 | |
® 015 M 015
0- T T T T T T 0 T T T T
0.45 7 0.45 1
% 0.37 ﬂ l\ o 0.37 , \
Xi1q) 015 Xy 015
0 T T 0 T :
7] 07
K@) 578 - %11(2) 6,75
-1 -14
T
14 N 14
" 0.5 ~ 0.5
X1 07 A Koy 03—\,
D o5 ® 051 V
-1 T T -1 T T T T T T
0.17 0.1 ]\
R 0.05 1 n 0.05 7
X122 0] Ko@) 01V
@ -0.05 § w J\, ( )—0‘05 b
-0.1 T T T T T T T T T T T 1 -0.1 T T T T T T T T T T T 1
0 700 1400 2100 2800 3500 4200 0 700 1400 2100 2800 3500 4200
Time [ms] Time [ms]

@ (b)

Fig. 5.69 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a)
mototring test (b) regenrating test

In Fig. 5.69(b), experimental test is shown for regenerating test with similar
operating points of motoring test. It can be observed as current direction reverse in this
test, produced electromagnetic torque is negative. The electromagnetic toque value is -
0.2 p.u. in the first plane and 0.02 p.u. in the second plane. In both tests, it is visible that
speed of the second pane changed from -0.75 p.u. to -1.05 p.u. and again back to -0.75
p.u. after some interval of time. Backstepping mutliscalar control structure ensures
efficient and rapid dynamic control of five-phase IPMSM drive in both cases: motoring

mode and regenerating mode. In the next scenario, drive performance is evaluated for
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different value of inductances in each plane and stator resistant to ensure robustness of

the given control structure.

In Fig. 5.70, drive was running at 0.5 p.u. with applied load around 0.5 p.u. and
inductance value of the first plane Lq(1) and second plane Lq2) was modified across three
distinct cases. In Fig. 5.70(a), initially inductance value of the first plane was around
0.5Lgn(1) and after 1.3s Lqe) was equal to Lgn() and in the case Lqz) was twice than the
nominal value of inductance. In the similar manner, inductance in the second plane was
also altered: initially the value of Lqp) was half of the nominal value of inductance in

the second plane, after 1s Lq(z) = Lan(z), and in the last stage Lq) = 2Lan().

Based on the given experimental results in Fig. 5.70(a), the control system loses
stability when inductance of first plane changed to twice the nominal value of
inductance. Speed estimation error was significantly higher when inductance value was
doubled. In Fig. 5.70(b), control system maintains stability and remains stable across

all 3 scenarios. Speed estimation error was extremely small in the second plane in all 3
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Fig. 5.70 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM for
different value of inductanes (a) Lqw) (b) Lo

In Fig. 5.71, stator resistance was varied in 3 different cases to conduct uncertainty
test on five-phase IPMSM drive. In this test, drive was running at 0.5 p.u. with applied
load around 0.5 p.u. Stator resistance was half of Rs, up to 0.8s, after 0.8s Rs was equal
to Rsn and after 0.33s Rs=1.5Rsh. From given result, it can be observed that speed

estimation error was significantly less almost close to zero. By varying the value of
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stator resistance in all scenarios, the control system is proved to be robust and remains

stable.
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Fig. 5.71 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM for
different value of inductance (a) Lqq) (0) Lo

To examine drive performance above the based speed, field weakening test was
implemented on five-phase IPMSM drive using backstepping mutliscalar control
structure as shown in Fig. 5.72(b). To conduct comparative analysis, field weakening
performance using FOC structure is also presented in Fig. 5.72(a). In Fig. 5.72,
important variables of the drives such as: measured speed wr) ~ X11(1),, €Stimated speed
@,(1) ~ X11(1), calculated error between the measured speed and estimated speed @,y ~
X11(1), electromagnetic torque component i,y ~ X151, reluctance torque component
?Sd(l) ~ Xy in first plane are presented. Field weakening test was conducted using

fundamental plane variables, third harmonic injection was off during this test.

From the experimental results presented in Fig. 5.72, it is visualized that the drive
is accelerating from 0.1 p.u. to 2.0 p.u. using both control structures. It can be observed
that as drive accelerates from 0.1 p.u. to 1.0 p.u., electromagnetic torque ?Sq(l) ~ X121
increased up to maximum permissible limit 1.0 p.u. and as speed crosses the base speed,
electromagnetic torque reduces and to decreases the permanent magnet flux linkage
reluctance torque ’l}sd(l) ~ X,5(1) decreases further. In the field weakening region, drive
operates in constant power region following applied voltage and current limit. For both
control structure, speed estimation error @,;, ~ ¥, was less than 0.05 p.u. as can be

seen from Fig. 5.72.
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Fig. 5.72 Field weaking operation of five-phase IPMSM (a) FOC structure (b) backstepping mutliscalar
control structure

In the next scenario, fault tolerant performance of the drive was examined by

backstepping mutliscalar control structure as

presented in Fig. 5.73. For this test, drive

was running at steady state around 0.35 p.u. with no-load condition. This test was

conducted using two cases: in the first case Phase C was disconnected and in the second

case phase A and C were cutoff by manually
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scalar control structure of five-phase IPMSM (a)

phase A was deactivated (b) phase A and C were deactivated

From Fig. 5.73(a), it can be observed th
Third harmonic injection was turned off in th

at after 0.32s phase C was disconnected.

e first case. As phase C was disconnected,

current amplitude in other phases increased. Oscillation in speed response is also visible
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after phase C outage. Similarly, Fig. 5.73(b), after 0.39s both phases A and C were
disconnected. In the second case, third harmonic injection was on throughout the test.
It can be noticed that backstepping control structure provides adequate control during
outage of up to two phases. In Table 5.1, differences and similarities between existing

control solutions and proposed control solutions are provided for chosen properties.

Table 5.1 Comparison of selected properties of the proposed control structures

. . . . . Back-
Field- (Wiinism) | (Wsinis0) | (Wsinis0) | predictive | Lredictive stepping
. vector vector vector multi- .
Property oriented based based based FOC multi-
trol ase ase ase control scalar scalar
con control control -1 | control - 2 control
control
No. PI controllers (1%
+ 2% planes) > > 7 > 3 > 0
g svcoupled control No Yes Yes Yes No Yes Yes
ti(r)l?;gemty - 8am 1 \edium Medium High Medium Easy Easy Medium
Tracking error of the
rotor speed at [ <0.05p.u. | £0.05p.u. | £0.05p.u. | £0.05p.u. | £0.05p.u. | £0.05p.u. | £0.05p.u.
dynamic state (p.u.)
Park transformation
requirement Yes No No No Yes No No
Oscillation of state
variable at dynamic | Medium Small Medium Small Medium Small Small
state
Steady state error of
rotor speed (p.11.) <0.002 < 0.002 < 0.002 < 0.002 < 0.007 < 0.005 < 0.0015

This research studies makes significant contributions to the progress of advanced

control structures for five-phase IPMSM drive system by demonstrating comprehensive

comparison using simulation and experimental results. Using multiscalar
transformation, proposed control structure are developed using wx,isi) vectors and
Ws(i),s(i) vectors.Firstly, ws),isi) vectors based control structure is proposed for five-
phase IPMSM drive. Compared to classical FOC structure, wx,isiq) vectors based
control structure provides excellent dynamic control in the second plane as shown in
Fig. 5.25(b). Torque controlled in the second plane is smoother and better controlled in
the proposed control solution. Both control structures required total five controllers.
Proposed control solution can be applied directly in the stationary coordinate system

compared to classical FOC structure.

In the following, ws),isi) vectors based control structures are proposed for five-
phase IPMSM drive. Compared to wys(,isG) vectors based control structure — 1, s, is()

vectors based control structure — 2 allows direct control of flux controlling variable in
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each plane which reduced 1 PI controller in electromagnetic subsystem in each plane.
The reduction of PI controller simplifies overall control structure. In addition, proposed
stator flux reference defined in (5.1) enables improved dynamic control of flux
controlling variables. sy, isiq) vectors based control structure — 1 requires total 7
controllers while ws,isi) vectors based control structure — 2 requires total 5 controllers

only.

Furthermore, this doctoral thesis cover proposition of advanced control structure
utilizing predictive multiscalar control for the first plane and model based multiscalar
control for the second plane. To conduct comparative analysis, proposed predictive
control structure was compared with predictive FOC structure. Proposed control
structure provides better dynamic control than classical predictive FOC control for both
cases drive stating to nominal speed and drive reversal from -1.0 p.u. from 1.0 p.u.

Finally, backstepping multiscalar control structure is proposed in this thesis.
Backstepping multiscalar control structure provides excellent performance during the
transient and steady state. Backstepping multiscalar control structure also compared
with classical FOC structure for different cases: drive startup, drive reversal and field
weakening test. Backstepping multiscalar control structure ensure improved dynamic
control in second plane compared to classical FOC structure as shown in Fig. 5.62 Fig.
5.63.

This chapter has provided detailed discussion of proposed control solutions of five-
phase IPMSM drive. With these insights in place, the next and final chapter will provide

comprehensive conclusion and exploring potential future research direction.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

This doctoral thesis covers the development of two control strategies: 1) ), is()
vectors and 2) ws(),is() vectors of five-phase interior permanent magnet synchronous
motor drive. The proposed control solutions of five-phase IPMSM ensures the injection

of 3" harmonic to utilize magnetic circuit in preferred way.

In the first step, mathematical model of the three-phase IPMSM and five-phase
IPMSM are discussed in rotating coordinate system as well as in stationary coordinates
system. In the following, adaptive observer structures with enhanced stabilization
functions and non-adaptive observer structure are presented for three-phase IPMSM.
The observer structures are prepared using the two approaches: 1) active-flux concept-
based observer structure and 2) rotor flux vector-based observer structure. Stability
analysis of the observer structures conducted by linearizing observer error model to
equilibrium points in rotating reference frame. To conduct the comparative analysis,

adaptive observer structures are compared to non-adaptive EEMF observer structure.

In the adaptive observer structure, based on the defined errors in the system adaptive
law is prepared to estimate the value of rotor angular speed. In the case of non-adaptive
observer structure, speed estimation process was conducted using the dependencies of
EEMF and flux. Based on the calculated estimation errors, stabilizing functions are
developed for observer structure implementation. Additional stabilizing functions are
proposed to improve estimation accuracy and robustness of the observer structure. The
final form of the stabilizing functions are prepared using the Lyapunov stability

theorem.

When drive operates under 10% of nominal speed, the problems of non-sinusoidal
distribution of EMF and slot harmonics are visible. Compared to non-adaptive observer
structure, adaptive observer structure provides satisfactory performance at different
speed range. Non-adaptive observer structure struggles to cross zero speed during the
drive reversal. No signal injection is required to estimated speed and position at low
speed in the adaptive observer structure. Both observer structures are tested in
simulation as well as in the experimental stand to confirm the behavior of three-phase

drive system at different speed range.

146



From the FFT analysis presented in Chapter — 5, it can be visualized that 3"
harmonic component exist in the designed five-phase IPMSM. The presence of 3™
harmonic component in phase current plot is uncontrolled which is disadvantage as
magnetic circuit of the five-phase IPMSM is not being effectively utilized. To utilize
the magnetic circuit properly, the control approach of five-phase IPMSM relies on
coexistence of two machines in one single physical motor, hence it is possible to inject
3" harmonic current with fundamental current to enhance output torque generation. To
inject 3 harmonic in the five-phase IPMSM drive, independent control in the 2" vector
plane is employed which allows independent voltage generation, estimating system’s
parameters and control implementation. The 2" vector plane work with three times

higher frequency compared to 1% plane.

To implement sesnsorless control of multiphase IPMSM, adaptive observer
structure using the active-flux concept was designed specifically for the fundamental
plane and third harmonic plane. Design procedure of the observer structures for
fundamental plane and second plane in five-phase machine remains the same as
traditional three-phase machine. The Lyapunov stability theorem was used to designed
the final form of the stabilizing functions. By linearizing the observer structure near to
equilibrium points, tuning gains are identified for each plane by performing stability
analysis of the observer structure.

The main contributions of the doctoral thesis are:

e Control structure with multiscalar variables using the (yx),isG)) vectors.
e Control structure with multiscalar variables using the (ys,is(i)) vectors.
e Predictive control of five-phase IPMSM.

e Backstepping control of five-phase IPMSM.

The proposed control solutions in the thesis are also compared with traditional field-

oriented control structure to conduct the comparative analysis.

To confirm the theoretical hypothesis, proposed control of five-phase IPMSM first
examined using the simulation tests on WinSim. Presented FFT analysis in Chapter 5
confirmed that it is possible to inject 3™ harmonic current to increase the output value
of torque. The simulation results have verified that the proposed control structure in this

thesis allows third harmonic injection to enhance the torque generation up to 10% of
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fundamental torque, which offered opportunities for hand-on implementation of the
five-phase IPMSM drive. Simulation results of five-phase IPMSM drive are provided

for two scenarios: drive starting up to nominal speed and drive reversal.

The proposed control structures were validated in real time by the experimental tests
on 5.5kW five-phase IPMSM drive systems.

The (y+,is(i)) vector based control system of five-phase IPMSM allows injection of
3" harmonic to increase output torque. In this control structure, multiscalar variables
are prepared using vector and scalar product of permanent magnet components s,
stator current components isg) in stationary coordinate system. The multiscalar model
of the control system is constructed from established multiscalar variables. To
linearized the nonlinear model, signals mig and mgg) are computed using the Pl
controllers and provided as state feedback. The reference voltage components in
stationary reference frame can be computed using the control signals ux and uzg after

the completing the decoupling process.

Experimental results validate the performance of the (yr),is@)) vector based control
solution. The (), isi) vector based control solution and FOC structure are both
suitable solution for the control of five-phase IPMSM drive. In the (i), isi)) vector
based control solution eliminates the variable transformation to rotating coordinates for
the control structure implementation. Independent control of electro-mechanical
subsystem and electro-magnetic subsystem is also obtained using the proposed control

solution.

This doctoral thesis presents (ys(,Is()) vector based control solutions for five-phase
IPMSM. Two approaches are proposed using the stator flux vector s and stator
current vector is). In the (ys(),is@)) vector based control system — 1, control signals ux
and uo are obtained from differential equation of x12) and X2z, respectively, while in
(ws),is@)) vector based control system — 2, control signals uig and uxg are computed
from differential equation xi2g and X1, respectively. For control system — 1,
implementation total 7 controllers are required 4 in the first plane and 3 in the second
plane, while to apply control structure — 2 total 5 PI controller are required 3 in the first

plane and 2 in second plane.

In comparison, the control of electro-mechanical subsystems remains same in both

control system, but the control of electro-magnetic subsystems is simpler in control
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system — 2. In control system — 2, it is possible to control the flux controlling variable

directly from Xo1¢y controller in each plane. In control system — 2, optimal stator flux
xél(l) reference-based performance of the five-phase IPMSM drive is presented for the
case of drive starting up to nominal speed and drive reversal. Using the optimal stator
flux x;I(l)' flux amplitude is controlled in the desired way. At steady state, stator flux

equals to permanent magnet flux level and during dynamic state stator flux increases
up to 0.95 p.u. Five-phase IPMSM drive performance using the (ws,isi)) vector based
control systems for different scenarios are presented in the doctoral thesis.

First research hypothesis of the doctoral work is successfully completed by
proposition of control structures with multiscalar transformation using the (y#,ls())
vectors and the (ys,is@)) vectors in stationary reference frame of five-phase IPMSM
presented in Chapter 5. First research hypothesis is validated using the simulation and

experimental tests on five-phase IPMSM.

To achieve second research hypothesis, doctoral work presents predictive control
of five-phase IPMSM. Fundamental components are in the first plane and controlled by
the predictive control using multiscalar variables. Third harmonic components are in
the second plane and controlled by PI based multiscalar control scheme. The proposed
control structure is in stationary reference frame (a-f)i. The proposed predictive
control structure is compared with classical predictive torque control for first plane and
FOC structure for second plane in the rotating coordinate system (d-q)q for drive

accelerating to nominal speed and reversal.

The performance of predictive control structure is more adequate, and the
introduced distortion is less in the generated torque compared to the classical control
structure. In addition, the use of weighting factor to apply predictive control is
eliminated without the degrading the performance of the control structure. Both the
simulation and experimental results validate the stable performance of the drive using
predictive multiscalar control solution even if the parameters of the five-phase IPMSM

are different from their nominal values.

Finally, for five-phase IPMSM drive backstepping control approach incorporating
with multiscalar variables is discussed in this thesis. Backstepping multiscalar control
structure is validated using the simulation and experimental results. In the experimental

results drive performance is shown for various cases using backstepping multiscalar
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control: drive start up to nominal speed and reversal, low speed reversal, load injection
and load removal, third harmonic injection on and off, low speed drive reversal and
standstill test, uncertainty parameters test, MTPA with field weakening test and fault
tolerance test. For chosen cases, the proposed backstepping control approach is
compared with FOC structure of five-phase IPMSM. Backstepping multiscalar control
provides satisfactory performance of the five-phase IPMSM drive under different speed

of operation.

This doctoral thesis fulfills the second research hypothesis by proposing the control
structures of five-phase IPMSM using the multiscalar transformation through classical
Pl, predictive and backstepping controllers. The proposed control structures of five-
phase IPMSM using PI, predictive and backstepping controllers ensures independent
control of the electromechanical and electromagnetic subsystems variables for each
plane, even in the presence of third harmonic injection as promised in second research

hypothesis.

Finally, proposed control system structure using the (wr),isi) vectors and the
(ws(),is)) Vectors in stationary coordinate system allows utilization of 3" harmonic
injection to enhance the output torque value which completes the final research
hypothesis of the doctoral thesis

All three aims presented in Chapter 1 have been successfully achieved in this
doctoral thesis. It is presumed that this doctor work can be utilized for the further

estimation-based drive implementations.

The implementation of a high performance multiphase IPMSM drive is an active
area of research. The doctoral work presented in this thesis identify some issues for the
consideration of future work and to be investigated further. Apply different observer
structures with improved stabilization functions to enhance estimation of system
parameters to improve sensorless control properties of multiphase machine. Implement

artificial intelligence-based control techniques to replace PI controller.

To improve robustness of the system, neural network-based estimator can be
employed to estimate the system parameters. Drive performance can be further
investigated to improve the effective operation during the open phase faults.
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APPENDIX - A

Here an overview of the per unit system utilized during the simulation and
experimental analysis is provided. In addition, machine parameter of three-phase drive

system and five-phase drive system is also provided.

Table Al Per unit system

Description Three-Phase Five-Phase
Base voltage Ub = V3 Unt Ub = V5 Unt
Base current b = V3 Ins b = V5 Ins
Base impedance Zp=Up/ly
Base torque To=Ub lbp/wo
Base flux wo = Up [ wo
Base mechanical speed wb=awol P
Angular frequency of the supply ©0= 27 fi
voltage
Base inductance Lo=yn/lp
Base capacitance Co=1/wplb
Base inertia Jb=Tb/ wb wo
Phase voltage Unt
Phase current Int
Pole pair pn
Nominal frequency fn
Table A2 Nominal parameters of three-phase IPMSM drive
Parameters Value Unit
Nominal power 3.5 kw
Nominal voltage 285 V
Nominal current 7.5 A
Nominal speed 1500 rpm
Stator resistance 0.767 Q
d-axis inductance 19.5 mH
g-axis inductance 57 mH
Permanent magnet flux linkage 0.8 Whb
Nominal frequency 50 Hz
Number of poles 2 -
Table A3 Nominal parameters of five-phase IPMSM drive
Parameters Value Unit
Nominal power 55 kwW
Nominal voltage 122 V
Nominal current 10.2 A
Nominal speed 1500 rpm
Nominal torque 35 Nm
Stator resistance 0.816 Q
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d-axis inductance in the first plane 10.85 mH
g-axis inductance in the first plane 16.5 mH
d-axis inductance in the second plane 3.61 mH
g-axis inductance in the second plane 55 mH
Permanent magnet flux linkage in the first plane 0.51 Wh
Permanent magnet flux linkage in the second 0.0769 Wb
plane

Nominal frequency 75 Hz

Number of poles 6 -

B(Tesla)

H(Kkilo oersted)

Fig. A1 BH curve of different magnetic material
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APPENDIX -B

This appendix shows the three-phase IPMSM drive and five-phase IPMSM drive,

utilized in the experimental tests.

Fig. B1 Three-Phase drive set up

1. Encoder 2. Three-phase IPMSM
3. Mechanical coupling 4. DC machine

Fig. B2 Five-phase IPMSM drive set up

1. Encoder 2. Five-phase IPMSM
3. Torque meter and Mechanical 4. Three-phase machine with active
coupling colling fan

Fig. B3 shows the rotor with permanent magnet inside and signal stator and rotor
sheet. Neodymium Iron Boron (NdFeB) type of Permanent magnet was used to

complete the constructure of rotor.
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(@ (b)

Fig. B3 (a) Rotor structure of five-phase IPMSM (b) A single stator plate

Fig. B4 Five-phase Inverter structure

1. DC link capacitor 2. Transistor array
3. Signal processing unit
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