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Abstract- Due to the importance of PM synchronous machine in many categories like in
industrial, mechatronics, automotive, energy storage flywheel, centrifugal compressor, vacuum
pump and robotic applications moreover in smart power grid applications, this paper is presented.
It reviews the improvement of permanent magnet synchronous machines performance researches.
This is done depending on many researchers' papers as samples for many aspects like: modelling,
control, optimization and design to present a satisfied literature review
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1. INTRODUCTION
PERMANENT Magnet Synchronous Machines (PMSMs) are widely applied in many
applications due to their high efficiency, low inertia and high torque – to – volume ratio.
PMSM have the following advantages over dc motors: Less audible noise, Longer life,
Sparkless (no fire hazard), Higher speed, Higher power density and smaller size, and Better
heat transfer. Also, PMSM have the following advantages over induction motors: Higher
efficiency, Higher power factor, Higher power density for lower than 10 kW applications,
resulting in smaller size, and Better heat transfer [1]. Introduction of the line – start PMSM
in the 1950s provided a solution to starting problem. The rotor of line – start PMSM is
made of permanent magnet embedded inside a squirrel – cage winding. Induction of current
in the squirrel cage produces torque at zero or higher speeds the same way torque is
generated in induction motors. Therefore, the line – start PMSM can develop torque at zero
speed, and run as an induction motor, until the synchronous speed is reached. Once the
rated speed is reached the rotor is synchronized with the power source, and no more current
is induced in the squirrel cage. After this, the motor runs as a synchronous motor. However,
the high cost of line start PMSM inhibited its wide spread usage. Eventually, a motor drive
was used to convert dc power into ac power with any desired frequency, and to deliver the
power to the motor in a controlled manner. This development allowed the PMSM to be
used efficiently at any speed. The introduction of high performance motor drives has
rendered the line start PMSM almost obsolete. Park’s theory presented a transformation
between variables in the stationary and the rotor reference frames which yields the two –
axis equivalent circuit for a PMSM. From the rotor’s point of view every variable has a
magnitude and angle which is constant in steady state. This means that using equations and
variables in the rotor reference frame makes the analysis and control of PMSM much
easier. Essentially, Park introduced auxiliary variables in terms of which the machine
equations become much simpler. Availability of this transformation led to a field referred to
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as “vector control.” Vector control enables independent control over the magnitude and
angle of current with respect to the rotor such that instantaneous control over torque is
possible. Application of vector control to a PMSM allows for linear control over torque, as
well as control over different performance criteria such as efficiency and power factor.
Several trends, starting in the 1970s, created a demand for high performance variable speed
motor drives [1-5].
2. SELECTED PREVIOUS WORK
PM motor drives have been a topic of interest for the last twenty five years. Different
authors have carried out modeling, and simulation of such drives. In the past, AC
synchronous machines were used mostly for generator applications. Their use as a motor
was limited due to the difficulty of controlling the frequency of their supply voltages. The
introduction of power electronics PWM inverters has allowed the motor drive to have
complete control over the magnitude and frequency of machine phase to phase voltages.
Another factor that helped the development of PM synchronous machines is the expansion
of industrial production of permanent magnets. The first magnet type to be produced on an
industrial scale was the Alnico in the early twentieth century. As a result, S. Evershed [6],
[7] in 1920 made some important contributions to principles of PM torque production. At
first, PM machines received severe criticism because of the large tolerance they have in
terms of control parameters. Permanent magnet materials exhibit important nonlinearities
and are sensitive to temperature and operating point. In 1946, W. Kober first mentioned
using PM synchronous machines for alternator applications [8]. In 1951, R. M. Saunders
and R. H. Weakley significantly contributed to their design considerations [9]. Most of
these first approaches to PM machine design considered only Alnico type magnets. Rare
earth magnets, which are significantly superior to the Alnico type, appeared in the 1970s.
While at first very expensive, these materials have found an increasing interest in the last
few years and are now commonly used in PM machines. PM synchronous machines present
several advantages when compared to the other type machines. First, the PM machines
present a much larger energy density and can therefore be of smaller size for a given power.
They also have much lower rotor inertia, which is an important advantage for applications
where a fast response is needed. Finally, the absence of brushes to supply the rotor circuit
makes them much more mechanically robust. On the other hand, the price of PM materials
is quite high and PM machines are not economically interesting above a certain power
rating (about 20 kW). So other machines are consequently still used, typically for electrical
energy production. In 1986 T. Sebastian, et al. [10] reviewed permanent magnet
synchronous motor advancements and presented equivalent electric circuit models for such
motors and compared computed parameters with measured parameters. Experimental
results on laboratory motors were also given. In 1986 T.M. Jahns et al. [11] discussed that
interior permanent magnet (IPM) synchronous motors possessed special features for
adjustable speed operation which distinguished them from other classes of ac machines.
They were robust high power density machines capable of operating at high motor and
inverter efficiencies over wide speed ranges, including considerable range of constant
power operation. The magnet cost was minimized by the low magnet weight requirements
of the IPM design. The impact of the buried magnet configuration on the motor’s
electromagnetic characteristics was discussed. The rotor magnetic saliency preferentially
increased the quadrature-axis inductance and introduced a reluctance torque term into the
IPM motor’s torque equation. The electrical excitation requirements for the IPM
synchronous motor were also discussed. The control of the sinusoidal phase currents in
magnitude and phase angle with respect to the rotor orientation provided a means for
achieving smooth responsive torque control. A basic feed forward algorithm for executing
this type of current vector torque control was discussed, including the implications of
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current regulator saturation at high speeds. The key results were illustrated using a
combination of simulation and prototype IPM drive measurements. In 1988 Pillay and
Krishnan, [12], presented PM motor drives and classified them into two types such as
permanent magnet synchronous motor drives (PMSM) and brushless dc motor (BDCM)
drives. The PMSM has a sinusoidal back emf and requires sinusoidal stator currents to
produce constant torque while the BDCM has a trapezoidal back emf and requires
rectangular stator currents to produce constant torque. The PMSM is very similar to the
wound rotor synchronous machine except that the PMSM that is used for servo applications
tends not to have any damper windings and excitation is provided by a permanent magnet
instead of a field winding. Hence the d, q model of the PMSM can be derived from the well
known model of the synchronous machine with the equations of the damper windings and
field current dynamics removed. Equations of the PMSM are derived in rotor reference
frame and the equivalent circuit is presented without dampers. The damper windings are
not considered because the motor is designed to operate in a drive system with fieldoriented control. Because of the non-sinusoidal variation of the mutual inductances between
the stator and rotor in the BDCM, it is also shown in this paper that no particular advantage
exists in transforming the abc equations of the BCDM to the d, q frame. As an extension of
his previous work, Pillay, and Krishnan in 1989 [13] presented the permanent magnet
synchronous motor (PMSM) which was one of several types of permanent magnet ac motor
drives available in the drives industry. The motor had a sinusoidal flux distribution. The
application of vector control as well as complete modeling, simulation, and analysis of the
drive system were given. State space models of the motor and speed controller and real
time models of the inverter switches and vector controller were included. The machine
model was derived for the PMSM from the wound rotor synchronous motor. All the
equations were derived in rotor reference frame and the equivalent circuit was presented
without dampers. The damper windings were not considered because the motor was
designed to operate in a drive system with field-oriented control. Performance differences
due to the use of pulse width modulation (PWM) and hysteresis current controllers were
examined. Particular attention was paid to the motor torque pulsations and speed response
and experimental verification of the drive performance were given. S. Morimoto et al. in
1994 [14], in their paper aimed to improve efficiency in permanent magnet (PM)
synchronous motor drives. The controllable electrical loss which consisted of the copper
loss and the iron loss could be minimized by the optimal control of the armature current
vector. The control algorithm of current vector minimizing the electrical loss was proposed
and the optimal current vector could be decided according to the operating speed and the
load conditions. The proposed control algorithm was applied to the experimental PM motor
drive system, in which one digital signal processor was employed to execute the control
algorithms, and several drive tests were carried out. The operating characteristics controlled
by the loss minimization control algorithm were examined in detail by computer
simulations and experimental results. The paper in 1997 by Wijenayake and Schmidt [15],
described the development of a two-axis circuit model for permanent magnet synchronous
motor (PMSM) by taking machine magnetic parameter variations and core loss into
account. The circuit model was applied to both surface mounted magnet and interior
permanent magnet rotor configurations. A method for on-line parameter identification
scheme based on no-load parameters and saturation level, to improve the model, was
discussed in detail. Test schemes to measure the equivalent circuit parameters, and to
calculate saturation constants which govern the parameter variations were also presented. In
1997 Jang-Mok, and Seung-Ki, [16], proposed a novel flux-weakening scheme for an
Interior Permanent Magnet Synchronous Motor (IPMSM). It was implemented based on the
output of the synchronous PI current regulator reference voltage to PWM inverter. The onset of flux weakening and the level of the flux were adjusted inherently by the outer voltage
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regulation loop to prevent the saturation of the current regulator. Attractive features of this
flux weakening scheme included no dependency on the machine parameters, the guarantee
of current regulation at any operating condition, and smooth and fast transition into and out
of the flux weakening mode. Experimental results at various operating conditions including
the case of detuned parameters were presented to verify the feasibility of the proposed
control scheme. Bose, B. K., in 2001 [5], presented different types of synchronous motors
and compared them to induction motors. The modeling of PM motor was derived from the
model of salient pole synchronous motor. All the equations were derived in synchronously
rotating reference frame and was presented in the matrix form. The equivalent circuit was
presented with damper windings and the permanent magnet was represented as a constant
current source. Some discussions on vector control using voltage fed inverter were given.
C. Bowen et al. in 2001 [17], addressed the modeling and simulation of permanent magnet
synchronous motor supplied from a six step continuous inverter based on state space
method. The motor model was derived in the stationary reference frame and then in the
rotor reference frame using Park transformation. The simulation results obtained showed
that the method used for deciding initial conditions was very effective. In 2002 C.
Mademlis et al. [18], presented an efficiency optimization method for vector-controlled
interior permanent-magnet synchronous motor drive. Based on theoretical analysis, a loss
minimization condition that determines the optimal q-axis component of the armature
current was derived. Selected experimental results were presented to validate the
effectiveness of the proposed control method. In 2004, X. Jian-Xin et al. [19] applied a
modular control approach to a permanent-magnet synchronous motor (PMSM) speed
control. Based on the functioning of the individual module, the modular approach enabled
the powerfully intelligent and robust control modules to easily replace any existing module
which did not perform well, meanwhile retaining other existing modules which were still
effective. Property analysis was first conducted for the existing function modules in a
conventional PMSM control system: proportional-integral (PI) speed control module,
reference current-generating module, and PI current control module. Next, it was shown
that the conventional PMSM controller was not able to reject the torque pulsation which
was the main hurdle when PMSM was used as a high-performance servo. By virtue of the
internal model, to nullify the torque pulsation it was imperative to incorporate an internal
model in the feed-through path. This was achieved by replacing the reference currentgenerating module with an iterative learning control (ILC) module. The ILC module
records the cyclic torque and reference current signals over one entire cycle, and then uses
those signals to update the reference current for the next cycle. As a consequence, the
torque pulsation could be reduced significantly. In order to estimate the torque ripples
which might exceed certain bandwidth of a torque transducer, a novel torque estimation
module using a gain-shaped sliding-mode observer was further developed to facilitate the
implementation of torque learning control. The proposed control system was evaluated
through real-time implementation and experimental results validated the effectiveness. Due
to their reluctance torque production, the IPM motors are more suitable for traction
applications which require constant power output at high speeds over a wide range [20].
With the rapid development of microprocessors (μC) and digital signal processors (DSP),
vector control is becoming a common technique for PMSM drive systems, especially in
low-cost applications such as home appliance and machine tools. The vector control (or
called field-oriented control) of ac machines was introduced in the late 1960s by Blaschke,
Hasse, and Leonhard in Germany. Following their pioneering work, this technique,
allowing for the quick torque response of ac machines similar to that of dc machines, has
achieved a high degree of maturity and become popular in a broad variety of applications. It
is also widely applied in many areas where servo-like high performance plays a secondary
role to reliability and energy savings. To achieve the field-oriented control of PMSM,
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knowledge of the rotor position is required. Usually the rotor position is measured by a
shaft encoder, resolver, or Hall sensors [21-25]. The advantages of PM machines recently
make them highly attractive candidates for “direct drive” applications, such as hybrid
electrical vehicles (HEV) or electrical vehicles (EV) and washing machines. By this
technology, the rotating working unit of a direct drive system, such as the basket or drum of
a washing machine, is coupled to the motor shaft without transmission assembly, which
may include clutches, belts, pulleys and/or gearboxes. The power is directly delivered to the
working unit by the motor. The concept of direct drive enables the high dynamic response,
increased efficiency, low acoustic noise, and long lifetime due to the elimination of the
transmission components. Such direct drive systems normally require large shaft torque at
standstill (i.e., zero speed) and low speeds as well as constant output power over wide
speed range. In order to meet such requirements, the PM machines are designed to operate
not only in the constant torque mode when their speed is below the base (or rated) speed but
also in the constant power mode when above the base speed. In this way, the cost and size
of overall drive system can be significantly reduced. The constant torque operation of PM
motor can be easily achieved by conventional vector control. However, when the speed is
above the base speed, the back-EMF of PM motor is larger than the line voltage and then
the motor suffers from the difficulty to continuously produce torque due to voltage and
current constraints. Thanks to the flux-weakening technology, the operating speed range
can be extended by applying negative magnetizing current component to weaken the airgap flux [26], [27]. As discussed previously, PM synchronous machines are attractive and
desirable for ac drives due to the advantages of high power density and efficiency.
However, the fixed field excitation provided by permanent magnets limits the
controllability and high-speed capability of PMSM drives. Moreover, the current and
voltage constraints of power inverter result in difficulties of current regulation and the
decreased torque production as speed increases. To extend their operating speed ranges, PM
motors are generally operated in such a way that the armature currents with large negative
direct-axis component partially demagnetize the magnetic field and thus weaken the air-gap
flux achieving the so-called flux weakening [28-30]. However, this approach involves the
risk of demagnetizing the permanent magnets irreversibly and generates significant heat
due to copper losses of stator windings. If the ambient temperature and the reverse flux are
sufficiently high to move the magnetic operating point near or below the knee of normal
demagnetization point, the permanent magnets will never be able to recoil back to the
original operating point after the demagnetizing current is removed. Therefore, without
demagnetizing the magnets, how to fully utilize the limited current and voltage capability
of power inverter to extend the speed range of PMSM is always of great interest as well as
a challenge [31]. To avoid the irreversible demagnetization of permanent magnets, many
solutions have been reported in terms of various rotor structures of PM motors [31-33]. L.
Xu et al. proposed a new design concept of PM machine for flux-weakening operation,
which was aimed at minimizing the required demagnetizing current for a given level of flux
weakening. By the way of altering the flux path of magnets, not only was the copper losses
reduced but also the risk of damaging the permanent magnets eliminated [31]. Tapia et al.
explored a magnetic structure termed the consequent-pole PM (CPPM) machine which had
inherent field weakening capability. It was concluded that the machine combined the fixed
excitation of rare-earth permanent magnet with the variable flux given by a field winding
located on the stator, and thus the air-gap flux could be controlled over a wide range with
minimum conduction losses and little demagnetization risk for the PM pieces [32]. In
addition, comprehensive design methods were reviewed in [32]: 1) connecting groups of
the stator winding in different configurations by which the induced voltage could be
adjusted accordingly; 2) a stator-mounted PMSM where the flux weakening was operated
by changing the reluctance path of the magnets; 3) using a field winding to add or subtract
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flux from the magnets; and 4) a PM motor with two-section rotor with field weakening
where the reluctance of the direct-axis flux path was varied with changing the ratio between
each section. Soong and Miller concluded that for the maximum torque field-weakening
control, the optimal high-saliency interior PM motor design was most promising for
applications requiring a wide field-weakening range [33]. The above efforts were made on
the different types of PM motor design, which obviously resulted in the increased
manufacturing cost due to the additional windings and/or complicated rotor structure. On
the other hand, many control strategies and algorithms have been developed for fluxweakening operation of PMSM and published during the last decade [34-44]. Macminn and
Jahns presented two control techniques to enhance the performance of IPM drives over an
extended speed range. Although the proposed feed-forward current regulator compensation
and flux-weakening control algorithms combine to improve the torque production
capability of the IPM motor at high speeds, full effectiveness of the techniques strongly
depends on accurate machine parameters used in control functions. And the control
performance is degraded gracefully as errors between the programmed and actual
parameters are increased [34]. Sebastian and Slemon [35] investigated the maximum torque
per ampere (MTPA) operation of PMSM up to a break-point speed with optimum
alignment of the stator and magnet field. Operation at higher speeds with reduced torque
was achieved by the adjustment of current angle to reduce the effective magnet flux, i.e.,
the equivalent of field weakening. Dhaoudi and Mohan researched a current-regulated fluxweakening method by introducing a negative current component to create direct-axis flux in
opposition to that of the rotor flux by magnets, resulting in a reduced air-gap flux. This
armature reaction effect was used to extend the operating speed range of PMSM and relieve
the current regulator from saturation that is subject to occurring at high speeds [36].
Similarly, not only a current vector control to expand the operating limits under the
constant inverter capacity but also the improvement by the feed-forward decoupling
compensation were proposed in [37], [38] respectively by Morimoto et al. In these fluxweakening schemes, the demagnetizing current command was calculated based on the
mathematical model of the PM motor and, consequently, the performance of the PMSM
drive system was strongly dependent on the motor parameters and sensitive to operating
conditions. Sudhoff et al set forth a flux-weakening control for SPM motors, which was
relatively simple and did not require the knowledge of the machine and inverter parameters.
Moreover, the miscellaneous voltage drops such as semiconductors voltage drops, current
sensor voltage drops, and those caused by the dead time in the switching strategy were
automatically included into the calculation of the direct-axis current. The calculated directaxis current command, i.e., demagnetizing current command, was proportional the current
error of quadrature-axis current. Unfortunately, because the proposed feedback control is
proportional, there always exists control error. Even though the error can be reduced by
selecting high feedback gain, the control instability of the overall drive system would be a
problem [39]. Sozer and Torrey [40] presented an approach for adaptive control of the
surface mounted PM motor over its entire speed range. The adaptive flux-weakening
scheme was able to determine the right amount of direct-axis current without knowing the
load torque and inverter parameters. The level of demagnetizing current was obtained by
using the current error between the actual and reference currents that gave a measure of
inverter saturation. Integration of this error by an additional integrator with a forgetting
factor drove the direct-axis current. Y. S. Kim et al, J. M. Kim et al and J. H. Song et al
proposed a flux-weakening control method based on a voltage regulator using the voltage
error signals between the allowable maximum output voltage and the voltage command
[41-43]. The output of the voltage regulator determines the required amount of the
demagnetizing current. In addition, the onset of flux weakening could be adjusted to
prevent the saturation of the current regulators required by the vector control of PM motors.
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Both current-error- and voltage-error-based flux-weakening control methods require an
additional PI regulator or integrator to generate the demagnetizing current command,
which, in turn, causes the increased complexity of the overall control system. Furthermore,
the added controller could only operate properly under well-tuned conditions, which is not
easily reached. Conventionally, two current regulators of the direct- and quadrature-axis
current in the rotating reference frame are required to achieve the torque and flux control
simultaneously as in [44]. Unfortunately the direct- and quadrature-axis current cannot be
truly controlled independently due to their cross-coupling effects inside the PM motor. The
cross-coupling effects will increase with rotor speed and become dominant in the highspeed range. As a result, the dynamic performance of current and torque response is
degraded at high speeds without decoupling control. To control a PM motor with fast
dynamic response, accurate speed regulation and high efficiency, it is necessary to know
the rotor position for the implementation of vector control, or field-oriented control [41-47].
Adaptive control seems to be the most promising one of various modern control strategies
reported in the literatures as [48], [49]. Cerruto et al proposed an adaptive control scheme,
namely Model Reference Adaptive Control (MRAC), characterized by a reduced amount of
computation. The MRAC approach was able to compensate the variations of the system
parameters, such as inertia and torque constant. A disturbance torque observer was
employed to balance the required load torque and reduce the complexity of the adaptive
algorithm [48]. Baik et al investigated the MRAC-based adaptation mechanisms for the
estimation of slowly varying parameters using the Lyapunov stability theory. A linearized
and decoupled model was derived, which includes the influence of inertia variation and
speed measurement error on the nonlinear speed control of PMSM [50]. Researches carried
out in these references show that the adaptive control can improve the robustness of PMSM
drives. However, system identification and state estimation require complex computations.
Moreover, they are based on the assumption that the structure of the system model is
specified and especially motor/load dynamics are well understood, which cannot be
guaranteed in practice. And recently, T. Raminosoa et al. propose reluctance network
modeling of surface permanent magnet motor considering iron nonlinearities. They present
a simple, quick and precise nonlinear reluctance network modeling of an in-wheel surface
permanent magnet motor. The saturation of the ferromagnetic materials is considered and a
simple air-gap length function is used to take the slotting effect into account. The topology
and the reluctance values of the air-gap network are automatically computed for any rotor
position. Thus, the proposed technique allows a steady state time stepping simulation.
Moreover, the model accurately predicts the effect of the demagnetization. The proposed
model can be advantageously used for a geometry optimization as well as for the diagnosis
of demagnetization [51]. A. Rostami, and B. Asaei introduce a novel method for estimating
the initial rotor position of PM motors without the position sensor. In their paper, a novel
method to detect the initial rotor position of the PM motors is proposed, first, by using a
space vector model, response of the stator current space vector to the saturation of the stator
core is analyzed; then a novel method based on the saturation effect is presented that
estimates the initial rotor position and the maximum estimation error is less than 3.8%.
Simulation results confirm this method is effective and precise, and variation of the motor
parameters does not affect its precision [52]. Ying-Yi Hong et al. present MPPT for PM
wind generator using gradient approximation. They apply new maximum-power-point
tracking (MPPT) algorithms to a wind-turbine generator system (WTGS). In their work, the
WTGS is a direct-drive system and includes the wind-turbine, permanent-magnet (PM)
synchronous generator, three-phase full bridge rectifier, buck-boost converter and load. The
new MPPT method uses gradient approximation (GA) algorithm. Three methods based on
GA for achieving MPPT are discussed in this paper: (1) full-sensor control with
anemometer and tachometer, (2) rule-based method and (3) adaptive duty cycle method.
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The third method has merits of no PID parameters, proportional constant, anemometer,
tachometer and characteristics of WTGS required. This method enables the permanentmagnet synchronous generator (PMSG) to operate at variable speeds to achieve good
performance. Simulation results show that the tip-speed ratio (TSR) and power coefficient
obtained by the adaptive duty cycle method with GA can be almost identical to the optimal
values [53]. In 2010, M.S. Merzoug et al., propose nonlinear back-stepping control of
Permanent Magnet Synchronous Motor (PMSM) This research presents a novel speed
control technique for an permanent magnets synchronous drive based on newly Nonlinear
back-stepping technique. The most appealing point of it is to use the virtual control variable
to make the high-order system simple, and thus the final control outputs can be derived step
by step through appropriate Lyapunov functions back-stepping control approach is adapted
to derive the control scheme, which is robust to parameter uncertainties and external load
disturbance. Simulation results clearly show that the proposed controller can track the speed
reference signal successfully under parameter uncertainties and load torque disturbance
rejection [54]. Also in 2010, Jinpeng Yu et al., introduce a research about adaptive fuzzy
tracking control for a Permanent Magnet Synchronous Motor via back-stepping approach.
In this study, fuzzy logic systems are used to approximate nonlinearities, and an adaptive
back-stepping technique is employed to construct controllers. The proposed controller
guarantees the tracking error convergence to a small neighborhood of the origin and
achieves the good tracking performance. Simulation results clearly show that the proposed
control scheme can track the position reference signal generated by a reference model
successfully under parameter uncertainties and load torque disturbance without singularity
and over-parameterization [55]. Hasanien in 2010 too, presents a digital observer controller
for permanent magnet synchronous motor (PMSM). The digital observer controller is used
for torque ripple minimization of this type of motors. The proposed controller is a newly
applied of PMSM. The dynamic response of the (PMSM) with the proposed controller is
studied during the starting process under the full load torque and under load disturbance.
The effectiveness of the proposed digital observer controller is then compared with that of
the conventional PI controller. Experimental results are presented to demonstrate the
validity and effectiveness of the proposed control scheme [56]. And finally, Li Dong et al,
in 2010 investigate the stability of a PMSM with parameter uncertainties. After uncertain
matrices which represent the variable system parameters are formulated through matrix
analysis, a novel asymptotical stability criterion is established by employing the method of
Lyapunov functions and linear matrix inequality technology. An example is also given to
illustrate the effectiveness of our results [57].
High speed PM machines allow for a reduced system weight, higher operating
efficiency, reduced maintenance costs and a smaller envelope than a conventional solution
in the same power rating. However, with the higher power density and frequency also
comes higher power loss density. Special attention must then be paid to the choice of
lamination material, coil construction, and cooling mechanism for what would otherwise be
a typical stator and housing design. In the case of a high speed PM motor, temperature
sensitivity of the magnet material is an additional factor. For this reason, Samarium Cobalt
is often the choice to realize higher temperature designs [58]. R. A. Ahmad, et. al, presented
a system based on using high speed permanent magnet synchronous generators driven by
gas turbines as prime movers and DC distribution with local conversion at the load points
[58]. S. Scridon, et. al, designed, optimized and tested new generator, good power / volume
and superior efficiency (up to 80%) are obtained at costs comparable to those of existing
Lundell generator [59]. A. Binder, et. al, investigated that, during the design procedure of
high- speed electrical machines, special attention needs to be paid to mechanical design. FE
calculations for the mechanical strength of the rotor structure are recommended, for simple
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but realistic rotor structures, analytical approaches lead to satisfying results. This holds true
both for surface mounted and specially selected buried-magnet-type rotors. The fixation of
magnets in surface-mounted and buried magnet-type high-speed permanent-magnet
machines is compared for the same motor data, showing that for high-speed operation (e.g.,
40 000 r/min, 40 kW), surface-mounted magnets fixed by a Carbon-fiber bandage are the
better choice, as they incorporate much higher mechanical strength, allowing higher
maximum speed [60]. J.L.F. van der Veen, et. al, demonstrated that, the design of a highspeed 1400 kW synchronous generator with permanent magnet excitation and loaded by a
rectifier, it became apparent that rotor losses are a major problem. An approximate solution
for the rotor losses caused by the asynchronous field components has been derived. The
formulae show the effects of machine dimensions and harmonics and the effect of a
conducting shield in the rotor. The main purpose of the study is to have a tool for making
an early choice among several stator winding configurations. Also, verifying that, it
possible to reduce the rotor losses to an acceptable level, e.g. 0.1 - 0.2% of the rated power.
Consequently, the cooling of the rotor to an acceptable temperature level is feasible [61]. S.
R. Guda, et. al, introduce modeling and simulation of a micro turbine generation system
suitable for isolated as well as grid-connected operation. The system comprises of a
permanent magnet synchronous generator driven by a micro turbine. A description of the
overall system is given and mathematical models for the micro turbine and permanent
magnet synchronous generator are presented. Simulation results show that the developed
model has the ability to meet the requirements of the load. Simulation studies have been
carried out in MATLAB/Simulink under different load conditions [62]. S. M. Hosseini, et.
al, proposed the design, prototyping, and analysis of a relatively small and cheap axial-flux
three-phase coreless permanent magnet generator. With the finite - element analysis, the
parameters of the generator were calculated. The prototyped generator is relatively small
and cheap [63]. P.H. Mellor, et. al., introduced a good idea about, a permanent machine
with a hybrid rotor construction for an aircraft emergency generator application, designed
to be capable of generating a constant 20 kW over a wide 3,000 to 36,000 rpm speed range.
Initial testing of the prototype machine has indicated a performance close to the design
requirements. A maximum generating system efficiency of 84% was obtained at the desired
20 kW output (accounting for the combined mechanical, electrical machine and power
electronic losses) [64]. M. Sadeghierad, et. al, illustrated that, high – speed axial flux
machine eligible for distributed generating application due to its compactness and lightness.
Also, due to the high rotor speed and high frequency of the stator winding current, the
design of a high – speed generator is much difficult and quite different from designing a
low speed conventional generator. The efficiency, total power, with a number of critical
design parameters, including magnet material (Br), air gap, and outer diameter of machine
were presented [65]. D. P. Arnold, et. al, presented the design, fabrication, and
characterization of permanent – magnet (PM) generators for use in micro scale power
generation systems. The generators are three phase axial-flux synchronous machines, each
consisting of an eight – pole surface – wound stator and PM rotor. At a rotational speed of
120 000 rpm, one generator demonstrates 2.5 W of mechanical – to – electrical power
conversion and, coupled to a transformer and rectifier, delivers 1.1 W of dc electrical power
to a resistive load [66]. A. Binder, et. al, provided that, high – speed applications involve
technical and economical advantages because, as direct drives, they avoid the gear as an
additional mechanical drive component. Because, permanent –magnet synchronous
machines (PMSMs) are attracting growing attention for high – speed drives. The fixation of
magnets in surface – mounted and buried magnet – type high – speed permanent – magnet
machines is compared for the same motor data, showing that for high – speed operation
(e.g., 40 000 r/min, 40 kW), surface – mounted magnets fixed by a carbon-fiber bandage
are the better choice, as they incorporate much higher mechanical strength, allowing higher
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maximum speed [67]. During the design procedure of high-speed electrical machines,
special attention needs to be paid to mechanical design issues. J. H. Paulides, et. al,
introduced the influence of the choice of stator lamination material on the iron loss in a
high speed, high power permanent magnet generator, which is interfaced to a DC link via a
simple bridge rectifier. The potential benefit, in terms of reduced iron loss, by employing
6.5% SiFe laminations in a representative high speed, high power permanent magnet
generator, whose output is rectified by a simple bridge rectifier, has been quantified. The
rating of the generator is representative of machines which would be employed in ‘more –
electric’ ships and for embedded power generation [68]. T. S. El – Hasan, et. al, introduced
a design methodology for a modular high – speed PM axial – flux generator from first
principles is illustrated with a case study on a 50 kVA, 420 V, 3 – phase, 50 000 rpm PM
generator. Optimization of the design parameters is shown. In their paper, a good first
degree of approximation is achieved by examining the variations of efficiency with
different parameters. An efficiency of 92% in this proposed design, considerably superior
to conventional low speed generators, has been achieved where iron losses have been
eliminated, and others have been minimized by proper selection of design parameters [69].
S. M. Jang, et. al, deled with the rotor losses in the high – speed permanent magnet (PM)
synchronous alternator for distributed power generation system. Because, an optimum
design of PM machines requires an accurate prediction for these rotor losses. On the basis
of analytical field analysis and two - dimensional finite element analysis, this study predicts
the flux harmonics and rotor losses in the PM alternator considering the rectifier load [70].
C. C. Hwang, et. al., proposed a method affects as a tool in designing a high - speed,
surface permanent magnet generator with large air gap length. Alnico magnets are used for
field excitation. Steady – state performance is analyzed by finite element (FE) method.
Experimental tests are conducted to verify the FEM predictions [71]. Z. Kolondzovski,
Purposed the thermal design of high – speed electrical machines because, they have a
greater challenge in comparison with conventional electrical machines. He deduced that,
from the critical thermal operation analysis, it can be concluded that, the magnets cannot be
effectively cooled only by the air flow in the air gap if there is not a shield from eddy –
currents. Also, he aimed to perform thermal analysis for different rotor types according to
the level of shield from eddy currents in order to achieve a safe thermal design of the
machine. The practical significance of the paper is beneficial for the designers of high –
speed PM electrical machines [72]. F. Sahin, et. al, summarized the critical aspects
concerning the design, manufacturing and testing of a high – speed axial – flux permanent –
magnet machine which will be applied in a hybrid electric vehicle application. Analysis of
the losses and the thermal behavior of the machine are included. Mechanical constraints
and the aspects of manufacturing are also summarized [73]. The outside diameter, insideto-outside diameter ratio, number of slots, magnet span, magnet skewing, and stator
offsetting affect the performance of the machine to greater or lesser extents, and need to be
carefully chosen to obtain an optimal design. These choices are discussed in detail by
Vandenput, et. al. [74]. A. S. Nagorny, et. al, presented design considerations of a high
speed, high efficiency permanent magnet synchronous machine for use as a flywheel
motor/generator. The surface mounted magnet rotor topology shows a higher output power
together with an acceptable back emf total harmonic distortion level. The finite element
method allows more detailed examination of the demagnetization of the permanent magnets
due to the stator currents and provides more accuracy than the conventional method. The
ability of the SmCo permanent magnets to withstand the high speed operation can be
increased by segmenting the magnet pole. The parallel magnetic field orientation shows
lower cogging torque level compared to the radial one [75]. As discussed by several
researchers, stator inner and outer diameters are the two most important design parameters.
Hence, for cases where the stator outer diameter is limited or imposed by the rest of the
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system, the ratio of inner to outer diameter, Kr is the key parameter to consider and it has a
crucial impact on the determination of the machine characteristics, such as torque, torque to
weight ratio, iron losses, copper losses, and efficiency. Caricchi et. al. [76] shows the
dependency on Kr for designs with various numbers of pole pairs. Other important design
parameters are the pole number, magnet thickness, conductor size, number of turns and
material types. On the other hand, every design has its particular constraints and they differ
with the type of application. Generally, one tries to obtain the maximum torque for a given
motor diameter at a given speed. Mostly for small machines, the number of poles is limited
due to the reduced space available for the windings. Nevertheless, the most restricting
limitation for the number of poles is the motor operating speed. If the speed is high, a large
number of poles will bring about an increase in the frequency, which directly leads to
higher stator core losses and higher converter losses. The volume, thickness, shape and type
of the permanent magnets also affect both the performance and the cost of the machine. The
relationship between magnet volume and torque is explained in detail in [77]. In reference
[78], a design based on the optimization of the width of the permanent magnets for a
surface-mounted permanent-magnet type axial-flux machine is explained. The choice of the
permanent magnet width to pole pitch ratio is discussed. For higher values of this ratio, 1
for instance, flux linkage is maximum, but also flux leakage due to adjacent permanent
magnets is high. By decreasing the permanent magnet width, linkage and leakage fluxes are
both decreased though not proportionally. Since the permanent magnets are the most
expensive part of the machine, instead of Ne- Fe-B, ferrite magnets are used in some works.
Also, ferrites having small conductivity, do not suffer from eddy current problems which
emerge in sintered rare-earth magnets [79]. But, of course, ferrite has poor characteristics
when compared with Ne-Fe- B, and its usage makes it impossible to obtain high air gap
flux densities. Magnet protection must also be considered as a constraint together with the
dimensional machine parameters [80]. Additionally, high temperature introduces extra
constraints on the choice of the materials. Other constraints to be considered are mainly of
mechanical nature. The centrifugal force acting on a rotating mass is proportional to the
velocity squared and inversely proportional to the radius of rotation. Consequently, for
high-speed applications (speeds in excess of 10000 rpm) the rotor must be designed with a
small diameter in order to reduce tensile stress, and must have a very high mechanical
integrity [81]. Pillay et al., presented a literature survey on PM ac motors and drives
showing some aspects regarding design and control [82]. A comparative study of different
designs in terms of dimensions and torque capability is presented in [83]. A general method
for sizing of electric machines that highlights the need of relating the design with the type
of converter used is shown in [84]. Extensive aspects of PM motor technology and design
of brushless dc machines are presented in [85] and [86]. Finally, the author himself with
others contributed in this trend to improve the PM m/c performance through improve the
performance by proper modeling, control, optimization, using genetic, neural network and
design.
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