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Abstract

With the advancements in magnetic materials and semiconductor technology, permanent
magnet synchronous motor (PMSM) is becoming more and more popular in high power
industrial applications due to its high energy density, high power factor, low noise and high
efficiency as compared to conventional AC motors. Field oriented vector control (VC) and
direct torque and flux control (DTFC) are used for high performance drives. Among these two
techniques DTFC is faster and simpler than that of conventional VC scheme as DTFC scheme
doesn’t need any coordinate transformation, pulse width modulation and current regulators.
The DTFC based motor drives utilizes hysteresis band comparators for both torque and flux
controls. Both torque and flux are controlled simultaneously by the selection of appropriate
voltage vectors from the inverter. However, DTFC suffers from high torque ripples due to
discrete nature of control system and limited voltage vectors from the inverter. Torque ripples
can be minimized by increasing the sector numbers of the DTFC scheme which increases the
switching frequency of the inverter. Traditionally, researchers chose a constant value of
reference air-gap flux to make the control task easy but it is not acceptable for high
performance drives as the air-gap flux changes with the operating conditions and system
disturbances. Furthermore, if the reference air-gap flux is maintained constant, it is not possible
to control the motor over the wide speed range operation. Moreover, conventional six-sector
based DTFC scheme suffers from high torque ripples, which is the major drawbacks to achieve

high dynamic performance.

Therefore, this thesis presents a novel eighteen-sector based DTFC scheme to achieve high
dynamic performance with minimum torque ripples. In addition, the loss minimization
algorithm (LMA) is incorporated with proposed DTFC scheme in order to improve the
efficiency while maintaining high dynamic performance. This thesis further presents modified
eighteen-sector based DTFC scheme to overcome the unbalanced voltage effects in any sector
of conventional six-sector based system to improve the dynamic performance of the proposed
system. This thesis also presents a novel sector determination algorithm to determine the sector
number of the stator flux linkage vector which reduces the computational burden to the

microprocessor. A five level torque hysteresis comparator based DTFC scheme is also
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proposed to reduce the torque ripple. Further, a backstepping based nonlinear controller is
developed for IPMSM drive that achieves the lowest possible torque ripples in steady state. In
this controller development, the control variable is motor electromagnetic developed torque
and stator air-gap flux linkages similar to classical DTFC but the errors are forced to zero using
backstepping process to get better dynamic performance. The effectiveness of the proposed
systems is verified through the development of a simulation model using Matlab/Simulink.
Performance of the proposed nonlinear controller is investigated extensively at different
operating conditions such as sudden speed and load changes. Then the complete IPMSM
drives, incorporating the proposed LMA and eighteen-sector based DTFC scheme and
nonlinear controller with torque and flux as virtual control variables are successfully
implemented in real-time using digital signal processor (DSP) board-DS1104 board for
laboratory 5-hp motor. The effectiveness of the proposed control techniques are verified in
both simulation and experiment at different operating conditions. It is found that, the nonlinear
controller based IPMSM drive provides the best performance in terms of torque ripple among
all the DTFC scheme developed in the thesis. The results show the robustness of the drive and

it’s potentiality to apply for real-time industrial drive applications.
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Chapter 1

Introduction

1.1 Overview of Electric Motors

Electric motors are the major source of electromechanical energy conversion and consuming
almost 50% of the generated electrical energy in the world. To serve the daily needs, from
small household applications to large industrial plants conventional direct current (DC),
induction and synchronous machines are widely used. Due to the increasing demand of electric
motors, researchers are trying to develop new machines like the brushless DC (BLDC)
machines, the switched reluctance machines, the permanent magnet hysteresis machine and
the permanent magnet synchronous machines [1-3]. This reality draws researchers’ attention

to improve the performance of the electric machines.

DC motors, have dominated the drive system for many decades due to its advantages such
as being able to run at wide range of speed, high starting torque for heavy load and can be
controlled in a simple way due to the decoupled nature of the field and armature. However,
DC motors have many disadvantages such as, robustness, increasing maintenance cost due to
the sparking of brushes and commutators, power loss in the filed circuit and lacks of overload
capability [4]. Therefore, researchers have developed AC motors such as induction and
synchronous motors due to their high reliability and maintenance free operation. Among the
AC motors, induction motors (IMs) are almost 70% of the total motors utilized in industry and
hence considered as a workhorse in the industry due to their reliability, low maintenance and
low cost. Although IMs have several advantageous features but they also suffers from lagging
power factor as the rotor voltage is induced from the stator side, not highly efficient due to slip
power loss, runs below the synchronous speed and control arrangement is complex [5].
Therefore, for high performance drive (HPD) applications, researchers have developed the
synchronous motor which overcome the drawbacks of IMs with running capability at
synchronous speed, doesn’t have slip power loss and control algorithm is easier as compared

to the IMs. However, it requires extra power supply, slip ring and brush gear at the rotor to



supply DC field excitations. Thus, conventional synchronous motors need increasing
maintenance cost as like as dc motors. Due to these disadvantages, the permanent magnet
motor has been developed where the permanent magnets produce the flux and hence, the loss
due to rotor winding is avoided [6]. The permanent magnet synchronous motor (PMSM) is
becoming popular from the last two decades due to some of its advantageous features such as,
high power to weight ratio, high efficiency, high reliability, high power factor, low noise and

robustness.

1.2 Overview of PM Motors

With the advent of high energy rare earth magnetic material such as, neodymium-iron-boron
(NdFeB), PMSM is becoming more and more popular for its several advantageous features.
Depending on the position of permanent magnets on the rotor, PMSM can be divided into three
categories; surface mounted type, where the permanent magnets are mounted on the surface of
the rotor core and these type of PMSMs are not suitable for high speed application; inset type
of PMSM where permanent magnets are typically glued or banded with a non-conducting
material inside the rotor core; interior type PMSM (IPMSM), where the permanent magnets
are buried with the rotor core [7]. IPMSM offers g-axis inductance higher than the d-axis
inductance which enables the flux weakening operation therefore motor can be operated above
the rated speed at constant voltage. This saliency adds the reluctance torque. Interior type
permanent magnet synchronous motor (IPMSM) has the mechanical robustness with smaller

magnetic air gap. These three types of PMSM are shown in Figs. 1.1, 1.2 and 1.3, respectively.

Fig. 1.1: Cross section of surface mounted PMSM.
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Fig. 1.2: Cross section of inset type PMSM.
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Fig. 1.3: Cross section of interior type PMSM.

Depending on the orientation of the magnets, the PM motors can be classified into three
types: (a) radial type, (b) circumferential type and (c) axial type. For the surface mounted type,
the orientation of magnetization is only radial where the magnetic force is perpendicular to the
length of the motor/shaft. For the inset and interior types, the orientation of magnetization can
be either radial or circumferential. In axial type flux motors, the magnetic force is along the
same plane as the motor shaft (along the length of the motor). Depending on the rotor cage
winding, the PM motors can be classified as: (a) cageless where the rotor has no cage winding
and (b) cage type where the rotor is provided with the cage winding which provides starting

torque and hence it is self-starting motor. As the cageless motor is operated from the voltage



source inverter (VSI), proper control techniques plays the vital role so that motor can start
smoothly up to the synchronous speed from standstill condition which eliminates the use of

cage type PM motor.

PM synchronous motors can be used for high speed railways because it offers higher power
density which decreases the weight ratio. PMSM drives are used in HPD applications such as
robotics, rolling mills, tractions, spindle drives and machine tools. Among different types of
PM motors, the IPMSM with radial magnetization is the most economical for manufacturing
process. In addition, as the permanent magnets are buried inside the rotor core, it provides
smooth rotor surface with reduced air gap. Therefore, IPMSM can be used for wide speed
range of operation with better dynamic performance. That’s why IPMSM is considered as a

working model in this thesis [8].

1.3 Literature Review

This section of the thesis provides an overview of current research works on PMSM drives.
Significant research has been performed in the field of PMSM drives. As this thesis pertains
specifically to IPMSM drives, research dedicated to this specific class of PMSM will be

focused on. Researchers normally concentrate on two types of control of IPMSM drives,

1. Vector control (VC)

2. Direct torque and flux control (DTFC)

Researchers either reported their works on the development of high performance IPMSM
drives fed by either voltage source or current source inverter [9, 10]. Typical motor drive
systems employ a 2-level three phase voltage source inverter (VSI) for commutation of the

motor stator phases, and thus a simplified diagram of this configuration is shown in Fig. 1.4.
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For high performance drive both VC and DTFC techniques are used in AC motor drives
to achieve fast and accurate speed. In VC techniques, stator voltages and currents are
decomposed into d and q axis components where d-axis controls the magnetic flux and q-axis
controls the torque. Thus, the IPMSM motor behaves like a separately excited DC motor while
maintaining its general advantages over DC motor. A typical closed loop VC scheme of the

PMSM is shown in Fig. 1.5
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Fig. 1.5: Block diagram of the vector control scheme of the [IPMSM drive.




In [9], to analyze the steady state performance of a VSI fed PMSM drive a vector control
scheme is proposed and the current source inverter (CSI) fed PMSM is proposed in [10]. For
both control schemes, a position feedback controller is used from a shaft position sensor so
that inverter can operate in self-control mode. Other form of PMSM control is DTFC which
was initially introduced for induction machines as it provides high dynamic performance which
can be directly controlled from the control parameter of DTFC. DTFC uses motor stator air-
gap flux linkage vector and output torque as control variables whereas VC utilizes three phase

stator currents. A typical DTFC control scheme is shown in Fig. 1.6.
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Fig. 1.6: Block diagram of the direct torque and flux control scheme of the IPMSM drive.

In [11], authors considered constant reference flux based conventional DTFC but utilized fuzzy
logic controller (FLC) to improve the dynamic performance under varying dynamic conditions
for induction motors (IMs). However, the DTFC still suffers from high torque ripple and hence,
the motor vibrates in steady state. The reference air-gap flux for the DTFC scheme can be
controlled by using either maximum torque per ampere (MTPA) control and flux weakening

(FW) control to operate the motor below and above the rated speed, respectively. In [12], a



varying reference flux through loss minimization algorithm (LMA) was proposed but the

DTFC was conventional one.

In [13], d and q axis currents are derived from the MTPA for the reference flux estimation
for DTFC scheme of PMSM drive which optimizes the reference flux. Authors considered
approximation method to calculate the flux from torque hence the system suffers from torque
ripples. In [14], reference flux is estimated through online search algorithm of MTPA which is
based on signal injection method. For the search control of MTPA region only stator resistance
is required. The proposed work suffers from high ripples for both mechanical speeds and

torque.

In [15], a novel band adaptation algorithm for a three level torque hysteresis comparator was
proposed for DTFC control of IM. Authors developed the band adaptation algorithm based on
the slope of the estimated torque of the motor which reduces the need of extra sensor but the
proposed system contains higher torque ripples at steady state. In [16], a model reference
adaptive flux observer based neuro-fuzzy controller (NFC) was proposed for IM drive where
d-axis reference flux linkage of the indirect field oriented control is provided by the flux
weakening method and NFC is utilized as the speed controller. The authors reported fuzzy
logic with the five layer artificial neural network (ANN) where in the 4" layer errors are
minimized through online tuning algorithm. The proposed work suffers from higher ripples in

the speed response at steady state.

In [17], DTC with flux weakening control was reported. The control scheme only requires
armature resistance. Authors only reported the control algorithm but didn’t consider the
efficiency issue. In [18], authors proposed a new technique for the estimation of the magnetic
flux in permanent magnet synchronous machines based on field reconstruction. The
distribution of the magnetic field in the air gap is independent from stator resistance value and
hence errors are removed. On the other hand, there is no integration with respect to time. In
[19], authors reported minimum torque ripple control while maintaining constant switching
frequency for IMs. Authors derived an rms torque-ripple equation using instantaneous torque
equations and minimum torque ripple condition is determined based on the torque equations.

Authors claimed that the proposed algorithm improves the dynamic performance but still the



torque response suffers from ripples at steady state and trajectory of the stator flux contains
ripples which demonstrate the increase of the torque ripples in high speed regions as torque

frequency increase with the motor speed.

In [20], a torque ripple reduction technique of direct torque control (DTC) for high power
IMs driven by three-level inverters with lower switching frequency was presented. Authors
claimed that, if the voltage selection is done by intermediate voltage vectors then stator flux
demagnetization at low speeds could be resolved and torque ripples could be reduced by 30%.
In [21], authors proposed the voltage vector selection strategy with the information of stator
flux position and torque angles and utilize the space vector modulation (SVM) techniques to

generate the voltage vectors.

In [22], space vector modulation (SVM) based DTFC scheme is proposed for IPMSM drive.
A SVM unit generates the reference voltage vectors so that the look-up table in the
conventional DTFC is replaced. The proposed, DTFC improves the dynamic performance of
the DTFC scheme as compared to the conventional DTFC. It was seen that the SVM can reduce
the harmonics in the motor currents. The proposed work suffers from the overshoot problem

in the speed response and torque response contains higher ripples in the steady state.

Some of the researchers incorporate the intelligent control techniques such as fuzzy, neuro-
fuzzy, artificial neural networks to improve the dynamic performance of the drive system
where intelligent controllers are used to adjust the bandwidth of the torque hysteresis
comparators. In [23], a novel duty cycle control strategy is proposed to reduce both torque and
flux ripples where three vectors are applied during one control period. In the proposed method,
null vectors are utilized to reduce the torque ripples and flux ripple is reduced by the duty

ratios.

As mentioned earlier, estimation of stator air-gap flux is important for DTFC. In [24], based
on stator currents and rotor position stator flux is estimated for surface mounted PMSM drive
and performs better. The operating speed range was extended due to flux estimation [24]. But
the proposed system shows better performance only for the low speed region but suffers from

high ripples in the extended speed region.



In [25], researchers reported neural network controller to replace switching table of DTFC
to achieve high torque response. In [26], authors reported fuzzy controller to replace the
conventional hysteresis controller and estimates the stator resistance online using the learning
capability of neural networks. Therefore, torque ripples are greatly reduced. In [27], ANN
based on Kalman filter is used to replace the PI controller to get the better response. Proposed
system has faster system response, smaller overshoot as compared to the conventional PI for

DTFC of PMSM drive.

In [28], authors presented an adaptive control to find the maximum efficiency operating
point where efficiency control measures the current on the DC link and adjusts the voltage
output of the inverter to minimize the input power to the PMSM drive. In [29], authors reported
that for the search controller (SC) the input power is not distinct for large efficiency motor.
Meanwhile, air-gap flux oscillations create large torque ripples. Authors concluded that the
loss minimization through the stator current is easier as compared to the loss minimization

through the minimum input power to get the higher efficiency.

In [30], loss model based controller (LMC) was used to determine the flux level of IM for
efficiency optimization of IMs. In order to build a simple loss model, the induction motor
model is referenced to the rotor magnetizing current so there is no leakage inductance on the
rotor side. Although the proposed LMC based LMA is simple but the proposed drive suffers
from higher torque ripples both in transient and steady state conditions. In [31], copper and
iron losses are minimized by the optimal control of the armature current vector. Authors
determined the optimal current vector based on the operating speed and load conditions.
Reluctance torque and flux weakening effects are utilized to minimize the controllable PMSM
losses. In [32], command flux for DTFC is obtained through optimization procedure to get
optimum efficiency over a wide speed range. Authors claimed that, the optimum voltage vector

selection provides faster torque response for PMSM drive.

In [33], an online adaptive loss minimization controller for IPMSM drive was presented.
The LMC provides novel pattern of change in d-axis current to get minimum input power at
any operating conditions. In [34], efficiency optimization control algorithm is presented to

minimize the electrical losses of the motor. In [35], authors incorporated both the SC and LMC



to control the drive where LMC is used to get the optimum d-axis current so that search interval
is reduced and convergence time of the SC algorithm is shortened which avoids the parameter

variation.

1.4 Thesis Motivation

DTFC eliminates the use of current controllers which provides the higher dynamic
performance of PMSM drive. Despite several advantages, DTFC suffers from high torque
ripples in steady state which is a major drawback to achieve high dynamic performance.
Therefore, a lot of research is going on to overcome the drawbacks of conventional DTFC. As
inverter switching plays an important role to reduce the torque ripples, most of the research
reported the development of various inverter control algorithms. In DTFC motor torque and
stator air-gap flux linkages are control variables where actual motor torque and flux linkage
are compared with their reference values to get the corresponding error variables. Based on
these errors the flux and torque hysteresis controller generates the logic signals for voltage
vector look up table. Therefore, flux estimation plays an important role for the DTFC scheme
to get better speed and dynamic response. Researchers normally consider constant air-gap flux
which hinders the speed control of IPMSM over the rated speed and at the same time suffers
from high torque ripples. On the other hand, air-gap flux varies with the operating conditions.
Again, with the constant air-gap flux, efficiency of IPMSM cannot be optimized. Traditionally,
conventional six-sector based DTFC scheme is used. Therefore, torque ripple can be
minimized by increasing the sector number for DTFC. Furthermore, conventional three level
torque hysteresis comparators can be modified up to five level torque hysteresis comparators

with modified sectors to get higher dynamic performance.

Therefore, this thesis makes an attempt to estimate the reference flux for the DTFC to cope
with variable operating conditions. An LMA based flux estimator is incorporated in the DTFC
scheme to minimize the motor electrical losses and hence to optimize the motor efficiency.
Furthermore, conventional six-sector are modified into eighteen-sector incorporating LMA to
minimize the torque ripple while maintaining high efficiency. This thesis further attempts to

modify conventional three level torque hysteresis comparators into five level torque hysteresis

10



comparators to maintain high dynamic performance. Finally, an adaptive backstepping based
nonlinear controller is developed which achieved the lowest torque ripple among all the

methods developed in this thesis.

1.5 Thesis Organization

This thesis is arranged according to major section titles pertaining to the principal focus areas
of the thesis. Subsections address specific detail, and contain pertinent figures, charts, or tables

and/or appropriate references.

In Chapter 1, review of literature of existing work on the conventional DTFC of PMSM is
detailed, and a motivation for the thesis work is provided. Comprehensive overview of the

classical DTFC scheme of IPMSM drive is also discussed.

In Chapter 2, detailed derivations of all pertinent mathematical models used in the thesis,
including reference frame conversion, and synchronous machine modelling are detailed.

Comparative system performance analysis of VC and DTFC is also detailed.

In Chapter 3, the development of the proposed eighteen-sector based DTFC scheme
incorporating LMA are provided. Finally, five level torque hysteresis comparator

developments with modified sectors and circular flux tracking is also provided.

In Chapter 4, results from multiple simulation environments are presented. The performance
of the proposed DTFC scheme is established through a series of tests, including load variation,

set-point changes and sectors modifications.

In Chapter 5, real-time system development of the DTFC schemes are presented. Results
demonstrating the robust performance through a series of tests similar to those performed in

simulation.

In Chapter 6, the development of the proposed nonlinear control algorithm of IPMSM drive
is detailed. Controller is developed taking consideration of torque and flux as virtual control

variable and stability is verified by the Lyapunov’s stability theory.

In Chapter 7, summary of the thesis results and findings, the contributions made and future

work potential to improve the current work are detailed.
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Chapter 2
IPMSM Drive Mathematical Modeling

2.1 Introduction

Analytically, the IPMSM is same as the conventional wire wound excited synchronous
motor with the exception that the excitation is provided by the permanent magnets instead of
wire wound dc rotor field. Therefore, the standard d-q axis model for synchronous machines
can be used for the d-q axis model of the IPMSM by removing the equations related to field

current and associated dynamics.

This section of the thesis details the mathematical model development of IPMSM and
operating principle of conventional DTFC. The d axis refers to the ‘‘direct’” axis which is
aligned with the direction of magnetic flux (i.e. along north-south pole orientation). The q axis
(quadrature axis) is 90 degree electrically apart from the positive d axis that is the convention

of Institute of Electrical and Electronic Engineers (IEEE) [36].

2.2 IPMSM Mathematical Model Development

If w is the constant flux provided by the permanent magnets; then the flux linkage in the

three phase stator winding due to the permanent magnets (PM) in the rotor is given by,

sinB,
Fam . 2T
pm | = w [N — ) 2.1)

Pem sin(0; + =)

where,¥ ., ¥pm and W, are the flux linkages in three phase stator winding due to the
permanent magnets in the rotor and 0, is the rotor position. Total air gap flux linkage for three

phases is the summation of the flux linkage for the corresponding phase current, mutual flux
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linkage for currents in the other phases and the flux linkages in the three phase stator winding

due to the PM in the rotor. Three phase air gap flux linkage is given by,

. sin®
Ya Laa lv[ab Mac la . r2n
wp| = [Mpa  Lpp  Mycl|ip| +w|sRE =) 22)
e Mca Mcb Lcc ic Sin(9r+2_n)
3
where: W,, Wy, ¥ = per phase magnetic flux

Laa> Lbp, Lee = per phase self-inductance

Map, Mpc, M¢,= per phase mutual-inductance

The phase voltage is the voltage drop in each phase plus the voltage drop due to the rate of
change of flux linkage. For IPMSM, three phase voltage can be developed as,

Va . 0 077ri, . Yo
[Vb] = [O 183 0 ib + a lpb] (23)
Ve 0 0 rllig We
where: Vg, Vp, Ve = stator phase voltages

ig,lp, I = stator phase current

T4, Ty, T. = stator phase resistance

Thus, the net synchronous motor mathematical model in the ‘‘abc’’reference frame can be

written as,

. : sin6
Va Ta 0 0 lg d Laa Mab Mac la . ’ 21T
Vpl = 0 183 0 ib + a Mba Lbb MbC ib + v Sln(el‘ - ?) (24)
Ve 0 0 e ic Mca Mcb Lcc ic

sin(0, + %ﬂ)

These three phase voltage equations are dependent on the flux linkage components which are

a function of rotor position, 8, and the coefficients of the voltage equations are time varying
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with the exception if the motor is motionless. In order to keep away from the difficulty of
calculations, all the equations have to be changed into synchronously revolving rotor reference
frame where the machine equations are no longer dependent on the rotor position, 6,. These
transformations can be accomplished in two steps using Park’s and Clark’s transformation
equations. In Clark’s transformation, machine equations are changed from the balanced a-b-c
frame into balanced two-phase quadrature quantities, d-q. In Park’s transformation, machine
equations are converted from balanced two-phase orthogonal stationary system into orthogonal
rotating reference frame, d'-q'. In these transformations, d-q axes are orthogonal to each other
but in the same plane as the three phase reference frame. The transformation is shown in Fig.

2.1.

Stationary stator 4 Stationary rotor d

Clark Transform Park transform d

[
»

v

[
|

Fig. 2.1: Forward reference frame conversion.

In orthogonal rotating reference frame, d is at an angle 0 (rotation angle) to the d axis and q"
1s perpendicular to d"along the q axis. The phase variables in terms of d-g-0 can be written in

matrix form,
cos0, sinB, 1

Xa T T X
[xblz cos(8, — 2 sin(8, ~ 2 1 [xZ] (2.5)

Xe cos(0; + %ﬂ) sin(0, + Z?H) 1| Yo
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Corresponding inverse relation can be written as,

cosB, cos(0, — 2?“) cos(6, + 2?“)

Xq Xa
[xd =§ sinB, sin(6, —2?“) sin(6, +2?n) xb] (2.6)
ol e L L
2 2 2
where, the variable (x) could be voltage (v) or current (7).
The rotor position is defined as,
t
6, = [, wr (O)dt + 6,(0) 2.7)

where: w, = angular velocity

0, (0) = rotor initial position

For balanced three phase system, zero sequence components (x,) does not exist and the rotor’s
initial position, 8.(0) = 0. Therefore, q axis coincides with the phase ‘‘a’’. Under these

conditions the Equation (2.6) can be written as,

2 2 Yxa

X

fal=12 2 3 H e3)
0 & %l

The quantities in the stationary d-q frame can be converted to synchronously rotating d'-q"

frame where,

[ig] _ [coser —sin®, [xq] 2.9)

sinB,  cosB, | LXg
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Inverse relation is given by,

Xq _[coser sinﬂr] [XS]
[xd]_ —sinB, cos6,] [x] (2.10)

Therefore, using the entire relations d'-q" model of IPMSM can be derived as,

i dw,”
v," =Ri, + d—: + w,¥," (2.11)
vy = Rig" + S — 0¥, (2.12)
where: vg", v," = dand q axis voltages
iq",i;" =dand q axis currents
v, ‘qu =d and q flux linkages
Ws = stator frequency
d and q axis flux linkages can be written as,
lquT = Lqiqrand lludr = Ldidr +w (213)

Therefore, g-axis voltage model can be written as,

. dwg” , , ,
v,” = Ri," + d—: +w¥" =Ri," + (d/dt)Lyi," + Pw,(Laig" + )

= Ri," + (d/dt)L4i;" + Pw,Lgis" + Pw,w  (2.14)

For the d-axis model,

vy" = Rig" + 5L — W, = Rig" + (d/dt)Lgis" — PorLgiy" (2.15)
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In these equations, all the stator voltages and currents are in rotor reference frame. The total
average electromechanical energy coming from the source which is the developed power per
phase is given by,
1 . -
Pphase =5 Pw,[wig" + (La—Lg)ia"ig"] (2.16)
Therefore, total power developed by the machine is given by,
3 . -
Prechanicat = Epwr [‘qur + (Ld - Lq)Ldrlqr] (2.17)

So, developed torque is given by,

Te — Pinechanical — %P[‘qur + (Ld _ Lq)idriqr] (218)

wWr

The d-q axis equivalent circuit diagram can be drawn as shown in Fig. 2.2
Lg

‘. R
v, Pw, L1t [;i) o pPwy(Laiy" +w) {ji)

() )
Fig. 2.2: Equivalent circuit model of IPMSM: a) d-axis b) g-axis.

The motor dynamics can be represented by the following equation,
T, =T, + Bw, + ], (2.19)

where: T, = load torque in Nm

B,, = friction damping coefficient in Nm/rad/sec and ] = inertia constant in kg-m?
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2.3 Vector Control of IPMSM

The vector control (VC) technique is an effective technique for control of AC motors in high
performance drive applications (HPD). For VC operation of IPMSM drive, the machine
equations are transformed from the stationary a-b-c frame to the synchronously rotating d-q
frame where sinusoidal voltage becomes constant like a DC voltage. In case of DC motor, the

developed torque equation is given by,

Te = KlglIy (2.20)
where: I,= armature current

If = field current and K =constant

Both I,and Ir are orthogonal and decoupled vectors. So, the control becomes easier for
separately excited DC motor. In case of PM motor, the first term of torque equation (2.18)
represents the magnet torque produced by the permanent magnet flux and q axis current and
the second term represents the reluctance torque produced by the interaction of d and q axis
inductances and the d-q axis currents. Most of the researchers consider the command d axis
current, iz =0 which makes the torque equation linear with i, and control task becomes easier.

Therefore, torque equation becomes,

T, =2 Pwiy" 2.21)

However, with this assumption, the flux cannot be controlled in an IPMSM as per equation
(2.13). Without a proper flux control, motor cannot be operated above the rated speed while
maintaining voltage and current within the rated capacity of the motor/inverter. Thus, the

IPMSM can be controlled like a separately excited DC motor where i, controls torque and i,

controls flux. Using the phasor notation and taking the d" axis as the reference phasor, the

18



steady state voltage V, can be derived from steady state d"-q" axis using the equation (2.13)

and (2.14) as,

Vo =vg +jvg
=Riy" + (d/dt)Laiq" — Pw,Lgiy" +j(Rig" + (d/dt)Lgiy" + Pw,Lgis" + Pw,w)

=Rig" +jRiy"-Pw,Lgig" + jPw;Lgig" + jPw,w (2.22)

At steady state condition, (d/dt) jLqi,"=0.

In the case of IPMSM motor, the d” axis current is negative and it demagnetizes the main flux

provided by the permanent magnets. It can be seen from phasor diagram shown in Fig. 2.3.

Fig. 2.3: Vector diagram of [IPMSM.

With the i;"=0, the corresponding phasor diagram is shown in Fig. 2.4. The stator current

vector can be controlled by controlling the individual d-q axis current.

19



dr

Fig. 2.4: Vector diagram of IPMSM with iz"=0.

2.4 Direct Torque and Flux Control (DTFC) of IPMSM

Direct torque and flux control (DTFC) is similar to vector control (VC) using variable
frequency drive to control the AC motor output torque. In DTFC scheme, motor stator
magnetic flux linkage vector and output torque is used as the control variable whereas three
phase currents are used as control variable in VC. The DTFC scheme has the following

advantages over its competitive field oriented control (FOC) scheme,

- For DTFC scheme, there is no need of pulse width modulation (PWM) signal
whereas FOC needs PWM signal.

- DTFC is simpler and faster as compared to the FOC as it uses torque and flux as
control parameters that directly relate to the motor itself.

- DTFC does not need any coordinate transformation which is necessary for FOC
scheme.

- By optimizing the motor flux, DTFC scheme improves system efficiency with

variable load/speed.
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Despite several advantages of the DTFC scheme, it has some limitations which are as follows:

- DTFC controls the motor torque and flux directly which increases the ripple in these
control parameters which results in motor vibration.

- The scheme is motor parameter dependent.

- DTFC scheme suffers from the start up problem as motor flux estimation involves the

integration operation.

2.5 Analysis of DTFC Scheme

2.5.1 Conventional DTFC Scheme

The conventional stator flux linkage based DTFC scheme is shown in Fig. 2.5 where the
motor actual torque and air-gap flux linkage values are compared with their corresponding
reference values. The torque and flux hysteresis comparators take the corresponding error

signals and generate the logic signals of the voltage vector lookup table.

Flux Band Conweller [—l I—‘ o
. Careees Sesser | e
E Ll g ’d} s )
; % ; " _I _ * - /

T " -
Voltzea Vactor Lookup Table  IGBT Mnverter S B i
y i Posttion semsor

L

=,

WeLatat Wiilely (el 13 u O
Motor Flux Estimator Ii"’-] ) [E] :] 6
K y: = constant
re ) Ilp -
Fhux Proportions] By TP (ads—Vosled) || dit
Comtroller T, - o
Szctor Caleulstion e Motor torcus sstimator . w
+ L
= K., - &
Toraue Band Controller Torque Preportonal Conweller Command Terque Estmztor

Fig. 2.5: Conventional DTFC scheme.
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2.5.2 DTFC Control Principle

In DTFC stator flux linkage may be estimated as,
t
Y5 = fo (Vsa — Rslse) dt + o (2.23)

Yop = [ (Vsp — Rslsp) dt + s (2.24)

where, g, and ,pare the real and imaginary component of stator flux linkage.

This estimation of flux involves integration which needs initial condition 15, during start-

up operation. The modulus of stator flux linkage and its position is given by,

sl= | (e +¥ip) (2.25)
And, the position of stator flux linkage is determined as,

6=tan‘1(%) (2.26)

Using this angle, the sector number (1 to 6) is determined. Conventional DTFC scheme divides
the stator flux into six sectors which is spaced by 60 degree is shown in Fig. 2.6. Neglecting

the stator ohomic drop the flux linkage can be simplified as;

A=V, At (2.27)

The change of the stator flux A 1) is caused by the application of new stator voltage vector.
Equation (2.27) shows that the change in the stator flux is dependent on stator input voltage
vector and the duration A t for which the voltage vector is applied. So, the trajectory of the
flux linkage moves in the direction of the applied voltage vector of VSI with the speed
proportional to the applied voltage. If one of the zero voltage vectors V,, or V; is applied the
locus of the flux linkage vector almost stands still. The stator flux linkage voltage vectors,

inverter voltage vectors including the flux linkage components are shown in Fig. 2.6.
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v, [110]

- Sector 2:30t0 90
Sector 3:90to 150

lpST )
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\' el ) Sector 1:-30to 30

.Iggm\\H&[lﬂﬂ
V. [001] | L 111] Sector 8:-501t0-30

Sector 5:-1501t0 -0

Fig. 2.6: Stator flux linkage sectors and inverter voltage vectors including the stator flux linkage.

Figure 2.6 shows that, stator flux ¥, has the radial and tangential components 1. and ¢,
respectively. In order to increase 1), a voltage vector is selected which produces a higher radial
components of ¥ _ . In steady state, | Ay, | and | Ay | are almost constant and T, depends on
the torque angle 6;,. To increase the torque, the stator voltage vector is applied in such a way
that torque angle increases which is the angle between the stator and rotor flux linkages. From
Fig 2.7 it can be observed that, forward switching of V; causes rapid movement of ¢ from .
and thereby increasing 6, and T,.

A
Ys+Aars
Y5

Abgy

O\ u,

> —

Fig. 2.7: Rotor and stator flux linkage vector.
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For example, if the flux linkage vector is in sector 1, forward voltage vectors either V, or V3
is selected to increase the torque. If the torque is in tolerance borders, then the flux vector must
keep its position, angle does not change and zero voltage vectors are selected for it. If the actual
torque is too large, then flux vector must go backward, and angle 6, decreases therefore
backward voltage vectors must be selected. For example, if the flux linkage vector is in sector
1, then backward voltage vectors either Vg or Vs is selected. To control the torque ripple, the

duration of application of any stator voltage vector plays an important role.

2.5.3 Flux and Torque Comparator

For flux hysteresis comparator, motor air-gap flux (1) is compared with the reference air

gap flux (15). The error between 1) and 5 is defined as;

ey =3 — (2.28)

The flux comparator logic is given below and flux hysteresis band is shown in Fig. 2.8.

if, ey < _HBIIJ then H‘L,l) =-1

if, —=HBy, < e, < +HBy, then Hy, = 0

A Hlp

+1

ey = +HB,,

€y

Fig. 2.8: Flux hysteresis band.
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For torque hysteresis comparator, motor output torque (7,) is compared with the reference

torque (T,'). The error between T, and T, is defined as;

er=T; —T, (2.29)

The torque comparator logic is given below and torque hysteresis band is shown in Fig. 2.9.
if, e = +HBy then Hy = +1
if, e; < —HBy then Hy = —1
if, —=HBy <e;y <+HBy then Hy = 0

4 H;

+1

eT S _HBT eT

Fig. 2.9: Torque hysteresis band.

2.5.4 Three Phase IGBT Inverter

The voltage source inverter (VSI) is widely used in HPD applications to control the rotating
field machines. In large number of industries the PMSM’s are required to be operated at
different speeds or torques. In order to meet the variable speed or torque demand, these motors
are fed from the inverters with variable voltage and variable frequency supply. The VSI with
3-phase winding can generate voltage vectors. The voltage vectors are defined by the
combinations of switch positions (S, , S, S¢). S4= 1 implies T; on and S,= 0 implies T, on.
For two-level VSI there are 8 possible combinations of power switches which can produce six

active voltage vectors and two zero voltage vectors. Typical structure of two-level VSI drive
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is shown in Fig. 2.10. In Fig. 2.10, Ty, T3, Ts indicate the high side and T,, T, , Ty indicate the

low side of the inverter.

Ve

Fig. 2.10: Two-level VSI drive.

Voltage vectors of a two-level VSI in a stationary XY reference frame are shown in Fig. 2.11.
Voltage polarities at the three-phase terminals of the inverter are marked near the vectors where
‘+’ means upper switch of corresponding phase in ON and ‘-’ means lower switch of

corresponding phase is ON.

Val—+ -1 elt+-l
Val=++] val=— -1~
< >—>
Vi [+—-] X

Vs [— = +1 Ve [+~ +]

Fig. 2.11: Two-level VSI voltage vectors.
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2.5.5 DTFC Switching Table

The output signal of the torque hysteresis comparator possesses three different values: +1,
-1, and 0. Hy = +1 corresponds actual value of the torque is below the reference torque and
torque must be increased; at Hr = —1 torque must be decreased; H;y = 0 means that torque is
in the hysteresis limits. The output signal of the flux hysteresis comparators has two values 1
and -1. If the current magnitudes of the stator flux linkage are significantly less than the
reference value, then flux linkage magnitude should be increased which corresponds to Hy, =
+1. But, if the magnitude of the flux linkage is above the reference value, then flux linkage
magnitude must be decreased which corresponds Hy, = —1. Signals from the torque and flux
hysteresis comparators as well as position information (sector number) about the flux linkage
vector are the elements of switching table of DTFC. The control of the switches is adjusted
only when the torque or flux linkage differs from the reference value. When hysteresis limit is
reached next voltage vector is selected from the switching table of DTFC so that actual flux
linkage (15) tracks the reference flux linkage (1;). The DTFC switching table is shown in
Table 2.1.

Table 2.1: DTFC look-up table for inverter

Hy, Hy S, S, Ss S, Ss Se
+1 Vv, /A V, Vs Ve Vi
+1 0 Vo Vv, Vo Vv, Vo v,
-1 Vs 14 V, V3 Vy Vs
+1 /A Vs Vs Vs Vi V2
-1 0 Vv, Vo v, Vo v, Vo
-1 Vs Ve /A Vv, V3 Vy

For example, at sector 1 (-30~+30), if the flux is too high (Hy= +1) and the torque is too high

(Hr=+1), the voltage vector V, is applied to the IGBT inverter. The voltage vector follows the
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zigzag path within the flux hysteresis band (2|A|). Thus, actual flux follows the reference
flux. The selection of voltage vector is made so as to restrict the flux and torque errors within
the hysteresis bands and to obtain the fastest torque response to reduce the torque ripple

contents.

The selected voltage vectors will make the air gap flux to follow the reference flux where the

s and P, will follow the following relation;

|| < (s —hs) = H Ay (2.30)

The voltage vector plane is divided into six sectors so that each voltage vector divides each
region into two equal parts as shown in Fig. 2.12. In each sector four of the six non-zero voltage
vectors along with zero vectors may be wused. For example, for sector 1,
V,, V3, Vs and Vg voltage vectors are used either to increase or decrease the torque depending

upon the condition of flux hysteresis comparators output.

4 V3(010)  V2(110)

v4(011) V1 (100)
V4 (011)

v5(001) V6(101)

2&1/15\

V1 (100)

Fig. 2.12: Motor air-gap flux zigzag path.
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2.6 Conclusion

This Chapter details the mathematical model development of IPMSM drive and operating
principle of conventional DTFC scheme. There are several limitations of the conventional
DTFC scheme. Firstly, due to the dependency of the air gap flux linkages on motor operating
conditions, it is essential to estimate the motor air-gap flux linkage which is assumed constant
for conventional system. Secondly, unbalance voltage effects in one sector can result in error
flux which increases torque ripples, therefore to avoid the unbalance voltage effects sector
numbers must be modified to get better dynamic performance of the drive system.
Realistically, current sector number calculation of stator flux linkage vector involves
trigonometric function (tangent), which is a time consuming calculation, but can be replaced

by logic decisions of digit by digit calculations.

The following Chapter details the proposed novel DTFC scheme to overcome the drawbacks

of conventional DTFC scheme and hence to improve dynamic performance of IPMSM drive.
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Chapter 3
Proposed Novel DTFC Scheme

3.1 Introduction

High performance motor drives require accurate speed response, quick recovery of speed
from any disturbances with almost no steady state torque ripple. Most of the existing DTFC
scheme either consider reference air-gap flux constant or utilize conventional six-sector based
algorithm for easier implementation. However, dynamic performance is sacrificed with the

conventional DTFC algorithm.

To meet high dynamic performance demand, the control algorithm proposed in this thesis
incorporates adaptive flux observer based loss minimization algorithm (LMA) and
conventional six-sector based algorithm has been modified into eighteen-sector based
algorithm. Finally, three level torque hysteresis comparators are modified into five levels for

eighteen-sector based DTFC scheme.

3.2 Loss Minimization Algorithm (LMA) based DTFC Scheme

Most of the reported work on DTFC considered reference air-gap flux (yg) as constant,
hence the efficiency cannot be optimized also DTFC of IPMSM drive suffers from large torque
ripples. Therefore, a model based LMA 1is developed to obtain the optimum air-gap flux
linkage, which acts as a command flux for the DTFC based IPMSM drive which is shown in
Fig. 3.1. As the motor stator flux rotates in the air-gap, the DTFC scheme will select the right
voltage vector from the look up table. The selected voltage vector will make the air-gap flux
(1) to track the flux reference (5). In PMSM, the flux cannot be controlled directly as the
main flux is supplied by the permanent magnets. In an IPMSM the d-axis armature reaction
current I; is utilized to control the flux. LMA is utilized to calculate the minimum value of i,
which reduces the power losses of the motor. The modified DTFC maintains higher efficiency

and high dynamic performance.
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Fig. 3.1: LMA based conventional DTFC scheme for IPMSM drive.

3.3 Proposed Stator Flux Linkage Sector Number Determination Algorithm

The sector number determination in DTFC involves a trigonometric function. For real-time
implementation, the microprocessor evaluates the trigonometric function by using time
consuming complex calculations as compared to normal arithmetic relations. In an effort to
simplify such systems, in this thesis a novel sector determination algorithm is developed, which
just requires shifting and additions [37]. Thus, iteration becomes simpler and can be performed
very rapidly. Fig. 3.2 shows the proposed novel sector determination algorithm of the

conventional six-sector based DTFC scheme.
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Fig. 3.2: Proposed flow chart for sector determination algorithm.

3.4 LMA Based Reference Flux Estimation

Several LMAs for PMSM drives have been reported in the literature [38-39]. The loss
minimization can be done either by using search controller (SC) or loss model controller
(LMC) algorithm. For SC based LMA, motor current or flux value is decremented in steps
until the minimum input power point is detected for certain load and speed to achieve minimum
loss condition. Although SC is simple and flexible but also it creates the torque ripples as
control variables are decremented to find the minimum input power. Furthermore, SC is slow
and needs to find minimum input power for each operating conditions. On the other hand,

model based LMA calculates the motor stator current or air gap flux linkage based on loss
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model of the motor which reduces the power loss. This process is faster and does not have
torque ripples like SC based LMA. Therefore, this thesis incorporates the model based LMA
to estimate the reference air gap flux linkage to ensure high dynamic performance of the drive
for different speed and load conditions. The model based LMA is used to calculate the optimum
iz which ensures the minimum power losses of the motor. The d-q axis model of IPMSM

drives incorporating the iron loss is shown in Fig. 3.3.

(a) (b)

Fig. 3.3: IPMSM model incorporating iron loss; (a) d-axis model, (b) q axis model.

From the loss model of IPMSM, the d-axis voltage and current can be written as,

Vg = Rsid + Vod (31)
lg = log + ica (3.2)

where:
[.q = d-axis core loss current

I,q = magnetizing components of i

Substituting the d-axis current value in equation (3.1),

Vg = Rs(iod +icq ) + Voa

dlod

= Vg = Rsiod + RSiCd + de

— Lyipq® (3.3)
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From d-axis loss model of IPMSM, d-axis iron loss current can be written as,

digg ;
. _ Vod __ Lg dt — Lglpqw 34
lea = R. R ( . )
c c

Substituting the values of d-axis iron loss current in equation (3.3),

. v di .
Vg = Rsipg + R RLCd + Ly d—"td — Lgioqw
dipg P .
. d—; —Lqloqw di .
= vy = Rgipg + Ry —% = + Lg4 d“td — Lyioqw
: R di . di .
= vy = Rgi g + R—z(Ld d‘;d — Lgioqw) + de—"td — Lgioq
Ri +<RS+1)L Boa _ Rs | 11,
=>v; =Rl — — (= logW
d stod Rc d dt (Rc ) q‘toq
= Vg = Ryloq + (S +1) (La 22 — Lyioqw) (3.5)
d stod R, d at q-oq ’
The g-axis voltage (v,) and current (ig) can be written as,
Vg = Rgig + Vg (3.6)
lg =loq +icq 3.7

where:
icq = q-axis core loss current
ioq = magnetizing components of i,

Substituting the g-axis current value in equation (3.6),

Vg = Rs(log + icq ) + Voq (3.8)
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From g-axis loss model of IPMSM drive,

di )
Voq = Lq % + Lgipgw + ¥, (3.9)
L di0q+L lodW+¥,rw
. _ vo_q _ Ltq gy Thdtod r
leg =% = o (3.10)
Substituting the values of v,, and i, in equation (3.8),
i Lq%+Ldiodm+wrm diOq i
Vg = Rslpg + Ry - + L, o T Laioqw + v, @
5, = (24 1)[L, 2 4w, + Lyipgw| + Rsi (3.11)
Uq = R, a4 ¥,0 dloa® sloq .

From d-q axis loss model of IPMSM, iron loss components i.q and i., can be written as,

The d-axis iron loss current can be written from d-axis model (Fig. 3.3 (a)) where steady state

e di
condition is assumed. Therefore, L, d_otd: .

diod .
. Vod _ Ld dt - quoq(x)
fea =7 =

C RC

dipgg .
. Lg—=—Lqw(ig—icq)
dat
D leg =
RC

_ —Lqw(ig=icq) (3.12)

= leg R,
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Considering steady-state condition, from the g-axis model (Fig. 3.3 (b))

dig di . .
] qu Lq dt + Ldlodw +v,.w Lq ﬁ + Ld(l) (ld - lcd)+‘l’r(l)
1 = —= =
“ R R, R,
Lgw (ig—icq)+v,rw
_ Law (ig—ica)+or (3.13)
RC

Total electric power loss can be written as

e == (Rsia® + Ryig? + Reica® + Reicg”) (3.14)

To get the minimum power loss condition differentiate the total electric power with respect to
ig.

dp, 3 di - digg di
FT [2Rsiq + 2Rgiy # + ZRClcdd—C + 2R icq FC:]
_ dPs

d . dlc
- = 3[Ryiq + R, ig =2 +RC ot =2 +Rclchdq] (3.15)

Higher efficiency is achieved when the total power losses are minimum and minimum power

loss condition is obtained by differentiating the total power loss with respect to i; and then

setting it to zero to get optimum iy. For the minimum power loss condition

dPg

=0
dld

d dlCd
Rld+qud +Rccdd

= Rgig = [

dig dig dicq
. [Rslqdl +Rclca— - dl +Rc cq dld]
=lg =

o (3.16)
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d-axis core loss current i.4 can be calculated from equation (3.12),

_ _Lq“)(iq - icq)
lea = Rc

3 Lywi; Lawig,

= leqg =

R, R,
S g = _Lq(l)iq Lq(l) Ld(,L) (ld - iCd)+qJT0‘)
(o]
R, R, R,
P Lywi, N Lyw,w? 4 LyLyw?(ig — icq)
o R, R.R.
= Ricqg = —LqwigR, + Lgw,0? + LgLyw?(ig — icq)
= Ricqg + LaLgicqw? = —LywigRe + Lgw,0? + LyLyigw?
—LgigWRs+Lgwyrw?+LgLyw?i
4 qa-q c =q*r dblq d
=3 = .
Led R +LaLgw? (3.17)

The steady state value of core loss current component i., can be calculated from equation

(3.13),

_ Lgw (ig — icq) +o,w

lcq = R
(o4
N _ ¥, Ld(D id _ deicd
tea =R R R
c c (5
NP v,.w Lywig Lgw —Low(ig —ic)
‘" R, R, R, R,
_ w0  Lywig Lglgigw?® LgLgicqw?
= ieq = —

R, R, R.Z R.?

= R.’icq = ¥R, + LawigR, + LyLgiqw? — LyLgicqw?
= Relicq + LaLlqicq®? = w,0R. + LawigR, + LyLgiyg0?
= [R? + LgLy0?]icg = ¥, 0R, + LawigR, + LyLgiy0?

) W, WR+Lgw igRc+LgLgigw?
= lcq = > > 149 (318)
Rc“+LgLqw
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Differentiating d-axis core loss current i.; with respect to i,

_ diq 2 (02 2 dia
dicg LywR, . + Lgw, a0 (w*) + LgLqw iy
dig R + LyLyw?
_, dica _ _ Lalq®’ (3.19)
dig  R*+LgLgw? ’
Differentiating g-axis core loss current i.,with respect to ig,
S dig 2 dig
dicg  aig (v,wR,) + LywR, i, + Lylqw 2,
dig R + LyL,w?
dicq LgwR,
= 3.20
dig  R*+LgLgw? (3.20)
To get the minimum d-axis current, from equation (3.16),
. dig . dicg dicq
. [Rslqd_-d + Rclcda + R, cq did]
q=
Rs
Lqu(Dz . LaqwR,
. 0+ [Rclcd R +LgL 0)2] Rclcq [RCZ+Lquw2]
= iy =-
I ReicglaLlyw?® + ReicqLawR,
d — 2
Rs(R.” + LgLqw?)
] ReLgwlicgLgw + igqw]
= lg = — 2
Rs(R.” + LgLyw?)
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Using equation (3.13) and (3.21),

_ Ld(D (l'd - I:Cd)+"}’r(.0

lcq R
Ny ) Lawiyg+w,w
lg ~ log R,
] Liwipgg+w,w
= iy =g

For DTFC, reference flux is estimated from the reference d-q axis current as,

V' =va +jvg = (W + Laia) + jLgig

Total Power developed by the motor;

Pout =Ty

Piotar = Pout + Pg + Prechanical

Prnechanicai= Mechanical frictional constant™ w

Motor efficiency is given by, 1 = 2 x 100%

Ptotal

3.5 Loss of Voltage Source Inverter (VSI)

39

(3.22)

(3.23)

The harmonic losses of the motor and the steady-state torque ripple can be minimized by
increasing the inverter switching frequency. But, the increase in the switching frequency
increases the inverter switching losses. That’s why in this thesis inverter losses are also
investigated in simulation. The aim of this section is to provide the analytical model for the
calculation of power losses in IGBT based VSI inverter for IPMSM drive. The inverter

parameters of the semiconductor switches in the inverter have been extracted from the data



sheets of SEMIKRON, SKHI 22 AR [40]. The losses in a power-switching device consist of

conduction losses, switching losses and off-state blocking loss.

3.5.1 Switching Losses of VSI

During the commutations, losses appear due to the switching pattern. Switching losses are
due to the energy dissipated during the commutations ON and OFF in the semiconductor
(IGBT) and in the power diode due to reverse recovery current in the off state. The equation

for the switching losses is given by [40],

V2 Vae 1
Pswitching = ?-fsw(Eon,I + Eoff,I + Eoff,D)-V_i-i (3.25)

where:
fsw= VSI switching frequency
V4= dc link voltage
I, = peak value of ac line current that is assumed sinusoidal
E,p ;= turn-on energies of IGBT
Eof = turn-off energy of IGBT

E,zr,p= turn-off energy of the power diode due to reverse recovery current

3.5.2 Conduction Losses of VSI

In contrast to the switching losses, the conduction losses are directly depending on the

modulation function. Conduction losses are due to the losses in the IGBT and diode, which can

be expressed as [40],

1 I I} I 7
Pconduction(IGBT) = E (Vceo- ;L + Ttran ﬁ) +m. coso (Vceo- EL + Ttran ﬁ) (3-26)
1 I 1} I If
Pconduction(Diode) = 2 (VFo- T + Tdiode ;) — m.cosQ (VFo-g * Tdiode E) (3-27)
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where:
m = modulation index
¢= angle between the fundamental of modulation function and load current
Tiraqn= transistor resistance
Taiode= diode resistance
V..o= transistor saturation voltage

Vpo= diode threshold voltage

However, increasing the motor speed requires higher line to line voltage and causes the motor

to draw higher current for constant load torque. Therefore, inverter losses are increased.

3.6 Proposed Eighteen-Sector Based DTFC

The problems of conventional DTFC scheme has been alluded earlier. In conventional
DTFC scheme motor reference air-gap flux linkage is considered constant therefore, motor
efficiency cannot be optimized and it cannot be operated above the rated speed. Therefore, this
thesis incorporates LMA to estimate the motor air gap flux to optimize the motor efficiency.
On the other hand, six-sector based DTFC suffers from torque ripples. That’s why conventional
six-sector based algorithm is modified into eighteen-sector based algorithm to improve the
dynamic performance of the DTFC in which maintaining higher efficiency through LMA. Fig.
3.4 shows the proposed modified eighteen-sector based DTFC scheme incorporating LMA for

reference flux estimation.
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Fig. 3.4: Modified eighteen-sector based proposed DTFC scheme.

3.6.1 Improvements of Eighteen-Sector

The traditional DTFC divides the stator flux vector into six-sector. In one sector, the
unbalanced effect of stator voltage can cause the unbalanced change of flux track. The flux
track will not be round. The distortion of flux exerts bad influences on the system performance
and it also causes distortion of the current. In order to improve the situation, the method of
subdividing stator flux angles is propce<2d in this work. According to the position of stator flux,
the spaces are dived into 18 sectors such as (—10°,10°), (10°,30°)......... (=50°,—30") and
(=30°,—10"). Fig. 3.5 shows the eighteen-sector and choices of the vectors are shown in
Table.3.1. For torque hysteresis controller, Hr = 1 means reference torque is less than the
estimated one and a voltage vector should be selected in a way to increase the torque. Hy =-1
means the reference torque is higher than the estimated one and voltage vector should be
selected in a way to decrease the torque. This is exactly same control to the amplitude of stator
flux. For example, if the stator flux is in sector 1, to decrease flux (

Hy=-1) and to increase the torque (Hy=+1), voltage vector is applied two steps ahead of the
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current sector voltage vector. Thus the voltage vector Vs is applied. When Hy =-1 and Hy,=-1
and flux linkage space vector is in sector 1 then voltage vector is applied that is 2 steps
backward of the current sector number. That’s why voltage vector Vs is applied, which is

shown in Table-3.1.

Vi [0 10) 5 ‘fr
! vz [110]
Wi [0 6 6] o
30
....... ;
............. o -
) lﬂ I 11-‘ ---------------------------- .-_. % .__I._.-I--I--I.-‘.I-- — [l-n n]
- T .- »
.“I:. \
VEL001] £ % V6 [1 0 1]

Fig. 3.5: Division of eighteen-sector.

Table 3.1: DTFC look-up table with three level torque hysteresis comparator inverter

switching
Hy | Hr | S1|S2 | S3 [ Sa|Ss|Se|S7|Sg|So|S10|S11|S12 | S13 | S1a | S15 | S16 | S17 | S1s
N 72 72 VA A A A B B A IR 72 VA 72 I IR 72 R A R A R TR 7
10 [l v v v v v Vel Vel v, [V [V, vl v V|V |V
Al i i v [ v [ (s VsV [ v [ Vs [ Vs | Vs [ Vs | Vs | Ve
Alniniwivivuiveivelvelvel v velve vl wlv |y
Ao vl v v v v v v vl v Vol vo |V V|V [V V| W
A Vs | Vg | Ve | Ve [ Vi | Vi | Vi [ Vo | Vo | Vo | Va3 | Vo | Vy | Vy | V|V, | Vs | Vs
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Fig. 3.6 shows the control of stator flux linkage by selection of the suitable voltage vectors.

W3 [0 1 0] .-y vy e
= - ., i T, W2 [11 0]

va [01 1] € ;Vi[100]

Sector 1

Fig. 3.6: Proposed motor air-gap flux zigzag path.

3.6.2 Modified DTFC Table with 5-level torque hysteresis Comparators

In the proposed eighteen-sector based DTFC, six voltage vectors are used in all eighteen-
sector. But, still the performance of the DTFC scheme can be improved with the idea of small
torque increase instead of torque increase, mainly due to the fact that the tangential voltage
vector component is very small and consequently the torque variation will be small as well.
Fig. 3.7 shows the -eighteen-sector modified DTFC where FD/FI denotes flux
decrease/increase, TD/TI denotes torque decrease/increase, TsD/Tsl denotes torque small
decrease/increase, respectively. It is obvious that, V/; will produce a large increase in flux and
small increase in torque in sector S;g . On the contrary, V, will increase the torque in large

proportion and the flux in a small one.
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Fig. 3.7: Modified eighteen sector DTFC with five level torque hysteresis comparators.

If the flux and torque effects are divided into eight groups, torque ripples are further reduced

which is shown in Fig. 3.8.

Atorque rF'y
(a) a Hy (b)
., FD,TI | FLTD 2
._.‘- .'1-‘ 1
- —Ae
FD, TsT )" FI Tsl Aery 1
=75 -T- < >
. + FL TsD Aer; Aer,
- ., B
< FD,TD| FLTD -2
b J
v

Fig. 3.8: Modified DTFC scheme: (a) Flux and torque variation; (b) five level torque hysteresis

comparators.

Finally, a switching table is developed where torque errors are divided into small intervals.

The flux increase and decrease is denoted by +1 and -1. The torque hysteresis is considered as
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1,2, -2, and -1. Look-up table for inverter switching with eighteen sector based DTFC and 5-

level torque hysteresis comparator is shown in Table. 3.2.

Table 3.2: Five level torque hysteresis comparator based DTFC look-up table

H’ll} HT Sl SZ S3 S4- 55 56 S7 SS S9 510 Sll 512 Sl3 514 515 516 Sl7 518
2V [V (Vs (Vs [V [V [ Va (Ve | Ve | Ve | Ve | Ve | Ve | Ve | Ve | Ve |V, |V,
[ [ [ |V | Va (V[ Ve (Ve | Ve | Ve | Ve | Ve | Ve | Ve |V, |V, | W,
0 | Vo | Vo [ Vol Vo | Vo | Vo [ Vo [ Vo Vo | Vo | Vo | Vs | Vo | Vo | Vo | Vs | Vs | V5
AV Vi (Ve (Vs | Ve | Ve | Ve | Ve | Vs | Ve | Vs | Ve | Ve | Ve
2V Vi [ Vi [V [ Vo | Vo | Vo [ Vs [ Vs | Vs | Ve | Ve | Vs | Vs | Vs | Vs | Vel Ve
2V (Vs |V [ Ve (Ve [V | Ve [V | Ve | Ve | Ve | Ve | Vo | Vs |V, |V, |V, | 1y
ATV V|V [ Ve [ Ve (Ve | Ve (Ve (Ve | Vi [V [ Ve |V |V, |V, | Vs | Vs | Vs
0 |V, [V [V [ Vo | Vo | Vo | Vo (Vo (Vs [ Vg | Vo | Vo | Vs | Vs |V, | Vo | Vs | Vo
AV (Ve [V (Ve (Vs [V (Vo [V [V | Vs | Vo | Va | Vs | Vs | Ve | Ve | Vs | Wy
2\ Vs | Ve | Ve | Ve | Vi | Vi | Vi |Va|Va| Vo | Vs | Va | V| Vy | Vy |V, | V5| Vs

3.7 Conclusion

This chapter details the improvement of conventional DTFC scheme for IPMSM drive.
Firstly, LMA is incorporated in the proposed DTFC to estimate the motor air gap flux linkage
in order to minimize the losses in electric machines. Secondly, unbalance voltage effects in
one sector of conventional DTFC is reduced by adding additional twelve sectors. Finally, as
the tangential component of voltage vector is reduced by additional twelve sectors therefore,
torque ripples are further reduced by introducing the idea of small torque increase through 5-
level torque hysteresis comparators. The following chapter details the simulation model of the

conventional and proposed DTFC scheme of IPMSM drive.
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Chapter 4
Simulation of Novel DTFC and LMA based IPMSM Drive

4.1 Introduction

The performance of the proposed DTFC and LMA based IPMSM drive is investigated

extensively in a simulation environment using MATLAB/Simulink software.

The constant reference flux performance of the proposed DTFC scheme is also compared
with the classical six-sector DTFC scheme to demonstrate the improvement in dynamic
performance and efficiency over a wide speed range. The proposed DTFC scheme is tested in
simulation for step change in command speed, load and parameter variations. The simulation
tests are shown in the following sections, and are intended to reflect typical operational
scenarios which include system with constant flux and six sector, system with LMA and six-
sector, system with LMA and eighteen-sector. At the end, five level torque hysteresis
comparator based DTFC scheme is simulated to see the dynamic speed and torque response in

comparison to conventional 3-level torque hysteresis comparator.

4.2 Simulation Software

Using mathematical model of IPMSM drive incorporating LMA, comprehensive system is
developed in MATLAB/Simulink software. Mathematical model contains the inverter block,
IPMSM block, torque and flux estimation block and sector calculation block. Each stage of the
system is expressed in Simulink as a function reflecting the mathematical model. After system
development in MATLAB/Simulink software, the performance of the proposed DTFC is
investigated. The Simulink block diagram of the proposed eighteen-sector based DTFC
incorporating LMA is shown in Appendix B. The parameters of the [IPMSM used in simulation

are shown in Appendix A.
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4.3 Simulation Results

Extensive simulation investigations are performed for the proposed eighteen-sector and
LMA based IPMSM drive. Sample results are presented below. Figs. 4.1 (a) and (b) show the
starting responses of the six-sector LMA based DTFC and proposed eighteen-sector LMA
based DTFC scheme of IPMSM drive, respectively at rated conditions (183 rad/s and 19 Nm).
It is clearly seen from Figs. 4.1 (a) and (b) that, motor torque ripples are reduced significantly
with proposed eighteen-sector LMA based DTFC while maintaining similar speed and

efficiency responses as compared to the conventional six-sector LMA based DTFC scheme.
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Fig. 4.1: Speed, torque and efficiency responses of LMA based DTFC scheme at rated conditions: (a)
six-sector based DTFC; (b) proposed eighteen-sector based DTFC.

Figs. 4.2(a) and (b) show the comparative dynamic performance analysis of the proposed
eighteen-sector LMA based DTFC with conventional six-sector LMA based DTFC scheme for
step change of command speed from 30~183 rad/s in a step of 30 rad/s at rated load (19 Nm).
It is seen from Fig. 4.2 (b) that, for the proposed eighteen-sector based DTFC scheme torque

ripple is confined to a small bandwidth without any abrupt peak from low speed up to the rated
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speed whereas conventional six-sector LMA based DTFC scheme contains higher torque
ripples in steady state. Therefore, proposed DTFC maintains higher dynamic performance over
a wide speed range of operation while both the proposed and conventional system follows the
command speed quickly without any oscillations. Fig. 4.3 shows the speed, d and q axis current
responses of the proposed eighteen-sector based DTFC scheme incorporating LMA at rated
conditions. It is found that d-axis current is negative which indicates that the proposed LMA
can utilize the reluctance torque to optimize the efficiency. Fig. 4.4 shows the balanced three
phase current response of the proposed eighteen-sector based DTFC scheme incorporating

LMA at rated conditions which verifies the balanced operation of the drive system.
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Fig. 4.2: Simulated speed and torque responses of DTFC scheme incorporating LMA for a step change
in command speed from 30~183 rad/s at rated load (19 Nm): (a) six-sector based DTFC; (b) proposed
eighteen- sector based DTFC.
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Fig. 4.3: Simulated speed, d and q axis current responses of the proposed eighteen-sector based DTFC

scheme incorporating LMA at rated conditions.
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Fig. 4.4: Simulated three phase current responses of the proposed eighteen-sector based DTFC scheme

incorporating LMA at rated conditions.
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Fig. 4.5 shows the speed; torque and efficiency responses of the proposed eighteen-sector

based DTFC incorporating LMA drive for a step change in command speed from 30 rad/s to

183 rad/s in a step of 30 rad/s. It is found that the motor can follow the command speed

smoothly while maintaining higher efficiency (=86%) over a wide speed range. It is also seen

from Fig. 4.5 that the proposed DTFC scheme has lower torque ripples from low speed to the

rated speed. Fig. 4.6 shows that for step change of command speed from 30~183 rad/s, stator

current increases hence, the d-axis demagnetizing current i; increases in the negative direction.

On the other hand, g-axis current i, remains constant as the load remains constant (19 Nm).
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Fig. 4.5: Simulated responses of the proposed eighteen-sector based DTFC scheme incorporating LMA

for a step change in command speeds from 30~183 rad/s at rated load: speed, efficiency and developed

torque.
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Fig. 4.6: Simulated responses of the proposed eighteen-sector based DTFC scheme incorporating LMA

for a step change in command speeds from 30~183 rad/s at rated load: speed, d and q axis current

responses.
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Fig. 4.7 shows that for a step change of command speed from 30~183 rad/s, the stator air gap
flux decreases, although most of the researchers consider it constant for the operation of DTFC
scheme. This is due to the fact that the stator current increases, and hence, the d-axis
demagnetizing current i; increases with the increase in speed. Thus, the stator air-gap-flux
decreases with the increase in speed. Robustness of the drive system is important for high
performance drive applications as change of load is very common type of disturbance. Fig. 4.8
shows that, if the motor is operated at rated speed for a step change of load torque from 4~19
Nm in a step of 5 Nm, the speed can follow the command speed without any overshoot or

undershoot and developed torque maintains higher dynamic performance in steady state.

Fig. 4.9 (a) shows the motor speed, developed torque and efficiency responses for a step
change in command speed from 30~183 rad/s in a step of 30 rad/s at rated load with
conventional constant-flux-based DTFC scheme. If the command flux value is kept constant
at rated value of 0.184 V/rad/s, the motor was not able to follow the command speed. It can be
seen from Fig. 4.9 (a) that the motor was able to follow up to 165 rad/s, but the efficiency was
almost same as the proposed eighteen-sector based DTFC scheme incorporating LMA. If the
command speed is more than 165 rad/s, the motor became unstable and came to stop. Fig. 4.9
(b) shows the corresponding results with low constant flux (0.139 V/rad/s). In this case, the
motor can follow the command speed smoothly, but the efficiency was very low (especially at
low speed) as compared to the proposed eighteen-sector based DTFC scheme. These scenarios
happen due to the nonoptimum value of the stator flux as it changes with operating conditions

for the PMSM drive.
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Fig. 4.7: Simulated responses of the proposed eighteen-sector based DTFC scheme incorporating LMA

for a step change in command speeds from 30~183 rad/s at rated load (19Nm): estimated flux response.
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Figs. 4.10 (a) and (b) show the speed, efficiency and load torque responses of the proposed
eighteen-sector based DTFC incorporating LMA and conventional constant flux (0.184
V/rad/s) based DTFC scheme, respectively for a step change in load torque from 4 Nm to 19
Nm in a step of 5 Nm. It is found from Fig. 4.10 (a) that the proposed eighteen-sector based
DTFC incorporating LMA drive can follow the command speed smoothly at different load
conditions. However, the efficiency is relatively low at light load conditions. On the other
hand, constant-flux-based DTFC has same efficiency response but the speed cannot follow the

command speed at rated load and drops at 165 rad/s is shown in Fig. 4.10 (b).
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Fig. 4.10: Simulated speed, efficiency and load torque response’s for a step change in load at rated

speed: (a) proposed DTFC incorporating LMA; (b) constant flux (0.184 V/rad/s) based DTFC.
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Figs. 4.11 and 4.12 show the comparative performance analysis of the conventional VC scheme
with the proposed eighteen-sector based DTFC scheme incorporating LMA, respectively at
rated conditions. It is clearly seen that the speed response of the VC is faster than that of the
DTFC scheme but efficiency of the proposed DTFC based drive system (86.5%) is higher than
that of the VC scheme (85.4%). In the case of developed torque the VC scheme contains higher
torque ripples as compared to the proposed DTFC scheme. Therefore, proposed eighteen-
sector based DTFC incorporating LMA maintains higher efficiency and better dynamic

performance over wide speed range operation.
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Fig. 4.11: Speed, developed torque and efficiency responses of the VC scheme at rated conditions.
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Fig. 4.12: Speed, developed torque and efficiency responses of the proposed eighteen-sector based
DTFC scheme incorporating LMA at rated conditions.
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Figs. 4.13 show the comparative dynamic performance and efficiency analysis of the proposed
eighteen-sector based DTFC incorporating LMA with the conventional VC scheme for step
change of load torque from 4~19 Nm in a step of 5 Nm at rated speed (183rad/s). It is seen
from Fig. 4.13 (b) that, for the proposed DTFC torque ripple is confined to a small bandwidth
without any abrupt peak whereas conventional VC scheme contains higher torque ripples in
steady state. It found that the proposed DTFC has higher efficiency than that of the
conventional VC scheme both in light load and rated load conditions whereas proposed and

conventional VC drive follow the command speed smoothly at different load conditions.
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Fig. 4.13: Simulated speed, developed torque and efficiency responses for a step change in load from

4~19 Nm in a step of 5 Nm at rated speed: (a) conventional VC scheme; (b) proposed DTFC scheme.
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Fig. 4.14 shows the comparative three phase stator current responses of the proposed DTFC
and conventional VC schemes. For the fair comparison, the LMA is incorporated in both DTFC
and VC scheme. It is found that the proposed DTFC takes less stator current than that of the
conventional VC scheme in both transient and steady state. Thus, the VC scheme takes more
input power from the source to carry the same load which signifies that the power loss in VC
scheme is higher as compared to the proposed eighteen-sector based DTFC scheme
incorporating LMA. Therefore, VC scheme creates more thermal stress on the motor. Figs.
4.15 show the locus of the stator flux of the drive system at rated conditions in the stationary
frame. It is noticed that the flux profile attains circular shape very quickly which means that
the stator flux has fast transient response. Comparative stator flux locus shows that the
proposed eighteen-sector based DTFC incorporating LMA of IPMSM drive is nearly ripple
free as compared to the eighteen-sector constant flux and conventional six-sector based DTFC

scheme.
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Fig. 4.14: Balanced three phase stator current comparison between proposed eighteen-sector based

DTFC incorporating LMA and conventional VC schemes.
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Fig.4.15: Locus of the stator flux in stationary frame at rated conditions: (a) Conventional six-sector
based DTFC scheme; (b) eighteen-sector constant flux based DTFC scheme; (c) proposed eighteen-
sector based DTFC scheme incorporating LMA.

Fig. 4.16 shows the comparative developed torque analysis of the three level and proposed
five level torque hysteresis comparator based DTFC scheme at rated conditions. It is clearly
seen that, the proposed five level torque hysteresis comparator based DTFC maintains lower
torque ripples as compared to the three level torque hysteresis comparator based DTFC
scheme. Blue one indicates the developed torque with five level torque hysteresis comparators
whereas black one indicates the developed torque with three level torque hysteresis

comparators.
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Fig.4.16: Developed torque performance analysis of three level and proposed five level torque

hysteresis comparator based DTFC.
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4.4 Conclusion

The simulation result presented in this Chapter is successful in several aspects. Motor
efficiency is improved using LMA and motor developed torque ripple is reduced using the
proposed eighteen-sector based DTFC. The torque ripple is further reduced by five level torque
hysteresis comparators. The following Chapter details the experimental verification of the

proposed eighteen-sector based DTFC scheme incorporating LMA.
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Chapter 5

Real Time Implementation

5.1 Introduction

Simulation results may be used as an indication of relative performance, however are
insufficient and ultimately do not provide realistic enough results to make appropriate
conclusions. Therefore, this Chapter is devoted to the experimental verification of the proposed
IPMSM drive. It concisely provides the details of DSP controller DS1104 and other supporting
equipment used in the experimental verifications. The experimental setup and extensive real
time results are presented to prove the effectiveness of the proposed eighteen-sector based

DTFC scheme incorporating LMA.

5.2 Hardware Overview & Implementation of the Drive

The block diagram of hardware schematic of VSI fed IPMSM is shown in Fig. 5.1. The DSP
board DS1104 board is installed in PC with uninterrupted communication through dual port
memory to implement the control scheme in real time [45-47]. The DS1104 board is mainly
based on a Texas Instrument MPC8240 64-bit floating point digital signal processor. PPC603e
processor is used which operates at a clock of 250 MHz with 32 bit cache. The DS1104 board
has a 32 MB of SDRAM global memory and 8 MB of flash memory. Analog to digital (A/D)
converter, digital to analog (D/A) and digital incremental encoders are used in digital systems
for the DSP board. 16 bit microprocessor (TI TMS320F240) acts as a slave processor where
slave processor is used only for I/O configuration. The motor currents are measured by the
Hall Effect sensors, which has good frequency response and are fed to the DSP board through
the A/D converter. As the motor neutral is not grounded therefore only two phase currents are
fed back and the other phase current is calculated from them. The rotor position angle is
measured by the incremental encoder that is mounted on the shaft of the rotor and the signal is

fed back to the DSP board through encoder interface. In order to get better resolution, the
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encoders output is increased by 4 times by built-in 4 fold pulse to get 4096 pulses per
revolution, which are fed to one of the two incremental encoder interface channels of the board.
A 10-bit position counter is used to count the encoder pulses and is read by a calling function
in the software. By using index pulse generated from the encoder the encoder is reset once per
revolution. The motor speed is computed from the measured rotor position angles using
numerical differentiation. The output current signals of the sensors are converted into voltage
across the resistor connected between output terminals of the sensor and ground. The command
voltages are generated and are compared with the triangular carrier wave. This generates logic
signals which act as firing pulses for the inverters. Thus, six logic signals are the outputs of the
DSP board and are fed to the base drive circuit of the IGBT inverter power module. The output
of the digital I/O subsystem of the DS1104 is six pulses with a magnitude of 5 V which is
shifted to +15 V through a base drive circuit.

dSPACE D51104 Board

Encoder
RS232 DSP Interface I(

Scope F— D/A A/D E__
rFeE H Digital I/0 System

7

Base Drive

Encoder

Hall - effect

VB —IG ° /

IGBT Inveter

Fig. 5.1: Block diagram of hardware schematic of VSI fed IPMSM drive.
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The drive system incorporates some major functional components that are detailed in Table

5.1, in conjuncture with the specific rating and manufacturer details that pertain to the thesis.

Table 5.1: System specifications & ratings

System Component ~ Manufacturer Model Characteristic(s) Specification Notes
Controller Board dSPACE GmbH  DS1104 Clock frequency 250 MHz
ADC 16-bit
DAC 16-bit
Encoder 10-bit
PWM 12-bit
Inverter Semikron DC supply <750v
Phase current <30A
Drive input 0/15v
Motor Yaskawa 686SS ‘ see Table 1 IPMSM
Current sensor CS100A-P ‘ Current rating <100A
Position sensor Sumtak LMA-102 | Supply 12v
Resolution 10-bit
SGA
Power Supply Sorensen 200/25 Voltage 200v SMPS
Current 25A
Ripple 0.02%

5.3 Experimental Setup

The detailed experimental setup for the implementation of the proposed eighteen-sector

based DTFC scheme incorporating LMA of IPMSM drive is shown in Fig. 5.2. A three phase

autotransformer is used as a source of variable AC supply. It is connected to rectifier through

a switch. A single assembly ‘RFI’ encompasses the rectifier, filtering capacitor and inverter.

The DC bus voltage of the VSI is obtained by rectifying the ac voltage and filtered by a large

capacitor (= 100 uF). The inverter is equipped with short circuit protection, under voltage and
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thermal abnormalities. The gating signals generated by the DSP board are available on its D/A
ports. These signals are not strong to trigger the IGBTs of the inverter. Therefore, a driver
circuit is used to increase the power level of the firing pulses so that these are sufficient to
drive the IGBT switches. The gate driver circuit also provides isolation between low power
control and the high power supply circuits. The inverter output is connected with the IPMSM
drive. The actual motor currents are measured by Hall-effect current transducers. Interface
circuit is located between the Hall-effect sensor and A/D channel of the DSP board. The speed
of the IPMSM drive is measured by using an optical incremental encoder that is directly
connected to the rotor shaft. The DSP board DS1104 is installed, in personal computer (PC).
Analog signals that are coming through the D/A port of the DSP board are captured by the
oscilloscope. The IPMSM is coupled with a DC machine which works as a generator to act as
a loading machine to the motor. Resistors are connected as a load to the output voltage
terminals of the DC machine. Each major component of the experimental system is labelled in

Fig. 5.2.

DC generator
load

PC environment hosting
dSPACE R&D board

o

t L

board

dSPACE interface 'h..w

Fig. 5.2: Experimental setup.
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5.4 Software Development

The DS1104 board is inherently equipped with the microprocessor. Therefore, it can work
independently without using the PC. Though the processor is combined with the PC slot still
it performs its entire task without using it. This board needs to download the drive system
software for its functionality. As a result, the board requires that software to be created and
downloaded to the board system. Therefore, to implement the control algorithm, a real-time
Simulink model of the whole proposed system is developed (shown in Appendix F). Using the
‘ControlDesk’ software this model is downloaded to the DS1104 board.

Data from the ControlDesk user interface for command variables is sent to the DS1104, and
data is returned to the user interface for monitoring system variables in real-time. The system
may be controlled and monitored through the ControlDesk real time interface (RTI). This
enables the user to create custom graphical interfaces, adding to the functionality of the DSP.
The permissible maximum sampling frequency is 10 kHz, if it exceeds then ‘overrun’ error
occurs, which indicates the computational burden of the processor. The flow chart for the real-
time implementation of the proposed system is shown in Fig. 5.3. For start-up processes all the
variables needs initializations. After initializations, the timer interrupt routine is set-up which
reads the variables; stator currents, voltages and rotor positions by using the respective sensors.
The signals measured by the sensors are adjusted so that they present the actual quantities.
Using the speed error the reference motor torque is calculated by the processor of the board.
Similarly, the calculation for estimated torque and flux linkage is performed by the processor
using the drive software. To compute the gating signal for the VSI all the parameters such as
stator voltages, currents and rotor speeds are stored in the memory. These gating signals are
available at the I/O subsystem of the board and are applied to the IGBT switches through drive

circuit. The process continues in cycle to run the IPMSM drive.
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Fig. 5.3: Flow chart of the software development for real-time implementation of the proposed DTFC

based IPMSM drive.

The DS1104 I/O for both the master and slave processors is made available through a connector

panel (CP1104), exterior to the computer host which is shown in Fig. 5.4. In brief, the slave

I/O is used for PWM output to the inverter, encoder is connected to “Incl”, the current

feedback is fed into “ADCI/2” and visualization of key system variables on an external

oscilloscope may be achieved by using the 8 available digital to analog converter (DAC)

channels.
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Fig. 5.4: CP1104 connection panel.

5.5 Feedback Systems

A feedback signal is essential for the closed loop control system. Position and indirectly
angular velocity are measured using a 10-bit two quadrant indexed optical encoder with
complementary outputs. The encoder is connected to “/ncl” on the connection panel, as seen
in Fig. 5.4. The index pulse generated by the encoder is significant only at the start-up. At the
time of starting as the index pulse is generated, the counter is reset to zero so that the maximum
rotor angle equals 2wt. The rotor speed is calculated by differentiation by differentiation from
the present and past samples of rotor positions. The current feedback is acquired through dual
Hall effect based sensors on phases “a” and “b”, the sensor signals are conditioned and

amplified to the 5V level before being fed into the “ADC1” and “ADC2” analog to digital
channels on the CP1104.

5.6 Experimental Results

The effectiveness of the proposed eighteen-sector based DTFC scheme incorporating LMA
is verified by the experimental work. Extensive experimental tests are carried out under various
operating conditions of IPMSM drive. The parameters of the IPMSM used for the real time
implementation of the DTFC scheme is given in Appendix-A. The results for conventional
DTFC scheme are also given for the comparative purposes. Furthermore, performance of the
proposed DTFC scheme is compared with the VC scheme to verify the effectiveness of the

proposed scheme over VC scheme.
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Fig. 5.5 shows the starting speed and d-q axis current responses of the proposed eighteen-
sector based DTFC incorporating LMA scheme at initial low reference speed of 60 rad/s at no
load. It is found from Fig. 5.5 (a) that the proposed DTFC can follow the command speed
smoothly without any overshoot/undershoot. The d-q axis currents are shown in Fig. 5.5 (b).
Fig. 5.6 shows the speed and efficiency responses of the proposed DTFC scheme at rated speed
(183 rad/s) and 50% rated load. It is seen that, at rated speed condition proposed DTFC based
IPMSM drive can follow the rated command speed smoothly and quickly while maintaining

higher efficiency (85%) of the drive.
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Fig. 5.5: Experimental starting responses of the proposed DTFC at a speed of 60 rad/s and no load: a)
speed; (b) d-q axis currents.
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Fig. 5.6: Experimental speed and efficiency responses of the proposed DTFC at rated speed and 50%
rated load.
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Fig. 5.7 shows the speed response of the proposed eighteen-sector based DTFC scheme
incorporating LMA based IPMSM drive for a step change in reference speed from 90-183 rad/s
at 50% rated load. During the step command in speed, the proposed DTFC scheme
demonstrates a rapid convergence to the command speed without any oscillations. Figure 5.8
shows the speed response of the proposed DTFC scheme for a command speed of 120 rad/s
and for a step increase in load from 50%-75% of rated load. It is clearly seen that, there is a
slight dip in speed, but the proposed eighteen-sector based DTFC scheme incorporating LMA

drive can quickly recover the speed.
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Fig. 5.7: Speed response of the proposed DTFC scheme for step change in command speed at 50%
rated load.

Tel. S & Stop M Pos: 520.0rms ALUTORANGE
+
AUtaranging

Speed, 120 rad/s
/ Vertical

v N o

Load is applied here Horizontal
e Ol
Unidio
Autoranging
A 1,005 H2 .~ —10.0m
CH3 S00mY 23=Jan—16 03:29 10Hz

Fig. 5.8: Speed response of the proposed DTFC scheme for a step increase in load (50-75%).
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Fig. 5.9 and 5.10 shows the steady state operation of the proposed DTFC and the conventional
VC scheme at rated speed (183 rad/s) and 50% rated load, respectively. All traces are labelled
on the oscilloscope image and magnitude per division is also indicated for each relevant
channel. The proposed DTFC in Fig. 5.9 with eighteen-sector incorporating LMA is able to
maintain the command speed with negligible variations. Fig. 5.10 shows the performance with
the VC scheme. It is clearly seen from the Figs. 5.9 and 5.10 that, the proposed eighteen-sector
based DTFC scheme incorporating LMA maintain low torque ripples as compared to the VC

scheme at rated speed with 50% rated load.

Tek gL ® Swp M Pos: =1.200ms CH3
> +
Couplin
speed [30 rad/s/div] e
B Lirnit
speed (183 rad/s) SAH:
Walts/Div

torque [10 Mm/div]

Voltage

Ineert
s developed torgue

CH3 S00my 1 1000ms CH2 7 10.1Y
26=Now=15 0706 <10Hz

Fig. 5.9: Speed and torque response of the proposed DTFC scheme at rated speed and 50% rated load.
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Fig. 5.10: Speed and torque response of the VC scheme at rated speed and 50% rated load.
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Fig. 5.11 demonstrate the comparative dynamic performance analysis of the proposed
eighteen-sector based DTFC incorporating LMA, eighteen-sector based DTFC with constant
flux and six-sector based DTFC with LMA at rated speed and 50% rated load. It is found that
the proposed DTFC scheme with LM A maintain the lowest torque ripple among all the control
schemes. Therefore, real time result verifies the effectiveness of the proposed eighteen-sector

based DTFC scheme.
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Fig. 5.11: Torque responses at rated speed and 50% rated load: a) eighteen-sector based DTFC with
LMA; (b) eighteen-sector based DTFC with constant flux; (c) six-sector based DTFC with LMA.
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Finally, to verify that the phase currents are balanced, Fig. 5.12 shows the phase currents of
the proposed eighteen-sector based DTFC scheme incorporating LMA. It is seen from the
figure that, the phase currents are balanced thus ensures all assumptions made for reference
frame transformation are corroborated experimentally. Fig. 5.13 shows the balanced three

phase currents for the conventional VC scheme incorporating LMA where phase currents are

slightly distorted.
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Fig. 5.12: Balanced phase currents of the proposed DTFC scheme.
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Fig. 5.13: Balanced phase currents of the VC scheme incorporating LMA.
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5.7 Conclusion

A novel DTFC based efficiency and dynamic performance improvement of IPMSM drive
for wide speed range of operation has been presented in this Chapter. The proposed DTFC has
been thoroughly tested in a real-time experimental environment with a series of tests similar
to that performed in simulation. The proposed DTFC scheme has been successfully
implemented using the DSP board DS1104 for a prototype of 5-hp motor. A series of step
speed response with the dynamic performance improvement have been documented in this
section. Performance of the proposed DTFC has been compared with the conventional DTFC
and VC scheme. The proposed DTFC demonstrated better dynamic performance while
maintain higher efficiency during loading transitions. However, the torque ripple for the
proposed eighteen-sector based DTFC scheme is still found an issue; therefore, in the next
Chapter a novel nonlinear DTFC scheme considering both motor electromagnetic developed

torque and air-gap flux linkage as virtual control variable is developed.
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Chapter 6
Nonlinear Controller for IPMSM Drive Considering Torque and Flux as

Control Variables

6.1 Introduction

Accurate regulation of motor speed maintaining high dynamic performance is key to many
applications. Conventional and modified DTFC schemes still suffers from torque ripples.
Therefore, this thesis further attempts to develop a nonlinear controller considering both motor
electromagnetic developed torque and stator air-gap flux linkage as virtual control variables.
Most of the existing nonlinear controllers are designed by considering d-q axis currents as
control variables in vector control scheme. In order to take the advantage from both nonlinear
and DTFC scheme, this thesis proposed a nonlinear controller of IPMSM drives by considering

motor electromagnetic developed torque and air-gap flux linkage as virtual control variables.

Thus, the stability of the proposed nonlinear controller is verified through the Lyapunov’s

stability theory.

6.2 Control Techniques

Typical existing control methodologies of the DTFC have been rigorously detailed in the
literature review section, and include linear, intelligent and model based control techniques.
Among linear controllers, PI/PID type control is arguably most common for the DTFC control.

However, nonlinear controllers are rarely applied for DTFC based AC motor drives.

Therefore, this thesis proposes a backstepping based nonlinear controller for [IPMSM drive.
In the first steps, motor electromagnetic developed torque is considered as virtual control
variable and the performance of the controller is investigated. To overcome the limitations of
the controller, this thesis further propose a nonlinear controller where motor electromagnetic

developed torque and stator air-gap flux linkages are considered as control variable as like
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conventional DTFC and their respective error dynamics are forced to zero. Therefore,
drawbacks of the conventional, modified DTFC and nonlinear controller with torque as a

virtual control variable can be improved by the proposed nonlinear controller.

6.3 Nonlinear Controller with Torque as Virtual Control Variable

The foundation of backstepping controller is the identification of a virtual control variable
and forcing it to become a stabilizing function. Thus, it generates a corresponding error variable
which can be stabilized by proper input selection via Lyapunov’s stability theory [42-44]. In
backstepping based nonlinear controller, command d and q axis input voltages are developed
to guarantee high speed tracking performance of the IPMSM [41]. The first step of the velocity
tracking is to select the input variable with proper value to ensure the convergence of the motor
speed to the command speed. In order to derive the control algorithms the mathematical model

of [IPMSM as derived in Chapter 2 is considered.
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The main basis of nonlinear controller design is to force the error between reference and actual

speeds to zero. The speed error is defined as,

€ =Wr-W; (6.8)

where: e, = speed error, w, = actual motor speed and w,= speed reference.
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Differentiating and substituting state expression (6.8) yields:

. . 1
ea)z'(‘)r=7 (Bnwy+T,—T,) (6.9)

where:

e,,= rate of change of speed error (error dynamic)

Figure 6.1 shows the block diagram of proposed backstepping based nonlinear controller

taking into consideration motor electromagnetic developed torque as a virtual control variable.
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Fig. 6.1: Block diagram of backstepping based nonlinear controller with torque as control variable.

Note that the reference speed derivative may be regarded as zero, except in instances of rapid

change, and thus will be regarded as having an insignificant contribution to the error dynamic.

Considering the Lyapunov’s function as, V = %ef,, the derivative of the Lyapunov’s function

is given by,

V=e,e, =‘*7‘“ (Bpw,+T,—T.) (6.10)
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In the first step of controller development, motor electromagnetic developed torque (T,) is
considered as the only control variable so that equation (6.10) becomes negative semi-definite.

Therefore,
T,=B,w,+T,+k,]e, (6.11)

The stability criterion for the preliminary Lyapunov’s function is then validated, with the

resultant Lyapunov’s derivative term negative semi-definite.
V=-k,e2 (6.12)

where, k, is closed loop feedback gain. Therefore, if k, > 0; then Lyapunov’s function

becomes negative semi-definite which ensures the asymptotic stability.
Defining the electromagnetic torque error,
er="Tg -T, (6.13)
For stabilizing the electromagnetic torque, the torque error dynamics can be defined as,
er=Ts =T, (6.14)
From the derivative of reference electromagnetic torque,

Te* Bm dc wy)+ _(TL)+kw] (ew) = T -Ty-Bpwy ]+ ko * = (Bmwr‘I'TL T,)

=%[Bm*(Te'TL)'Bm * mwr+kw] * mwr+kw] * (TL_Te)]

= %[(Te'TL)(Bm'kw])'Bmwr (Bin-kol)]

= % (Bnkw))(Te-T,-Bpw,) (6.15)
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From the derivative of motor actual electromagnetic torque,
. _d3 . . 3 d /. - d .\ .
T, :E[Ep(l/)dlq 'lpq ld)]: 3 P[l/)d at (lq)-l'lpd lq'l/)q at (ld)'l/)q ld] (6.16)

Substituting the values of T, and T, in torque error dynamics equation (6.14),

. . v _ (Bm—kw)) 3 1 . . 3
ér = Te - Te— ] (Te'TL‘Bm(‘)r)‘EPl/)d [Z (vq'Rslq'Perdld'Pwrlpm)]' Ep(vd'
. . 3 1 . . 3 . .
Rsia)iq +5 Pyq [E (Va-Rsia+PwyLgiql+ 5 P(Vg-Rsig)ia
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+2 Py [2 (-Reig+Pw,Lyig)]- 2P (iy — 22 6.17
2 l'bq[Ld (-Rsig+Pw, qlq)]‘2 (lq Ld)vd (6.17)

Based on the error dynamics, final Lyapunov’s function including the speed and motor

electromagnetic developed torque variables can be defined as,
V= el +- e} (6.18)
By differentiating the Lyapunov’s function,

V.lzewe'w‘l‘e'pe.'r (619)

Substituting the error dynamics value in equation (6.19),

. Bm—ke] 3 1 . . 3 .
Vlz_kweg)-l'eT[% (Te'TL'Bmwr)_ Eplpd[z ('Rslq'Perdld'Pwrlpm)]'l'Ep(ld -

P 3 1 . . 3., Y
L_Z)Uq +> Py, [E (-Rsig+Pw,Lyi)]-SP(ig — L—;’)vd] (6.20)
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The control d-q voltages are chosen as;

Vg2 [~Ryig+Pwr Lylq + 2 22 ker] (6.21)
taliaz) i
. 2L Bm—kw]
V=2 [-Ryig-Pawy Laiq-Pwy P — —— [ ) (T,-T,-Bpw,)] (6.22)
Lq(ld——q) ﬁl)d ]

where, k, and k; are feedback constants.

Substituting the v, and v, in equation (6.20),
V =—k 2 (Bm—kwl])
1=—kyeiter [—(T -T,-Bpw,)— _Pwd[ (R lg-PwyLqig- Pw, )]+ = P(ld

140 +5 Pyl (Relat+PoyL iq>]-§P<iq—L—j>vd]

Bm—ke] .
:_kweczo-l'eT %(Te — T, — Bhowy) — Pl/}d[ ( R lq Pw,Lgiq — Pwrl/)m)] +

2Lq [(Bm_kw]) (Te _ TL _

3 5/: Pq Pq .
Ep(ld—z {Lq(—w—>[ R lq Perdld—Pa)rl/)m—spjwd ]

2L . 3 ..
Bhw,) + ﬁkrer]} += Pl/Jq[ ( Rsig + Pw,Lgig)] — EP(Lq ) ( )[ Rgig +
lq— Lq
Pw,Lgi, + 4 kTeT]H (6.23)
Equation (6.23) can be simplified in the following form,
Vl = 'kweg)'kTe% (624)

If k,,, kr >0, then the Lyapunov’s function guarantees asymptotic stability of the system.
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6.4 Simulation Results of the Nonlinear Controller with Torque as Control

Variable

The performance of the proposed backstepping based nonlinear controller of IPMSM drive
has been investigated extensively at different operating conditions. Some results are presented
below. The speed and torque responses of the proposed nonlinear based IPMSM drive at rated
speed (183 rad/s) and 50% rated load is shown in Fig. 6.2. It is found from the Figure that the
proposed controller can follow the command speed very quickly with speed overshoot at the
starting. The corresponding speed and torque errors are shown in Figs. 6.3 (a) and 6.3 (b),
where the speed and torque errors converge to zero. Thus, it ensures the global stability of the
drive system which is the main goal to design the backstepping based nonlinear controller. The
speed and d-q axis currents response at rated speed and 50% rated load is shown in Fig. 6.4 (a)
and balanced three phase current responses are shown in Fig. 6.4 (b). The d-q axis current

responses are found smooth with negligible ripple in steady-state.
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Fig.6.2: Simulated speed and developed torque responses of the proposed backstepping based nonlinear

controller of IPMSM drive at rated speed (183 rad/s) and 50% rated load.
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Fig. 6.5 shows that the proposed backstepping based nonlinear controller of IPMSM drive
can be operated above the rated speed where the motor speed follows the high command speed
of 275 rad/s( 1.5 times of the rated) speed with 15 Nm load. It is also found that the torque
ripple is almost negligible compared to the torque response with earlier developed eighteen-

sector based DTFC scheme incorporating LMA.
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Fig.6.5: Simulated speed and developed torque response of the proposed backstepping based nonlinear

controller of IPMSM drive at command speed of 275 rad/s and 15 Nm loads.

One important property of high performance drive is the robustness of the controller to the
disturbance like change of load which is very common type of disturbance. The speed, torque,
speed error and torque error responses with a step increase of load from 25% rated load to 50%
rated load at rated speed of 183 rad/s are shown in Figs. 6.6, respectively. It is seen from the
Fig. 6.6 that, the proposed controller shows better performance for sudden change in load at t=
2.5 sec. Although there is a small deviation of speed with change of load but it converges
within minimum time to the reference speed. It is seen that for the proposed controller due to
increase of load from 25% rated load to 50% rated load, the torque component of the current
increases. The developed torque converges to load torque with change of load and all error
variables converge to zero. The developed torque response shows that at steady state condition

there are lower torque ripples.
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Fig.6.6: Simulated response of the proposed backstepping based nonlinear controller for a step increase

of load from 25% rated load to 50% rated load at rated speed: a) speed and torque; b) speed error; c)

torque error.
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The d and q axis current converge to new value with the change of load so that the motor actual
speed follows the reference speed. It is seen from Fig. 6.7 (a) that, for the change of load from
25% rated load to 50% rated load, d axis current remains almost constant whereas torque
current [, increases. The corresponding balanced three phase currents of the proposed

nonlinear controller based IPMSM drive is shown in Fig 6.7 (b).
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Fig.6.7: Simulated response of the proposed backstepping based nonlinear controller for a step increase
of load from 25% rated load to 50% rated load at rated speed: a) speed, d and q axis current; b) balanced

three phase current.

It is an essential property for HPD application to follow the command speed with sudden
change of command speed. The responses of the proposed controller for a step change of
command speed from 183 rad/s to 260 rad/s with load of 13 Nm at is shown in Figs. 6.8. The
speed is changed at t=2.5 sec. It is seen from Fig. 6.8 (a), IPMSM drive can follow the
command speed with zero steady state error. The corresponding torque error in shown in Fig.
6.8 (b). Developed torque response shows that, it has lower torque ripples in steady state even
above the rated speed. The performance of the proposed controller is also tested for sudden
change in load at t= 2.5 sec from 50% to 75% rated load at rated speed. It is seen from Fig. 6.9

that the proposed drive can follow the command speed while maintain lowest torque ripples.
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Fig.6.8: Simulated response of the proposed backstepping based nonlinear controller for a step increase

of command speed from 183 rad/s to 260 rad/s with 13 Nm of load: a) speed and torque.
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For IPMSM drive, ability to withstand the motor parameter variations is important criterion of
the control system where the motor parameters are affected by saturation and temperature
effects. The change of stator resistance with temperature variation is common. The speed and
developed torque responses at rated speed and 25% rated load are shown in Fig. 6.10 (a), where
stator resistance is increased by 25%. The similar responses are shown for rated speed and 50%
rated load conditions in Fig. 6.10 (b). In both cases it is shown that the drive maintains lower
torque ripples at steady state and follows the command speed with zero steady state error even

after a change of armature resistance at different loading conditions.
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Fig.6.10: Simulated speed and developed torque responses of the proposed nonlinear controller with
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The inertia of the motor may change at different operating conditions so it is important to
investigate the dynamic performance of the drive with increased inertia. Fig. 6.11 (a) shows
the speed and developed torque responses with 25% increased inertia at rated speed and 25%
rated load conditions. The similar responses at 50% rated load condition are shown in Fig. 6.11
(b). The results show that the drive follows the rated command speed smoothly without
overshoot or undershoot even with increased inertia. The torque ripples are confined to small

bandwidth at steady state for the increased inertia.

300 : : : : : : : : :

]

23]

=]
I
\
h
h
h
|
T
|
h
h
h
h
h
h
:
T
i
h
h
h
h
h
h
.
T
h
h
h
h
h
h
h
L
I
h
h
h
h
h
h
h
L
\
h
h
h
h
h
h
|
.
|
h
h
h
h
h
h
|
T
|
h
h
h
h
h
h
h
T
i
h
h
h
h
h
h
:
T
h
h
h
h
h
h

L IL,{P_D_KW_S_@@_S_ geed i N [ L o S _

[

ol iasdaaed Lo 1]

P
=
=

Speed (rad/s), developed torque (Nm)

e e T
L R i o e e R S
:Developed torque !
[ [ T D TN T O LT
ol | i i i i i i i i
0.5 1 15 2 25 3 35 4 45 5
time (sec)
(a)
300 : : : : : : : : :
577 UL SR NN SR SRR NS SO S S
200 |- g command SRRl b - _
VE\aﬂ\ctLi_aI sgeedi

A S P T —

T S Tt T S S

50

----- e bbbty bbbl Rt Eib il il del il sl el |

- : |
-Developed torque !

Speed (rad/s), developed torgue (Nm)

05 1 15 2 25 3 35 4 45 5
time (sec)

(b)
Fig.6.11: Simulated speed and developed torque responses of the proposed nonlinear controller with
change in rotor inertia, ] —1.25 J: (a) rated speed and 25% rated load; (b) rated speed and 50% rated

load conditions.
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The q axis inductance L, varies significantly with magnetic saturations. As the d axis
inductance L, is not affected by the magnetic saturation therefore parameter L, is assumed
constant and the effect of variation of L, is not investigated. The speed and developed torque
responses are shown in Fig. 6.12 (a) for the proposed nonlinear controller with torque as virtual
variable, where L, is increased by 25% under rated speed and 25% rated load conditions. The
similar responses at 50% rated load conditions are shown in Fig. 6.12 (b). It is shown that the
proposed backstepping based nonlinear controller is capable of handling the variations of
inductance parameters while maintaining reduced torque ripples at steady state at both 25%

and 50% rated load conditions.
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Fig.6.12: Simulated speed and developed torque responses of the proposed nonlinear controller with

change in q axis inductance, L;—1.25 Ly: (a) rated speed and 25% rated load; (b) rated speed and 50%

rated load conditions.
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Fig. 6.13 (a) and (b) show the speed and developed torque responses of the proposed nonlinear
controller at rated speed under 25% and 50% rated load, respectively with increased inertia
constant (B,,—1.25B,,). It is evident from the Fig. 6.13 that the proposed nonlinear controller
maintain reduced torque ripples at steady state with increased friction constant and IPMSM

drive follow the command speed smoothly.
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Fig.6.13: Simulated speed and developed torque responses of the proposed nonlinear controller with
change in friction constant, B,,—1.25 B,,,: (a) rated speed and 25% rated load; (b) rated speed and 50%

rated load conditions.
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6.5 Experimental Results of Proposed Controller with Torque as Control Variable

Experimental test were done to verify the effectiveness of the proposed controller for
dynamic performance improvement of IPMSM drive at different operating conditions. The
closed loop gains of the controller are chosen as k,,= 50 and k= 503 by trial and error method
in order to get minimum overshoot and high dynamic performance. The experimental starting
speed response for step change of command speed from 0 to 60 rad/s at no load of the proposed
backstepping based nonlinear controller of IPMSM drive is shown in Fig. 6.14. It shows that
it can follow the command speed smoothly without overshoot/undershoot. For the sake of safe
operation, the voltage is applied to the inverter through variac and rectifier arrangement as
quickly as possible. The performance for a step change of command speed is also investigated
for sudden change of speed from 75 rad/s to 183 rad/s at 25% rated load. From Fig. 6.15 it is
seen that, the motor can follow the command speed smoothly for a step increase of speed. The
drive converges to its command speed quickly without any overshoot or undershoots at light

load condition.
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Fig. 6.14: Experimental starting speed response for a step change of command speed (0 to 60 rad/s).
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Fig. 6.15: Experimental speed response of the proposed nonlinear controller for step increase in
command speed from 75 rad/s to 183 rad/s at 25% rated load.

The experimental speed and torque response at different operating conditions are also
investigated. It is found that, the speed follows the command speed of 100 rad/s at 25% rated
load. Additionally, the torque ripples have been significantly reduced both in transient and

steady state conditions which verifies the simulation environment also is shown in Fig. 6.16.
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Fig. 6.16: Experimental speed and torque response of the proposed nonlinear controller for a step
change of command speed from 0 to 100 rad/s and 25% rated load.
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The dynamic performance of the proposed controller is also investigated for a sudden step
decrease of command speed. Fig. 6.17 shows the experimental speed and torque response of
the proposed nonlinear controller for a step decrease of command speed from 100 to 50 rad/s
at 10% rated load. It is clearly seen from the figure that at starting there is some torque ripples
but at steady state condition it is almost ripple free which ensures the robustness of the
controller for dynamic performance improvement. The experimental torque and speed
response of the proposed controller for a step increase of command speed from 50 to 100 rad/s
and step decrease of command speed from 100 rad/s to 50 rad/s at 25% rated load is shown in
Fig. 6.18. It is shown that, torque ripples are confined to low bandwidth for the step increase

and decrease of speed.
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Fig. 6.17: Experimental speed and torque response of the proposed nonlinear controller for a step
decrease of command speed from 100 rad/s to 50 rad/s at 10% rated load.
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Fig. 6.18: Experimental speed and torque response of the proposed nonlinear controller for step increase
and decrease of command speed at 25% rated load.
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The steady state speed and torque response for a command speed of 100 rad/s at 60% rated
load is shown in Fig. 6.19. It is seen that, real time steady state toque response is almost ripple
free. Finally, to verify that the phase currents are balanced, Fig. 6.20 shows the phase currents
under 50% rated load at a low speed to validate the assumption made for controller design.
This validation is essential to confirm that the phase currents are indeed separated by ~120
degrees with closely matching magnitudes. In summary, the phase currents shown in Fig. 6.20
provide confirmation of this balanced status, and thus ensure that all assumptions made for

reference frame transformation are corroborated experimentally.
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Fig. 6.19: Experimental steady state speed and torque response at 100 rad/s and 60% rated load.
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Fig. 6.20: Balanced phase currents of the proposed backstepping based nonlinear controller.
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6.6 Nonlinear Controller with both Torque and Flux as Virtual Control Variable

As DTFC utilizes both motor electromagnetic developed torque and stator air-gap flux
linkage as control variable therefore this thesis further attempts to design a backstepping based
nonlinear controller considering both torque and flux as virtual control variable. In the
controller development, speed, torque and flux linkages error variables are stabilized by
selecting proper control inputs. These inputs are determined from Lyapunov’s stability
analysis. Starting with the basis of control, where the error between the reference speed and
the actual speed is forced to zero. For the speed error dynamics the stability equation remains

same as shown from equation 6.1 to 6.10. The block diagram of the proposed nonlinear

| AN

controller scheme is shown in Fig. 6.21.

Va
— »|  Nonlinear > SVM >  Inverter
“r . controller Vg » X IPMSM
Yi=* A4 3 g e \
a)‘l"
ia
Te Torque and Flux |
observer <
Ip
Y=Y
d/dt 6y

Fig. 6.21: Block diagram of backstepping based nonlinear controller with torque and flux as control

variables.

Command electromagnetic developed torque and stator air-gap flux linkage can be chosen as,

Te=Bnw,+T,+k,je, and P =1,.¢ (6.25)
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Electromagnetic torque error and flux linkage error are given by,

er=T, -T, (6.26)
ey=9Y"-yP (6.27)
For stabilizing the electromagnetic torque and stator flux linkage, the derivative of torque and

flux error can be defined as,

er=Ts —T, (6.28)
ey =Y — U (6.29)

The derivative of reference electromagnetic torque can be found from (6.15) as,
T % Bm—ko]
Ty =Cnel (7,-T,-B o) (6:30)
The derivative of actual electromagnetic torque can be found from (6.16) as,
. 3 d . - d . N[
T, =3 Py at (lq)+¢d lg 'wq it (ld)'ll)q lq] (6.31)
The derivative of torque error dynamics can be found from (6.17) as,
. Bm—kew) 3 1 : . 3 ...
e = el (1T, -Bw) = S PYali- (RslgParLala-Porm)]+ 5 Plia = g
+2 Py [2 (-Reig+Pw,Lyig)]- 2P (iy — 22 6.32
2 l'bq [Ld (' sld Wy qlq)]' 2 (lq Ld)vd ( . )
Similarly, stator flux linkage error dynamic can be defined as,
e'll) = ll’* - lIJ ='[2¢d¢'d+2¢q¢q]

= -2q(Va-Rsiq) -2 (vq-Rsiq)

:ledRSid+21/JqRSl'q'21/)dvd'21/Jqu (633)
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Based on the error dynamics, new Lyapunov’s function including the motor electromagnetic

developed torque and stator air-gap flux linkage variables can be defined as,

Vi=s(e2+e +ef) (6.34)

Differentiating the Lyapunov’s function in (6.34) yields,

Vi=e,e,+ererteye, (6.35)

Substituting the error dynamics from (6.12), (6.32-6.33) in (6.35) yields,
7 (Bm—kw)) 3 1 , .
Vi=—kye2+er {f] (T, — T, — Bpw,) — EPlpd [E (—Rslq — Pw,Lgiz — Pwri,bm)] +

3., P 3 1 . . 3,5, Y .
SP(la — L—Z)vq + 5Py [Z (=Rsiq + PwrLgiq)] =5 P(ig — L—;’)vd}+e¢ [2¢4Rsiq +
20 Rsig — 20qvq — 291 (6.36)

The control d-q voltages are chosen from (6.36) such that Lyapunov’s function becomes

negative semi-definite.

Vg=

1 2¢q(Bm—ky)) 1 . .
){ 1 (Te - TL - Bmwr) - lpdlpq [Z (_Rslq - Perdld -

Il)q(iq_lf—;)“‘ll’d(id—lf—g 3/P
2|2 ; ; . Ya . . 1
Pwrlpm)] + 2 1= (—Rla + PoyLgiy)| + (zd = E) [WaRsia + WoRsiq + 5 kyey| +

2y
3_quTeT} (637)

_ 1 2y q(Bm—kwJ) _ _ 2 [l D .
va —[llJQ(iq_lf_Z)"’wd(id_lf_g)]{ 3Jp (Te =Ti = Brnoor) = a Lq ( Rsiq = Porlqla
Pa)rl,bm)] +Yaq [i (=Rsiq + PorLgig)] = (iq - ’f—:) [WaRsia + WoRsiq + S kyey] +

2y
leren) (6.38)
where, k,, ky, and kr are feedback constants.
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Substituting the v, and v, in equation (6.36) yield,

7 (Bm_k(u]) 1
Vi=—k,elter {f (Te =Ty, — Bw;y) — Pl/)d[ ( Rsiqg — PwyLqig — Pw,m)] +

E . _ﬂ 1 led(Bm_kw]) _ _ _ 2 i _ s
zp(ld Lq) )+l,l)d( wd)]{ 3P (Te TL Bmwr) lpd [Lq( Rslq

ig—2

~[q(ia-

Pw,Lyiy — Pwrlpm)] + Yaib, [i (=Rsiq + PorLgig)] = (iq - ’f—z) [WaRsia +WoRsiq +

1 2 .
Ekwew] +3—P‘1kTeT} +:= Pl,liq [ ( —Rsig + Pw,Lgig)] — P(Lq —

ﬁ) 1 {zwq(Bm—ka) (
i Y O P P T

Pa)rll)m)] + 2 [i (=Rslq + PwyLqiq)| + (id - f—j) [WaRsia + wqRsiq + S kyey| +

1 . .
Te - TL - Bmwr) - lpdlpq [Z (_Rslq - Pwrl’dld -

Te_TL_

29
3Pq kTeT}

. . 1 2Yq(Bm—kw])
} +e¢ ledRSld + lequlq - led [ ){ ! (

lllq( iq 1]{’ )"‘wd(ld_ﬂ 3JP
Bmwy) — Yatby [i(—Rsiq — Pw,Laiq — Pwrlljm)] + 2 [i(—Rsid + PayLgiq)] + <id -

) [lde g+ YgRsig + = k¢e¢] + = kTeT}]

1 2Yg(Bm—kw)) 211 . .
2 { T,—T, — B,w,) — [——Rl—Pa)Ll—
l/)q |:_[¢q(iq_?)+lpd(. _?)] 3]1) ( L m T) lpd Lq ( s*q rtdtd

Pwrlpm)] + lpdlpq [i (_Rsid + Perqiq)] - (iq - f_:) [wdRsid + l/Jquiq + %kwew] +

29
B—PdkTeT} (6.39)

Equation (6.39) can be simplified in the following form,

Vi = -kyed-kref-kye (6.40)

If kg, kr and ky>0, then the Lyapunov’s function becomes negative semi-definite that
guarantees asymptotic stability in the complete system.
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6.7 Simulation Results of the Proposed Nonlinear Controller with Torque and

Flux as Control Variables

An extensive simulation has been done to predict the performance of the proposed nonlinear
controller based IPMSM drive considering motor electromagnetic developed torque and stator
air-gap flux linkage as virtual control variable. Sample results are presented below. For the
design purpose, motor electromagnetic developed torque and air-gap flux linkage is considered
as virtual control variable. The speed, torque and flux errors for the proposed nonlinear
controller at rated conditions (183 rad/s and 19 Nm) are shown in Figs. 6.22, respectively.
Speed, motor electromagnetic torque and flux errors converge to zero which ensures global

stability of the proposed nonlinear controller.
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Fig.6.22: Simulated response of the proposed nonlinear controller at rated conditions (183 rad/s and 19

Nm): (a) speed error; (b) torque error; (c) flux error.
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The speed, developed torque and corresponding d-q axes currents, three phase line current of
the proposed nonlinear controller with torque and flux as control variables at rated speed and
rated load is shown in Fig. 6.23. The speed of the proposed drive can follow the command
speed without any overshoot or undershoot and the settling time is lower. The torque response
shows that the developed torque has low torque ripple both in transient and steady state. The
speed overshoot problem of previously developed nonlinear controller (Fig.6.2) with torque as

virtual control variable is solved by the proposed nonlinear controller.
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Fig.6.23: Simulated response of the proposed nonlinear controller at rated conditions: (a) speed and

developed torque; (b) d and q axis current; (c) three phase line current.
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The speed, developed torque response and the corresponding speed error, torque error and flux
error of the proposed nonlinear controller for step change of command speed from 50 to 183
rad/s at rated load is shown in Figs. 6.24, respectively. The speed can follow the command
speed and all the error variables converge to zero which indicate the stability of the drive
system at step change of speed with rated load. For the step change of speed, the motor
developed torque has lower torque ripples both in transient and steady state with a small peak

at the time of speed change.
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Fig.6.24: Simulated response of the proposed nonlinear controller at rated load (19 Nm) with step
change of command speed from 50 to 183 rad/s: (a) speed and developed torque; (b) speed error; (c)

torque error; (d) flux error.
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The ability to withstand disturbances is an important feature of the proposed nonlinear
controller with torque and flux as control variables. The change of load is a typical external
disturbance and also for high performance drive, the load change is a very common situation.
The speed, developed torque corresponding speed, torque and flux error responses for the
proposed nonlinear controller are shown in Figs. 6.25 (a)-(d), respectively for a sudden increase
of load at the rated speed. The motor is started with 75% rated load and at t= 2.5 second, the
load is suddenly increased to rated load. It is shown that the proposed torque and flux virtual
control variable based nonlinear controller of IPMSM drive is almost insensitive to this step
change of load. Although there is a small deviation of speed with change of load but it
converges within minimum time to the command speed. The motor developed torque maintains
minimum torque ripples at steady state to this step increase of load. The error variables
converge to zero which verifies the global stability of the controller for sudden change of load

at rated speed. The balanced three phase current response at this condition is shown in Fig.

6.25 (e).

The responses of the IPMSM drive also need to be investigated for sudden change of speed
and load. The speed is changed from 100 to 183 rad/s at t= 2 seconds and load is increased
from 17 to 19 Nm at t= 3 seconds. The speed, developed torque and corresponding error
variables are shown in Figs. 6.26 (a)-(d), respectively. It is clearly seen that, the developed
torque has lower torque ripples at steady state which signifies the high dynamic performance
of the proposed nonlinear controller for system disturbances and motor actual speed follows
the command speed with no steady state error. The corresponding speed, torque and flux errors
also converge to zero which signifies the better performance of the proposed nonlinear

controller with stability criteria.
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Fig.6.25: Simulated response of the proposed nonlinear controller at rated speed with step change of

load (15-19 Nm): (a) speed and developed torque; (b) speed error; (c) torque error; (d) flux error; (e)

balanced three phase current.
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Fig.6.26: Simulated response of the proposed nonlinear controller at step change of command speed
(100-183 rad/s) with step change of load (17-19 Nm): (a) speed and developed torque; (b) speed error;

(c) torque error; (d) flux error.
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The ability to withstand the motor parameter variations is another important criterion of the
control system, particularly for IPMSM drive where the motor parameters are affected by
saturation and temperature effects. The change of motor stator resistance with temperature is
common phenomenon. The speed and developed torque responses are shown in Fig. 6.27
where the stator resistance is increased by twice, under rated speed with 25% rated load. The
similar responses for rated load are shown in Fig. 6.28. In both cases it is shown that the drive
follow the command speed with reduced torque ripples at steady state even after a change of

armature resistance at different loading conditions.
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Fig.6.27: Simulated speed and developed torque responses of the proposed nonlinear controller with

change in stator resistance Ry—2R; at 25% rated load and rated speed conditions.
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Fig.6.28: Simulated speed and developed torque responses of the proposed nonlinear controller with

change in stator resistance Rg—2R; at rated load and rated speed conditions.
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The inertia of the motor may change at different loading conditions, so it is important to
investigate the starting performance of the drive with increased inertia. Figs. 6.29 and 6.30
show the speed and developed torque responses of the proposed nonlinear controller with
doubled rotor inertia with 25% rated load and rated load, respectively. The results show that
the drive follows the rated command speed smoothly even with doubled rotor inertia and motor

developed torque has lower ripples remain lower in steady state.
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Fig.6.29: Simulated speed and developed torque responses of the proposed nonlinear controller with

change in inertia J—2J at 25% rated load and rated speed conditions.
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Fig.6.30: Simulated speed and developed torque responses of the proposed nonlinear controller with

change in inertia J—2J at rated load and rated speed conditions.
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Among the various motor parameters the g-axis inductance parameters L, is another important
parameter as it varies significantly with the magnetic saturation. As direct axis inductance
parameter L, is assumed constant, the effect of variation of L, is not investigated. The speed
and developed torque responses of the proposed nonlinear controller under 25% rated load and
rated load at rated speed is shown in Figs. 6.31 and 6.32, respectively with 25% reduced L. It
is shown that the proposed nonlinear controller is capable of handling the variations of
inductance at both low load and rated load conditions while maintain reduced torque ripples

which verifies that proposed nonlinear controller improves the dynamic performance of the

IPMSM drive system.
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Fig.6.31: Simulated speed and developed torque responses of the proposed nonlinear controller with

25% decrease of L at 25% rated load and rated speed conditions.
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Fig.6.32: Simulated speed and developed torque responses of the proposed nonlinear controller with

25% decrease of L at rated load and rated speed conditions.
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Figs. 6.33 and 6.34 shows the speed and developed torque response of the proposed nonlinear
controller under 25% rated load and rated load condition at rated speed with doubled friction
constant (B,,—2B,,), respectively. It is clear that, the proposed nonlinear controller maintains
reduced torque ripples in steady state with increased friction constant and IPMSM drive follow

the command speed with lower settling time without overshoot and no steady state error.
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Fig.6.33: Simulated speed and developed torque responses of the proposed nonlinear controller with

change in friction constant, B,,—2B,, at 25% rated load and rated speed conditions.
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Fig.6.34: Simulated speed and developed torque responses of the proposed nonlinear controller with

change in friction constant, B,,,—2B,, at rated load and rated speed conditions.
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6.8 Experimental Results of the Proposed Nonlinear Controller with Torque and

Flux as Control Variables

Numerous experimental tests have been completed to evaluate the performance of the
proposed nonlinear controller of IPMSM drive. Some sample results have been presented in
this thesis. Experimental results are also carried out for the modified eighteen-sector based
DTFC scheme incorporating LMA in order to prove the superiority in terms of dynamic
performance improvement of the proposed nonlinear controller. Experimental results are
shown in Figs. 6.35 to 6.38. Figs. 6.35 shows the starting response of the proposed controller
at no load condition. Fig. 6.35 (a) shows that, motor actual speed follows the command of 50
rad/s smoothly without any overshoots and steady-state error. Moreover, the settling time
smaller and hence it is faster. Fig. 6.35 (b) shows that speed follows the command speed of
140 rad/s at no load. Fig. 6.36 shows the speed and developed torque responses of the proposed
nonlinear controller at a command speed of 120 rad/s with 10% rated load. It is clearly seen
that, at steady state condition, torque is almost ripple free which demonstrates the effectiveness

of the proposed nonlinear controller for dynamic performance improvements.
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Fig.6.35: Experimental starting speed response of the proposed nonlinear controller at no load: (a)

command speed of 50 rad/s; (b) command speed of 140 rad/s.
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Fig.6.36: Experimental speed and developed torque responses of the proposed nonlinear controller at a

command speed of 120 rad/s and 10% rated load.

Figs. 6.37 (a) and (b) show the experimental speed and developed torque responses of the
modified eighteen-sector based DTFC scheme incorporating LMA and the proposed nonlinear
controller with torque and flux as control variables, respectively, under 50% rated load and a
command speed of 100 rad/s conditions. It is shown from Figs. 6.37 (a) and (b) that the
modified eighteen-sector based DTFC with LMA has higher torque ripples at steady state,
whereas the proposed nonlinear controller based IPMSM drive has lower torque ripples at
steady state. Therefore, the proposed nonlinear controller based IPMSM drive is found superior

to the eighteen-sector based DTFC with LMA regarding the dynamic performance of the drive.
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Fig.6.37: Experimental speed and developed torque responses of the DTFC scheme: (a) eighteen- sector
based DTFC with LMA; (b) proposed nonlinear controller.

109



Figs. 6.38 (a)-(d) show the comparative developed torque analysis of six-sector based DTFC
with LMA, eighteen-sectors constant flux based DTFC, eighteen-sector based DTFC with
LMA and proposed nonlinear controller based IPMSM drive, respectively at 50% rated load
for a command speed of 100 rad/s. It is clearly seen from Figs. 6.38 (a), (b) and (c) that the
torque ripples can be minimized by eighteen-sector based DTFC with LMA in compared to
six- sector based DTFC with LMA and eighteen-sector constant flux based DTFC.
Furthermore, torque ripples can be minimized at steady state by the proposed backstepping
based nonlinear controller is shown in Fig. 6.38 (d). Therefore, the dynamic performance

improvement by the proposed nonlinear controller scheme has been validated.
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Fig.6.38: Experimental developed torque responses of the DTFC scheme: (a) six-sector based DTFC
with LMA; (b) eighteen-sector constant flux based DTFC; (c) eighteen-sector based DTFC with LMA;

(d) proposed nonlinear controller.
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6.9 Conclusion

Initially, a novel backstepping based nonlinear controller is developed considering the
motor electromagnetic developed torque as virtual control variable which suffers from speed
overshoot problem at the starting and also speed overshoot problem for parameter variations.
The developed nonlinear controller with motor electromagnetic developed torque as virtual
control variable suffers from torque ripples in the transient conditions. To overcome the
drawbacks of the controller, finally a backstepping based nonlinear controller is developed for
IPMSM drive considering both motor electromagnetic developed torque and stator air-gap flux
linkage as virtual control variables. The simulation results of the both nonlinear controller show
encouraging performances of the proposed drive. The proposed nonlinear controller based
IPMSM drive maintain the lowest torque ripples among all the DTFC scheme developed in
this thesis. Therefore, proposed nonlinear controller based IPMSM drive could be a potential

candidate for high performance industrial IPMSM drive.
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Chapter 7

Conclusion

Based on the literature review in Chapter 1, it is concluded that the interior permanent
magnet synchronous motor (IPMSM) drive can be used to meet the criteria of variable speed
high performance electric motor drives. Therefore, this thesis was initiated on the basis of need
for dynamic performance improvement while maintaining high efficiency and further analysis
of past work performed in the area of permanent magnet synchronous machine (PMSM)
dynamic performance improvement strategy. However, the system dynamic performance
depends on the inverter control strategy mainly how the control variables in DTFC
(electromagnetic torque and stator flux linkage) are controlled. Despite lot of research in the
area of DTFC but still suffers from torque ripple. Thus, this thesis developed several control

techniques for DTFC to reduce the torque ripple while maintaining high efficiency.

In Chapter 1, review of various electric motors has been provided which identifies the
problems in the control and improvement of dynamic performance for the high performance
drives. Conventional PI controller is used for the direct torque and flux control (DTFC) to
control the speed of the drive systems which cannot reduce the torque ripples but suffers from
system disturbances as parameter dependency. PI controllers are used for the simplicity of
implementation and the broad knowledge base associated with years of work. Real-time
implementation of PI controllers involves simple routines, permitting rapid loop execution, the

key to a fast response.

In Chapter 2, the mathematical model of the IPMSM drive has been derived and basics of
the conventional DTFC scheme are discussed. Based on the voltage vector look-up table how
actual flux track the reference flux is also presented. The vector control operating principle is

also presented in this Chapter.

In Chapter 3, based on the problems of conventional six-sector based DTFC scheme, a
novel eighteen-sector based DTFC scheme incorporating LMA has been proposed. For the
conventional DTFC scheme, a novel sector number determination algorithm has been

developed to reduce computational burden of the microprocessor. In conventional DTFC,
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motor stator flux linkage has been considered constant which cannot optimize the motor
efficiency and motor actual speed cannot follow the command speed. Therefore, loss
minimization algorithm (LMA) has been developed to estimate the reference air gap flux
linkage. Furthermore, in conventional DTFC, unbalanced effects of stator voltage in one sector
can result unbalanced flux tracking which results high torque ripples. Therefore, Eighteen-
sector based DTFC scheme has been proposed using the same six voltage vectors from the
inverters. Finally, instead of torque and flux increase/decrease, small torque and flux

increase/decrease concept has been introduced.

In Chapter 4, proposed novel eighteen-sector based DTFC with LMA has been simulated.
Comparison of the proposed DTFC with conventional six-sector based DTFC scheme has been
made. Furthermore, comparative performance analysis has been made with constant flux
eighteen-sector based DTFC and conventional VC scheme. It is found that, the proposed
eighteen-sector based DTFC with LM A maintains reduced torque ripples with high efficiency
over a wide speed range. Finally, a five level torque hysteresis comparator based DTFC scheme

has been simulated which further reduces the torque ripples.

In Chapter 5, Real-time implementation has been achieved using a DSP board DS1104 for
a laboratory 5-hp IPMSM motor. The performance of the proposed DTFC has been
experimentally investigated at different dynamic operating conditions. The experimental
results validated the simulations presented in Chapter 4. Finally, in this Chapter, a comparison
between the conventional six-sector based DTFC with LMA, eighteen-sector constant flux
based DTFC, VC and proposed eighteen-sector based DTFC with LMA has been made. The
experimental results are obtained under the same operating conditions to validate the superior
performances of the proposed DTFC. The comparative results show that the proposed DTFC

has lower torque ripples in steady state at different dynamic operating conditions.

As the earlier developed DTFC scheme suffers from torque ripples, therefore a nonlinear
controller has been developed by considering both motor electromagnetic developed torque
and stator air-gap flux linkage as virtual control variable has been presented in Chapter 6. In
the first step, motor electromagnetic developed torque is considered as virtual control variable

and based on the limitations of the controller, a novel nonlinear controller is developed
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considering both motor electromagnetic developed torque and stator air-gap flux linkage as
control variable and stability of the proposed controller is verified by the Lyapunov’s stability
theory. The performance of the proposed nonlinear controller has been investigated in both
simulation and experiment at different operating conditions. It is found from results that the
proposed nonlinear controller with torque and flux as control variables has negligible torque

ripples in steady state than the modified eighteen-sector based DTFC scheme.

7.1 Major Contributions of the Thesis
The key contributions of this thesis work are:

- A new stator flux linkage sector selection algorithm has been developed that is simpler
as compared to the conventional trigonometric function based algorithm. The
developed sector determination algorithm performs equivalent performance reducing

the computational burden of the microprocessor.

- The conventional six-sector based DTFC has been modified into eighteen-sector based
DTFC to reduce the unbalance stator voltage effects in any sectors. The performances

have been investigated both in simulation and experimentally.

- Instead of conventional torque and flux increase/decrease, a look up table has been
developed considering small torque and flux increase/decrease due to the tangential
voltage vector reduction for sector number modifications. Therefore, torque ripples are

significantly reduced.

- The proposed eighteen-sector based DTFC incorporating LMA has been successfully
implemented in a real-time environment using DSP board DS1104. The dynamic
performance of the proposed DTFC has been rigorously tested in this experimental
environment with a laboratory 5-hp IPMSM. Comparative results to a conventional six-
sector based DTFC have demonstrated the superior performance of the proposed

eighteen-sector based DTFC scheme.

- Finally, a backstepping based nonlinear controller has been developed which further

reduce the torque ripples and performs better in dynamic performance in terms of
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torque ripples at steady state. For the nonlinear controller development both motor
electromagnetic developed torque and stator air-gap flux linkage has been considered
as virtual control variables. The stability of the proposed controller has been verified

by the Lyapunov’s stability theory and identifies the negative definite.

7.2 Future Work

Although the complete novel DTFC scheme of IPMSM drive has been successfully
implemented in real time but still there are some issues which can be improved. Further, in
terms of control development and potential for improvement of control algorithms, the

following observations have been made.

- Instead of conventional PI controller, fuzzy logic, TSK-type neuro-fuzzy, neural

networks or intelligent controllers for speed control of IPMSM can be used.

- Ry, Lg, Ly and T, parameter estimations should be included in the nonlinear controller
design. Then, the performance may be compared with the developed nonlinear

controller developed in this thesis.

- Core loss should be included in the nonlinear controller design. Then, the performance

may be compared with the eighteen-sector based DTFC scheme incorporating LMA.
In terms of experimental implementation, the following devices/components may be improved.

- Hall Effect current sensors can be improved. While the effect on control is less
significant than might be thought, using a compact linear Hall sensor array like the
ACS715 from Allegro Microsystems is space efficient, more reliable and accurate, with

factory calibration.

- In addition to the current and position sensor, a torque sensor should be used, the
current lack of direct shaft torque measurement limits potential comparison and
analysis, and forces approximation of loading using other techniques with high error

margins.

- Better routing and shielding can improve the noise problems of the control and

feedback systems.
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Appendix A

Parameters & Coefficients

This appendix provides numerical values for all system parameters, including machine, switch

elements, and controller coefficients used in simulation and real-time scenarios.

Table A-1: IPMSM parameters

Parameter Label Value Unit Abbreviation/Symbol

Rated power Prated 3.7 Kilo-watt kW

Rated voltage' Viated 183 volt A%

Rated current Lrated 14.2 Ampere A

Rated Frequency frated 87.5 cycle/second Hz

Rated speed Wrated 183.3 rad/second  rad/s

Pole pairs P 3

d-axis inductance Lq 5.06 milli-Henry mH

g-axis inductance L, 6.42 milli-Henry mH

Stator resistance R 0.242 Ohm Q

Inertia constant J 0.0133 Kg(meter"2) Kgm"2

Damping coefficient B, 0.001 Nm/rad/s Nm/rad/s

Magnetic flux constant @y, 0.2449 volt/rad/s v/rad/s
Table A-2: Switch element parameters

Parameter Label Value Unit

Transistor saturation voltage psat 2.5 A%

Transistor resistance 2.00E-02 Q

Diode threshold Ferans 2 v

Vinresn
Diode resistance Ruiose 2.20E-02 Q

! Voltages cited in line-line root mean square quantity unless otherwise specified
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Appendix B

Simulink Subsystems

The details of the subsystem blocks for the Simulink schematic of the complete proposed

novel DTFC scheme as shown in Fig. 3.4 have been presented in this appendix.
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Appendix C
Simulink Subsystems of the Proposed Nonlinear Controller with Torque

and Flux as Control Variable

The details of the subsystem blocks for the Simulink schematic of the backstepping based
proposed nonlinear controller of IPMSM drive as shown in Fig. 5.11 have been presented in
this appendix. The inputs to the controller subsystem are command speed (wy), the feedback
actual speed (w,-), motor actual torque (T,), flux linkage 1) and reference flux linkage (¥y).
The vector rotator generates the voltages (v,,v;,,v.). The output of the subsystem acts as an
input to the gate signal generator subsystem and output of the subsystem are the logic signals
NA. NB and NC which hare used to turn the inverter switches ‘ON’ and ‘OFF’. The input of
the inverter subsystem (C.4) is logic signals NA, NB, NC and the dc bus voltage VDC. The
outputs of this subsystem are the d-q axis voltages in the stationary reference frame. The
coordinate transformation subsystem (C.5) transforms d-q axis voltages from the stationary
frame to the synchronously rotating rotor reference frame. The d-q axis currents generation
subsystem (C.6) generates d-q axis currents in the rotating reference frame from the
synchronously rotating d-q axis voltages and motor parameters. In the same subsystem motor
electromagnetic torque (T,) and stator flux linkage (1;) determination is shown. The actual
current generation subsystem (C.7) generates actual currents (i,,ip,i.) from the synchronously
rotating d-q axis currents and the rotor position angle. The motor output subsystem (C.8)
generates the rotor position angle 6, (theta) and the motor speed (w,-) from the synchronously
rotating d"-q" axis currents and motor parameters using the motor dynamics. Using the
synchronously rotating current, voltage and stator flux linakges d and q axis flux linkages also

flux errors are determined in subsystem C.9.
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Figure C.1: Complete Simulink model of the proposed nonlinear controller of IPMSM drive.
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Appendix D
IGBT Inverter

The advantages of bipolar junction transistors (BJTs) and metal-oxide semiconductor field-
effect transistor (MOSFETSs) are combined in an insulated gate bipolar transistor (IGBT). An
IGBT has high input impedance like MOSFETs and low conduction loss like BJTs. Because
of high input impedance the gate draws a very small leakage current. An IGBT has no second
breakdown like the BJT. A BJT is a current controlled device and requires base current for
following current in the collector. Since, the collector current is dependent on the base current
so that current gain is highly dependent on the base current. However, an IGBT is a voltage
controlled device like a power MOSFET. It has lower switching and conduction losses. IGBT
is faster than the BJT but slower than a power MOSFET. The current and voltage ratings of a
single IGBT can be up to 400 A, 1200 V and the switching frequency can be up to 20 kHz.
The schematic of IGBT inverter is shown in Fig. D.1.

] ﬁﬂ” _IE‘ 1 Ll P
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Figure D.1: Basic circuit of an IGBT inverter module.
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Appendix E

Base Drive Circuits

For operating IGBTs as switches the gate voltage must be appropriate so that the IGBTs are
into the saturation for low on-state voltage. The main function of the base drive circuit is to
generate six pulses having proper voltage level for the six IGBTs of the inverter. The outputs
of the digital I/O subsystem of the DSP board DS1104 are six pulses having magnitude of 5 V
that is not sufficient for the gate drive of IGBTs. Moreover, isolation is needed between the
logic circuits and IGBTs because the logic signal should be applied between the gate and the
emitter. Thus, a base drive circuit is essential for the inverter to provide an isolation and
appropriate voltage to the gate of IGBTs. The base drive circuit for the inverter is shown in
Fig. E.1. The chip SN7407N has been used as level shifter that shifts the voltage level from
+5V to +15V. An optocoupler is used to provide the isolation between the logic circuit and
power circuit of the inverter. The base driver circuit provides six driving pulses for the switches

of the inverter. The interface circuit for the current sensor is shown in Fig. E.2.
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Resistance values are: Ry=R,=R3;=R,=R;=R¢= 1.5 k.ohm

+15V +5 Y
Input from
DSP board
/A port
Input 1 1 14
R1
' 2 13
R&
| - |
nput 2 3 5 12
[
R2 =
' 4 ™ 1
4
© R5
Input 3 ' 11 8 10
R3
3] 9 —
R4
7 8 '
Input 4
Input 5
Input 6
GND

Figure E.1: Base drive circuit for the inverter.
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Gain of Op-Amp (741CN)= 1+§
2

Magnitude of Resistors:
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Figure E.2: Interface circuit for the current sensor.
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Appendix F
Real-Time Simulink Model of IPMSM Drive

The following diagram details the major components of the real-time implementation block,
with peripheral interface modules at the left (inputs) and right (outputs) margins. The Simulink
model can be directly used for real-time applications using the software real-time interface
(RTI) supplied by the dSPACE. The RTI’s board library provides Simulink blocks representing
DSPACE I/O hardware. The complete system Simulink diagram of the proposed eighteen-
sector based DTFC incorporating LMA scheme is shown in Fig. F.1. It is shown in the figure
that the board DS1104 has two incremental encoders but only encoder 1 is used for this work.
The encoder 2 is terminated by a terminator. The A/D converters are used to read the actual
motor currents from phase ‘a’ and ‘b’. The output ports are used from the RTI library and the
number of channel is selected according to the configuration required. The signals to be

captured by the stored oscilloscope are fed to the D/A ports of the board.

Figure F.1:Real-time Simulink model of proposed novel eighteen-sector based DTFC scheme
incorporating LMA.
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Figure F.2 shows the real-time Simulink model of VC scheme incorporating LMA.
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Figure F.2:Real-time Simulink model of VC scheme incorporating LMA.
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Figure F.3 shows the real-time Simulink model of the proposed nonlinear controller based
IPMSM drive considering motor electromagnetic developed torque and stator air-gap flux

linkage as virtual control variables.
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Figure F.3:Real-time Simulink model of proposed nonlinear controller based [IPMSM drive.
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