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ABSTRACT

Permanent magnet synchronous motor has been widely used in variable speed
drive system for various fields, such as industry, household applications, etc., The merits
of PMSM are rugged construction, high efficiency, high torque to current ratio, low
inertia, etc. Recently, PMSM driven air-conditioners and refrigerators are obviously
increased. However, the compressors used in the air-conditioners have the problem that
vibration occurs due to the torque pulsation. The frame vibration results in adverse
effects, such as mechanical damage, acoustic noise and deterioration of control
performance, etc.. Therefore, the vibration suppression control of PMSM driven
compressor has been demanded.

As a method of vibration suppression, a rubber vibration insulator has been
applied. However, anti-vibration rubber is affected by the environment, such as
temperature, etc.. There are disadvantages, such as short usage life, etc..

In the earlier research, several solutions have been presented based on either
additional sensors, such as accelerometers, position sensors, etc., or advanced control
techniques, such as the internal model principle, etc. However, the use of sensors includes
negative aspects such as high-cost, more space and low reliability. As a result, the research on
sensorless skill is a hot point.

In the prior studies, the vibration suppression technique by a repetitive control
with Fourier Transformer (FT) have been proposed. A compensation signal for vibration
suppression is generated from the signal detected by the acceleration sensor and performs
vibration suppression control by being superimposed to the torque current reference of the
PMSM. However, in the conventional technique, it is necessary to install an acceleration
sensor to detect frame vibration. As the same time, the position sensor is required to
detect the rotor angular position of the PMSM. Use of these sensors depends on
environmental constraints, such as temperature and installation space. High cost is also
one of the reasons why it’s not preferred.

In this study, a novel frame anti-vibration control method which is called Specific
Component Reduction Control (SCRC) is proposed. In this method, a position sensorless
speed control system is built using the Extended Electromotive Force (EEMF) observer.
Then, the estimated velocity is used for generating a compensation signal in SCRC
through a Fourier Transformer, to achieve the vibration suppression control without the
position sensor or the acceleration sensor. Here, the conventional technique to generate
compensation signal has been the repetitive controller. However, this method has a large



gain in high frequency regions. The high frequency noise include in the estimated
position. This noise with the position sensorless control has been increased although the
desired frequency component of the vibration has been detected by FT. In this study, a
new vibration suppression control method (SCRC) that takes the replace of the repetitive
controller is proposed. In SCRC, the extracted vibration frequency component by the FT
is learned by the integrator to generate the compensation signal. SCRC is quite difficult to
amplify the noise for performing a compensation signal generation using the estimated
position information. The stability analysis is also carried out. In addition, there is the
possibility to perform the vibration suppression control in variable speed and the
mechanical resonance point vicinity in the future.

The proposed control method has the following features:

(1). In our system, the estimated speed from EEMF observer has been taken as the input of
SCRC. As a result, accelerometer is not necessary in the whole system.

(2). The Fourier Transformation(FT) has been applied in SCRC. Only one target frequency
component which is the same as command speed frequency has been taken into SCRC. The
vibration suppression control system is easily stabilized by the adjustment of control
parameters in SCRC. Since there is no positive feedback in SCRC, the high-frequency
components are not amplified.

(3). By proper calculation, SCRC can be performed as the form of Repetitive Controller
based on the position which is not fluctuated. After simplifying the whole system, the
linearized system diagram can be got. With this system diagram, Nyquist analysis is applied
to design two most important parameters in SCRC. The target frequency harmonics
component which is the same as the command mechanical speed frequency can be effectively
eliminated by SCRC.

(4). The experiment is carried out in the different constant speed regions, and speed variable
control is also achieved with the proper design of parameters in SCRC.

(5) SCRC has been developed, not only for the first-order frequency component of the
estimated speed signal, but also for the second-order one. It shows that SCRC can be taken
into practice of multiple components application. This controller is named as Multiple
Specific Component Reduction Controller (M-SCRC).

The position sensorless method, using a low-pass filter and the Extended
Electromotive Force Model can’t estimate zero speed. As a result, a huge speed
estimation error happens in the very low-speed region due to the parameter error and
model error of the motor. The PMSM parameter estimation and new position sensorless
method will be developed for the very low speed in the near future.
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CHAPTER 1 INTRODUCTION

Chapter 1

I. INTRODUCTION

1.1 Backgrounds

DC electric machine drive systems had been adopted in a variety of industrial
applications for more than 100 years, due to the convenience of control. During the past
30 years, with the development of power electronics technology, digital signal processors
(DSPs), and computer control theory, AC motor drives [1]-[3] have achieved the same
performance as DC motor drives and have potentials to occupy the market in speed
variable drive applications. Nowadays, various types of AC drives with induction
machines (IM), permanent-magnet synchronous machines (PMSM), switched reluctance
machines (SRM), etc., are widely used in industrial applications.

Permanent magnet synchronous motors (PMSMs) have widely been used in speed-
variable drive applications such as industry, home applications, etc. due to its rugged
construction, high efficiency, and high torque to current ratio, low inertia, etc. But in
PMSM speed-variable applications, a position sensor like optical encoder is necessary for
the PMSM control system to obtain the rotor position and speed. However, sensors
increase the complexity, weight, and cost of the system. In recent years, rotors with the
active utilization of reluctance torque, concentrated-winding stators, and other
modifications have been introduced for even more efficient, compact, and powerful
PMSM designs. However, compact motors show a trend towards stronger torque
pulsation produced by space harmonics due to magnetic saturation and other factors, and
stronger frame vibration due to greater radial forces caused by magnetic saturation and a
smaller air gap. Methods of suppressing such frame vibration are necessary to prevent
degradation of control performance, generation of acoustic noise, and deterioration of the
mechanical system.

The mechanical vibration analysis of electrical devices has become a major area in
improving the performance and efficiency of the system [4]. There are various related
techniques. The basis of these strategies includes data capturing, analysis and formation
of the control signal in the control system. In this paper, some of these techniques used
currently will be discussed and some improvement or advanced versions for them are
tried to find.

Methods of vibration suppression can be divided into passive and active [5] and [6].
Passive methods are represented by rubber insulators and other dampers. Rubber
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insulators have the advantages of multidirectional damping and simple design but their
damping characteristics are strongly affected by humidity and other ambient conditions.
On the other hand, there are active mass dampers and another actuator- based methods.
Active methods are based on the generation of vibrations of opposite phase, thus
canceling the vibrations of the object. Such systems using displacement or acceleration
detected by sensors have been implemented in high-speed railways and passenger car
suspensions [7]. However, all the above methods require additional components, such as
rubber dampers, sensors, and actuators, which inevitably results in higher cost of the
control system.

The speed control system such as an air compressor is presented in this study,
where attachment of the rotor position sensor is a difficult speed control system. Rotor
position sensorless speed control system is recommended. As refered in [8] , the position
sensorless control system using the zero-cross point of the electromotive force, speed
ripple has been performed by the repetitive control, which is widely applied.

1.2 The Synchronous motor|[1]

1.2.1 Electric motors

Electric
Motors

Asynchronous Synchronous

| Inducti0n| |Brushless DC|| Sin-wave | | Hysteresis” Step| |Reluctance
Permanent Wound
Magnet field

Fig. 1.1 Classification of electric motors
Among all the existing motors on the market, there are three ‘classical motors’: the
Direct Current motor with commutators (wound field or permanent magnet field) and two
alternative current motors the synchronous and the asynchronous motors. These motors,
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when properly controlled, produce constant instantaneous torque (very little torque ripple)
and operate from pure DC or AC sine wave supplies. The motor studied in this
application note is part of the alternative current supplied motors. It is synchronous motor
as its speed may directly be determined by the stator frequency and the number of poles.

Table 1-1 Comparison of the electric motors for the application.

Machine Type

Advantages

Disadvantages

DC Motor

Induction Motor
(IM)

PM Synchronous

* Easy control

* Desirable torque-speed
characteristics

* High speed range

* High reliability

* Low cost

* Ruigidity in hostile environments

* High power density and small size

* Frequent need of maintenance
* Low efficiency and reliability
* Low speed range

* Low power density and large size
* Low efficiency
* Thermal problem at high speed

* Limited speed range

Motor _ _ * High cost
(PMSM) * High efficiency * High stator core loss at high speed
* Desirable torque-speed * High torque ripple and noise
Switched characteristics * Low power density
Reluctance Motor | * High reliability * Low efficiency
(SRM) * Low cost

* Rigidity in hostile environments

Since DC motor systems have the proper characteristics for the traction application
of vehicles, they were popularly used a couple of decades ago [9]. Thanks to the rapid
development of large-scale integrated (LSI) circuits and powerful switching devices, such
as IGBT (insulated gated bipolar transistor), the Induction Motor (IM), Permanent
Magnet Synchronous Motor (PMSM), and Switched Reluctance Motor (SRM) can
achieve the same performance as DC motor systems. Each type of motor has its own
advantages and disadvantages as listed in Table 1.1 which are summarized from
references [10] with knowledge about electric machines.

1.2.2 Permanent Magnet Synchronous Machines

The most widely used PMSMs [11] have an external stator with conductors and an
internal rotor with PMs. According to the rotor structures, the PMSMs with an
approximately sinusoidal back electromotive force (EMF) can be broadly characterized
into two major categories: non-salient-pole PMSMs, e.g., surface-mounted PMSMs
SPMSM), and salient-pole PMSMs, e.g., interior PMSMs (IPMSM). A comparison of
different types of PMSMs can be found in [12] and [13].



1.2 THE SYNCHRONOUS MOTOR

The cross-section of a typical SPMSM is shown in Figure 1.1(a). Since the PMs are
mounted on the surface of the rotor core, the SPMSM has a uniform effective air gap.
This property makes the synchronous inductances in direct (d-) and quadrature (g-) axes
to be the same. As a result, the SPMSM only produces a magnetic torque. Compared with
the IPMSM, the SPMSM has a relatively limited flux-weakening capability. The surface
mounted rotor configuration is simple enough for manufacturing and assembly. However,
the PMs are exposed directly to the armature reaction field and at the risk of
demagnetization. Due to the surface mounted rotor structure, the shaft rotating speed
should be limited to keep the PMs at the rotor surface against the effect of the centrifugal
force. Therefore, SPMSMs are commonly used in low-speed applications, e.g., WECSs
and household appliances.

A typical cross-section of an IPMSM is shown in Figure 1.1(b), where the magnets
are buried and effectively shielded in the rotor iron, which significantly reduces the risk
of demagnetization of the PMs during the flux-weakening operation. Due to the rotor
saliency, the d-axis and g-axis inductances are different. Both the magnetic torque and the
reluctance torque contribute to the total torque produced by the IPMSM. For these
reasons, IPMSM is more applicable for traction applications in electric-drive vehicle
systems, which require flux weakening operation and high output torque.

Fig. 1.2 Illustrations typical PMSMs: (a) a cross-section of SPMSM and (b) a cross
sections of IPMSM.
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1.2.3 Sensorless Field Oriented Control (FOC) for IPMSM

(D* : Vq Va »
(s PI % PI d.q | 3.Phase
Fy SM
- . Ve o.p Ve Bridge
idr&f .
J - grfm
= i(.( h
Cldag /T op Sl—
lg
ia a,p Ip
Position "
- Position and
Wrfm Speed Speed
Estimator

Fig. 1.3 Overall block diagram of a IPMSM drive system using a position and speed estimator.

The entire process with sensorless FOC for IPMSM is illustrated in this block
diagram, including coordinate transformations, PI iteration, transforming block and
generating PWM. This block diagram also describes the functions required for FOC
control. Error signals are formed by Iq, Iy and reference values. The Id reference controls
rotor magnetizing flux. The flux vector must be kept in alignment with the rotor magnetic
poles at all times so that the motor can produce the maximum torque. This is
accomplished by a flux reference of zero. 14 and I (representing torque and flux) are only
time-invariant under steady-state load conditions. The I; reference controls the torque
output of the motor. The outputs of the PI controllers provide V4 and Vg, which is a
voltage vector that is sent to the motor. A new coordinate transformation angle is
calculated based on the motor speed, rotor electrical time constant, Id and I;. The FOC
algorithm uses the new angle to place the next voltage vector, to produce an amount of
torque needed to keep the rotor spinning. The V4 and V, output values from the PI
controllers are rotated back to the stationary reference frame, using the new angle. This
calculation provides quadrature voltage values v, and v,. Next, the v, and v; values
are transformed back to 3-phase values v,, vi, and vc. The 3-phase voltage values are used
to calculate new PWM duty-cycle values that generate the desired voltage vector.

As this block diagram shows, field oriented control block diagrams add a new block
to calculate position and speed of the motor. As the yellow block shows, there is no
position or speed sensor as input. Current sensors and software voltages are used to
estimate position and speed of the motor. I, and I; are derived by current measurements

from motor windings. v, and v ; are variables that we calculate during FOC.
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1.3 CONTROL FUNDAMENTAL of PMSMs

These are some applications where PMSM motors are used.

1. In order to boost the efficiency of air conditioning compressors, PMSM motors are
used. Also, physical conditions of a compressor, where the motor is flooded in oil,
position sensors are not allowed. Sensorless algorithms are required for compressors in
general.

2. PMSM are also becoming popular in Direct Drive washing machine due to their torque
available at low speed regions. FOC enables better dynamic response in a washing
machine without increasing the overall system cost.

3. Refrigerator compressors also require better efficiency and torque performance at low
speed. These requirements are covered by PMSM motors as well.

4. Pumps and Air Conditioner compressors in the automotive applications are also
transitioning to PMSM motors due to efficiency gains, increased lifetime compared to DC
motors, and high torque at low speeds.

1.2.4 Rotor Position Sensorless Vector Control of PMSM Drives

In the vector control scheme, there are three blocks with the rotor position
information: 1) calculate id and iq by the Park transformation, 2) calculate voand vp by the
inverse Park transformation, and 3) rotor speed calculation. Therefore, the rotor position
is indispensable for high-performance space vector control of PMSM drives. Inaccurate
rotor position information will not only degrade the control performance but also cause
instability in the control system. Electromechanical position sensors, e.g., resolvers,
optical encoders, and hall effect sensors are commonly used to obtain rotor position/speed
in PMSM drives. The use of these sensors increases the cost, size, weight, and hardware
wiring complexity of drive systems. From the viewpoint of system reliability, mounting
electromechanical sensors on rotor shafts will degrade mechanical robustness of the
electric machines. The electromagnetic interference (EMI) noise in the wiring harness,
due to switching events and broken wires, may be fatal to the controller’s operation.
Moreover, sensors are often subject to high failure rates in harsh environments, such as
excessive ambient temperature, super high-speed operation, and other adverse or heavy
load conditions. To overcome these drawbacks of using position sensors, quite a lot
research effort has gone into the development of sensorless drives that have a comparable
dynamic performance with respect to the sensor-based drives during the last decades [14].
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1.3 Control fundamentals of PMSMs

In [15], it detects the vibration by the acceleration sensor for SPMSM under torque
control and generates a compensation signal by inputting to the repetitive controller. The
compensation signal is superimposed to the g-axis current command value, the vibration
is suppressed. Moreover, subjected to stability analysis in the vicinity of the operating
point using the linear approximation has proposed a repetitive controller parameter
automatic adjustment algorithm for stabilizing the system. However, if the sharp
resonance occurs in the mechanical system, there are problems such as the inability to
learn compensation signal in its vicinity.

Therefore [16], shows that can perform vibration suppression by performing linear
interpolation using the compensation signal learned before and after the resonance point
even at the resonance point. However, the method of [15] and [16] is in need of two
position sensors and acceleration sensors. In addition to the use of these sensors is an
increase in cost, problems such as securing of lowering and installation space of the
reliability due to noise occurs.

To above-mentioned problems, by applying the method of [15], the vibration
suppression control method that does not require a position sensor have been proposed in
the position sensorless speed control system of PMSM [17], using the vibration detection
sensor (acceleration sensor) generated only the compensation current signal, and
generates a polynomial of the compensation current signal in the steady state. Thereafter,
by performing feed-forward compensation using the generated compensating current
signal is realized the position and acceleration sensorless vibration suppression control.
However, still the device itself, such as compressor there is a problem that the application
1s difficult, such as equipment that becomes a high temperature.

It should be noted that, in the method that has been described so far, the vibration
generated due to incomplete motor structure and control system (The frequency of such
torque ripple are 6 times, 12 time, and 18 time of the electrical angular speed) of the
vibration suppression target. I have been with. On the other hand, such as in the
compressor of interest in this study, the vibration caused by the torque ripple of the load
side (the electrical angular velocity are 1/3 times, 1/2 times, and 1 time has relatively low
order of frequency) is generated.

The compressor, etc. is often operated a long time at a constant rate and do not
require a high-speed response. Further, since the vibration of interest in this study is a
relatively low frequency, without using the vibration detected by the acceleration sensor,
even by using the estimated speed by the observer is believed to be possible vibration
suppression.



1.4 OBJECTIVES OF THE RESEARCH

As a method for compensating for periodic torque ripple without a repetitive
controller superposed method using periodic disturbance observer [18], the method using
the load torque table [19], and the speed ripple attenuation method was proposed by
injecting a compensating sinusoidal g-axis current. Then the problem is reduced to select
two parameters; phase offset and amplitude. The offset angle is roughly calculated from a
zero crossing point of the speed ripple. A searching algorithm which resembles the
maximum power point tracking (MPPT) [20] is developed. However, it also requires the
data measured by the torque sensor and advance for detecting the torque ripple either
approach. Therefore, the technique proposed in this thesis can be said to be superior in
terms of the fact that the compensation can be performed without using such a sensor and
the data.

1.4 Objectives of the Research

In earlier research, a method to reduce the mechanical vibration due to cogging
torque has been proposed, where the vibration has been detected by the acceleration
sensor [15] - [17], a compensation signal has been generated using Fourier series
expansion and the repetitive controller and vibration suppression control is performed by
superimposing the g-axis current command value. However, this method requires the
position sensor or an acceleration sensor.

Therefore, the predecessor proposed the position and acceleration sensorless
vibration suppression control method [21]. Its effectiveness is shown by simulation. In
this approach, the position sensorless method is extended electromotive force observer
[22]. Fourier Transform extracts the target frequency vibration components from the
estimated speed of the motor to generate compensation signals. These compensation
signals are added to g-axes current at last. This method performs vibration suppression by
eliminating the torque ripple. As a result, the whole system can achieve vibration
suppression control without position and acceleration sensor.

However, the repetitive controller which has been used in the compensation signal
generation process in the previous method only has targeted at the desired frequency.
Besides that, this controller may have amplified high-frequency components. Therefore, a
new vibration suppression control method is proposed instead of the repetitive controller.
In this thesis, SCRS(Specific Component Reduction System) is proposed. In SCRS, the
target vibration frequency components are extracted by the Fourier series expansion and
learned by the integrator to generate a compensation signal for suppression of the
vibration estimated from the position information, and therefore it is quite difficult to
amplify the noise that is high frequency vibration components included in the estimated
speed during the compensation signal generation process. Then, a stability analysis of the

-8-
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proposed method by a linear approximation is performed to design the most two
important parameters in SCRS. The experimental results show the effectiveness of the
proposed method.

The main objectives of this research includes:

1. A position/speed estimation scheme and sensorless control for salient-pole PMSMs
for medium- and high-speed region applications is developed. The sensorless control
systems should be robust to operating conditions and have zero phase lag in both steady-
state and transient conditions. In addition, the sensorless control systems should be robust
to the variations of machine parameters.

2. An anti-vibration controller derived from the repetitive controller with the EEMF
observer, which is hard to amplify high-frequency components is developed. This novel
controller is named Specific Component Reduction Controller (SCRC). The SCRC learns the
Fourier coefficients extracted by FT. The coefficients are integrated to generate a
compensation signal which is exploited to carry out the proper compensation. The analysis is
shown to study the stability of the proposed system. But SCRC only aims at one frequency
component.

3. The vibration suppression controller named as Multipled Specific Component Reduction
Controller(M-SCRC) has been developed, where not only the first-order frequency
component, but also the second-order one are involved in the controller. It is shown that
SCRC can be taken into practice of multipled components application.

1.5 Thesis Organization

The thesis is organized as follows: This thesis is composed a total of Chapter 8.

Chapter 1 shows the background of this study, the control fundaments of PMSM, the
purpose, and objectives of the research.

Chapter 2 describes that the voltage equation 1s a mathematical model of the PMSM to
be handled in this study. In addition, the torque pulsation and vibration model is handled
in the present study.

Chapter 3 explains the position sensorless control method by the extended induced
voltage model and a disturbance observer to be used in the present study.

Chapter 4 describes vibration suppression control method by a repetitive control,
which is a conventional one.



1.5 THESIS ORGANIZATION

Chapter 5 describes vibration suppression control method using the SCRS proposed in
this study. In addition, a description is given to explain the position and acceleration
sensorless vibration suppression system using the SCRS.

Chapter 6 describes the frame vibration suppression method for a sensorless PMSM-
Drive application and showns the stability analysis and experimental results of the
proposed method.

In Chapter 7 shows the Simulataneous Vibration Suppression Control for Sensorless
PMSM Driven by Utilizing Multiple-Specific Conponent Reduction Control Method.

Chapter 8 describes the conclusions and future challenges of the results obtained in the
list of publications.
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CHAPTER 2 BASIC CHARACTERISTICS OF PERMANENT MAGNET
SYNCHRONOUS MOTOR

Chapter 2

Basic Characteristics of Permanent
Magnet Synchronous Motor (PMSM)|[1]

2.1 Mathematical Model of Permanent Magnet
Synchronous Motor

The aim of this chapter is to systemically review mathematic models of the two
major varieties of permanent-magnet synchronous machines, namely interior PM motors
and surface-mounted PM motors, before proceeding to design of the control and
observation algorithms for them. Transformations of variables are used to deal with the
time-varying
machine inductances, referring to the coefficients of differential equations (e.g., voltage
equations) that describe the performance and behavior of the PM motors. Moreover, basic
operation principles of PM synchronous machines are discussed whereupon vector
control is briefly investigated. All the analysis and control methods presented in later
chapters are based on these models.

2.1.1 Structure

Different rotor configurations exist for PMSMs depending on how the magnetics
are placed in the rotor [2] and [3]. The two common type, namely, surface magnets type
and interior magnets type are shown in Fig. 2.1. In surface magnets type the magnets
are mounted on the surface of the rotor, whereas in interior magnets type of the magnets
are placed inside the rotor core. Hereinafter the PMSMs with surface magnets
configuration are referred to as SPMSMs and PMSMs with interior magnets rotor
configuration are referred to as [IPMSMs.

- 13-



2.1 MATHEMATICAL MODEL OF PERMANENT MAGNET SYNCHRONOUS

The interior magnets type rotor configurations bring saliency characteristics to the
machine which is not present in a machine with surface magnets type rotor [4]. As shown
in Fig. 1.2 (a) and (b), the magnets flux induced by the magnets defines the rotor director
¢'-axis is orthogonally (90 electrical degrees) placed with rotor d'-axis (Note that for four-
pole design this is 45 mechanical degrees as shown in Fig. 1.2 (b). Since the permeability
the effective airgap of d'-axis is increased compared to the ¢'-axis. Therefore d'-axis
reluctance inductance is higher than the g'-axis reluctance. This results in the ¢'-axis
inductance is higher than the d'-axis inductance, i.e. L; > L, in IPMSMs.

= Permanent
magnets

(a) (b)
Fig.2.1 Motor cross sections showing different rotor configurations for PMSMs: (a)
Surface magnets type (b) Interior magnets type.

2.1.2 Voltage and current equation and torque equation.

(1) u-v-w coordinate system

In Fig.2.2, idealized three-phase, the dynamic machine model is very simple compared
that of a sinusoidal machine. It can be given in the following general from [5]:

- 14 -
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SYNCHRONOUS MOTOR
R+pL, —pM, —-pM,
Vu 1 1 iu ell
v |=|-—=pM R +pL -—pM |i |+|e -
vV 2p a a p a Zp a 'l v (2.1 1)
Vw . 1 . . lw eu
——pM. -=pM. R +pL
i 2p a 2p a a p (1_

Here, u-v-w is three-phase armature L, = armature winding self inductance, Ra =
armature winding resistance, M, = mutual inductance of the armature wind between
phase, e = phase EMF, v = applied phase voltage, i = applied phase current, and p(d/dt)

= Laplace operator. Since

io+ip+i.=0 (2.1-2)
That is,
Mi, + Mi. = -Mi, (2.1-3)

Fig. 2.2 Idealized three-phase, two-pole Synchronous Machine (salient pole).
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2.2 MATHEMATICAL SYSTEM MODEL OF COMPRESSOR DIRVEN BY PMSM

The magnetic field e, e, e, to induce u, v, w-phase armature winding flux linkage
number of @¢,, @f,, @r, with the maximum value located at @ , as follow

¢, =D ,cos0,

¢fv = q)'f (COS Hre - 2?7[) (22)

Here, 6, shows the rotor angle position, and it can be obtained from the integration of the

rotor angle speed o,, as given
0, =|o,d 2.3)
In this case, ¢, e,, e,, can be given

eu = p¢fu = _a)re(I) f sin gre

e, = p¢ﬁ, = —Cl)req)'f Sil’l(@m — 2?7[] (24)
e, = ph, =—0,P, sin(@m +277[j

The armature winding, there is also a leakage in the 1,- inductance.

Lazla +Ma (2'5)

Note, the rotation angular speed ®,, (mechanical angle) is calculated from the number

pole pairs Ps and rotor angle speed @, can be derived by ,,/P..
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SYNCHRONOUS MOTOR

(2) a-p transformation.

3-phase AC is converted into two-phase alternating current, finds the circuit equation
represented by the two-phase alternating current. Fig.2.3 to show such a three-phase
alternating current coordinates (#vw) 2-phase alternating current coordinates from the
system (a-f) Dby transformation matrix to the system [c], and three-phase AC
coordinate system is vu + vw + vw = 0, iu + iv + iw = 0, assuming that there is not
zero-phase-sequence component, can be expressed by

11

PP 2 e
CRH I 9

2 2

Eq. (2.1) to represented by the formula, applying to the transformation matrix
expressed in eq. (2.6) can be derived, as follow

Bﬂ - [Ra +0pLa Ra +0pLa }Bﬂ + [ZJ 2.7)

Get the circuit equation of. It shows an equivalent circuit in Fig.2.4.

Here, the phase armature voltage v,, v, , the phase armature current i,, i, and the

permanent magnet field e,, e;, the speed electromotive force induced in the phase

armature winding, Ra is armature winding resistance, La is Electric is a self-inductance of
winding. Further Ra are the same as those of the eq. (2.1) equation, La is the use small of
la (ineq. 2.1), and M/ also used, as follow

L=l +M 2.8)

a a a

The magnetic field e, es two orthogonal axes called (a, f) to induce winding flux
linkage number of @¢,, @fp with the maximum value located at @& , as follow

Py =D cos0,

2.
15 =P,sing, 29

In eq. (2.3), the winding flux linkage (D'f can be used in term of @/, as expressed by
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2.2 MATHEMATICAL SYSTEM MODEL OF COMPRESSOR DIRVEN BY PMSM

=2, (2.10)

The back EMF in the stationary - £ frame is derived as follows

e = . =—w D, sinf
a p¢fa re = f re (211)
e, =pP,; =0, D, cosb,

R

2xn/ 3
2n/3

> B

27/ 3

Fig.2.3 Station frame three-phase u -v-w to and two-phase a-f axes transformation.

Fig.2.4 Equivalent circuit shown in two-phase a-f axes.
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SYNCHRONOUS MOTOR

(3) d— g transformation

The motor has a portion of the rotation(rotor) and the fixed portion(stator). Them in the
conversion of the d-q transform both to fixed orthogonal coordinate system or orthogonal
coordinate system that rotates, the coordinate system is a d-q transform system. q-axis is
in the /2 an advanced phase with respect to the d-axis.

For the synchronous motor, d-axis common to take the direction of the magnetic flux
formed by the field, the rotating field type synchronous motor provided with this, d-q
axes become rotated coordinates.

The Park transformation convert the stationary 2-phase AC current i, iz system into
rotating 2-phase current iy i, system, shown in Fig. 2.5

cos@, sin@,
[c]=] . (2.12)
—sin@, cosé,

The transform matrix can be derived by a trigonometric function from Fig. 2.5. The voltage
equation in the rotating d-q reference frame is expressed as follow by transforming eq. 2.7,
applying the transform matrix represented by (2.12) can be rewritten as follows

Va Ra + pLa - a)reLa id
= +
Vq a)reLa Ra + pLa il]

The second term on the right side of this equation by a permanent magnet field, and the

0
0.0, (2.13)

speed electromotive force ey, e, represents the to induce the dg-axis armature winding,
€q, a e;~0, e;~w,P,. It shows an equivalent circuit in Fig.2.6. Here, d, g-axis armature

voltage and d, g -axis armature current, @ as same in eq. (2.11) where, Ra, La in eq.
(2.7) is the same as the thing.

« d
Ore

B

q

Fig.2.5 2-phase relationship of the AC current coordinate and d-q coordinate.
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2.2 MATHEMATICAL SYSTEM MODEL OF COMPRESSOR DIRVEN BY PMSM

Fig.2.6  General rotating reference frame of d-q coordination

Using an encoder and the inverter is a position detector, vd, vq into a direct voltage and
id, iq also becomes a direct current. It can be handled in two axes direct. Incidentally, in
eq. (2.13) where the second term on the right side already by the permanent magnet field,
as described, g-axis is a speed electromotive force induced in the armature winding, so
the field is in the d-axis. m/ 2 has been induced only to the g-axis advanced, it is a DC
voltage.

As an equivalent circuit of SPMSM, it is often used one phase equivalent circuit shown
in Fig.2.7. This equivalent circuit applies a three-phase symmetrical voltage in Fig.2.2 is
obtained in eq.(2.1). As below, represents one phase when volume flow is three-phase
symmetrical current, the circuit equation, as follow

v, =R, +pL,)i, +e, (2.14)
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SYNCHRONOUS MOTOR

Ra
AN— T —,
S

).

11{
O>
vu‘[
O

Fig.2.7 Per phase equivalent circuit.

From eq.(2.13), d, q-axis armature inductance is a circuit equation that represents the
only equal SPMSM (Ld = Lg = La). But d and g-axis armature inductance are different
IPMSM (Ld <Lq: reverse salient pole ) circuit equation also in view, a general PMSM is
expressed by

% R +pL, -o,lL |1 0
‘= ’ | (2.15)
v, oL, R +pL i | |09,
In the present study, carried out the construction of a control system based on the voltage
equation of eq. (2.15).

(4) Torque equation

Torque T, of the motor is generated by Fleming left-hand rule. However, the torque
applied to the field is a motor torque in the rotating field type. In addition, the IPMSM,
for also occur reactance torque due to the saliency of the motor, Torque 7. due to the
current of [PMSM is given by

T, =Plp,i, —0,i,) (2.16-1)
=P (K, +L,i,)i,~Lii,}
=Pk, +(2,-L,)i, }i,
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2.2 MATHEMATICAL SYSTEM MODEL OF COMPRESSOR DIRVEN BY PMSM

In this case, the vector control (Field Oriented Control: FOC) i, =0, the motor

torque 7, is given as
que fels g (2.16-2)

T, = PK,i,

where, Ps indicate the number of pole pairs. In the present study directed to a [IPMSM
under the vector control, the torque equation is assumed to be represented by the formula
eq. (2.16 -2).

2.2 Mechanical system model of the compressor
dirven by the Permanent Magnet Synchronous
Motor(PMSM).

In the previous section, the electrical characteristics of the permanent magnet
synchronous motor was described by the voltage equation coordinate transformation
viewed from the synchronous rotating coordinate system by the represents. In this section,
I describe the frame vibration mechanism generated by the torque pulsations to be
handled by the mechanical system model and the present study of the device utilizing the
motor.

2.2.1 Generation of the torque ripple

In motor drive application, causes of torque ripple are roughly categorized as either motor-
based or load-based one. The factors based on motor include cogging torque and spatial
harmonics of flux. They present a high-frequency torque ripple such as 6™ harmonics of
motor electrical speed.

On the other hand, torque ripples based on load side consist of load torque ripple Az, such
as load structure. For example, structure of the compressor of an air-conditioner is shown in
Fig. 2.8 (a) They generate torque ripples with relatively low-frequency such as 1/P, 2/P,
3/P.... (P =number of motor pole pair).
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Frame

J

Fig. 2.8(a) The structure of the compressor of an air-conditioner.

nti-vibration rubber

Frame
(Motor and Load)

Rotor
(Motor and Load)

N
N
N
N

* Rotor * Frame
J, :Inertia J - Inertia
@, : Rotor speed D ¢ Viscos friction coefficient

k rt Spring coefficient

@ 4, Frame speed

Fig. 2.8(b) Motor-Load mechanical model around the motor shaft.

2.2.2 Mechanical system model of the rotor frame

Fig. 2.8(b) shows the Motor-Load mechanical model (frame vibration model) of the
compressor shown in Fig.2.8(a), where rotor and frame is rotated around the motor shaft
while the motor frame is suspended by the rubber etc. Here, J, is the rotor inertia, Jyis the
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2.2 MATHEMATICAL SYSTEM MODEL OF COMPRESSOR DIRVEN BY PMSM

frame inertia, Dyis the frame viscous coefficient, Kis the frame spring coefficient, w,, is the
rotor mechanical speed, wsm is the frame mechanical speed, 6,,, is the rotor mechanical

(=6, +6

the frame, respectively. Fig. 2.9 shows the block diagram of the mechanical model shown in

position,and @in (= @m + o) and 0 ) are the rotor speed and position referred to

rfin Sfm
Fig.2.8(b), where €24, and 0,5, are the motor mechanical speed and the motor mechanical
position referred to the motor frame, respectively, 7, is the motor driving torque, 77 is the
load torque, and Ty is the total torque of motor and load in the complex after Laplace
transformation, and s is Laplace operator. The rotation angle of the motor is represented as
the phase difference between rotor coordinates and stator coordinates in the model. In general
applications, the frame on the stator side is considered as a standstill. However, In our target
system, the position detected by a position sensor 6,5, includes the error due to the frame
vibration, when the torque ripple causes the fluctuation of frame mechanical speed.

L0, fe——

1
Frame : Accelerometer

Motor mechanical system M,

Fig.2.9 Block diagram of Motor-Load mechanical model.
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Torque ripple/A T Lrip

»
»

NN
Z NN AN /-
SN LN v NS - Lo
% >
8 | Constant torque 77 Period = 27
<
<
Q
-
0 s [rad]

Fig. 2.10 Load torque.

2.2.3 Load torque ripple mechanism

This study targets the system in which the motor and load are integrated, for example, in
compressor applications. In this system, the frame vibration is caused by the load torque
ripple Az, generated by the compressor action which is described as a function of the motor
position 6,, as in Fig.2.10. The mechanical dynamics of motor frame and rotor in PMSM
and load are given as

Qvin =My (Te =T1) = Mr Tay. (2.17)
Jr+J7)s* +Drs+ Ky

Mrf(S):( f)zs /3 L. (2.18)
JrS(.]fS + Dys+ Kf)

L =T +AtL,. (2.19)

AT, = Auyy S(1Gn). (2.20)

where A7, is the amplitude of the load torque ripple, and s is Laplace operator. The load
torque ripple Aty s the nth. order sinusoidal wave. As a result, the periodic speed ripple
Aw,, shown in Fig.2.9 is expressed as

Arip = Aoy SN(1Orn + Qo ). (2.21)

where A4, 1s the amplitude of the speed ripple, and ¢, is the phase of the speed ripple.
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CHAPTER 3 EXTENDED ELECTROMOTIVE FORCE VOLTAGE MODEL AND
THE POSITION SENSORLESS CONTROL BY DISTURBANCE OBSERVER

Chapter 3

Extended electromotive force voltage
model and the position sensorless control
by disturbance observer

3.1 Introduction

As discussed before, to drive the IPMSM, coordinate transformation is adopted. In
coordinate transformation, the position information is necessary. In normal cases, the
encoder has been taken into Field Oriented Control(FOC) system [1]. Since the encoder
has some problems, such as making the system more expensive, decrease the robustness
etc., a position sensorless control method is necessary.

This research is aimed at low-frequency vibration control. And the compressors almost
work at a constant speed for a long times, there is no need to high speed response. For this
reason, the position sensorless control method by Extended Electromotive Force Model in
[2] has been taken in this research.

In this chapter, the position sensorless control method by Extended Electromotive Force
Model is shown. And then, the rotor position and speed estimation method with

disturbance observer is proposed. The characteristics of the observer estimation is also

shown.

3.2 Mathematical models:the definition of Extended
Electromotive Force Model

In this chapter, circuit equations of PMSMs, which are used as mathematical models for
sensorless control, are discussed on two kinds of coordinates. These coordinates are the d-
q rotating coordinate and the o- fixed coordinate, which are defined in Fig. 3-1.
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3.1 INTODUCTION

Fig. 3.1 Coordinates of PMSMs.

The voltage equation of PMSM is shown as eq.(3.1).

v R,+pl, -w.L, ||i 0
‘= S 3.1)
Ve Ol Ry +pL || i ®,D s
By transforming matrix [c], the voltage equation of PMSM in the statistic axis(« - g) 1S

shown as eq. (3.2),

Va R ia ia Coszefffe sin 20’Tf€ ia K —sin Hrfe
= + + . +
Vg ig Py ip ph sin26,, —cos20,, i D cosf,, 3-2)

where,

Ly= (Ld+Lq)/2 , L]Z(Ld-Lq)/2.
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In IPMSM, as L;#0, 26, in eq. (3.2) is left. And it will make the PMSM voltage equation

more complicated. To solve this problem, a voltage equation in [2] with Extended
Electromotive Force Model is shown as eq. (3.3).

Va | _ R la + pLd a)”fe(Ld - L’Z) la
Vp ip — re(La — Ly) pLa ip

+ {(Ld - Lq)(wrfeid ~ i )+ oK i )[— sin 6, e} (3.3)

cos O

Here, the third part in the right the eq. (3.3) is defined as Extended Electromotive Force
e . And it is shown as eq. (3.4).

Ca o —sin O
Cap = = {(Ld — Ly ) feia —ig) + we KE (3.4)
ep cos Oz

With eq. (3.4), the Extended Electromotive Force vector can be got. In this way, the rotor
position estimation can also be achieved.

3.3 The position estimation with disturbance
observer|2]-[6]

As discussed in the previous section, the Extended Electromotive Force Model includes
the position informationd, . In this way, it is possible to get the position information. In

this section, the explain of the disturbance observer with the Extended Electromotive
Force will be given. And then, the pole design and estimated characteristics of
disturbance observer will be shown.

3.3.1 Linear state equation

From the new model of (3.3), the IPMSM can be described by a linear state equation as
(3.5). Here, the state variables are stator current i and EEMF e . The system’s input is the
stator voltage v and output is the stator current i . Assuming that the electrical system’s
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3.2 MATHEMATICAL MODEL

time constant is smaller enough than the mechanical one, the velocity @, is regarded as a
constant parameter

d | iap Air A | iap Bi 0
- = + Vap +
dt| eap 0 Axn| e 0 w

iaﬁ _C. |:iaﬂ :| (35)

€af
where
Vo = [Va Vg ]T
. . . T
lop = [la g ]

T
Copf = [ea eﬂ]

La— Lq)

A= —(L%[)[ + {rse +J

1
A =(——)1
=)
A2 = weJ
1
Bi=(—)I
=)
C=[1 o]

C . . —sin Oy
W =(Ld — Lg)(@ela —ig) + ((Ld — Lq)ia e + @rfeke)

cos Ofe

=(Ld — Lg)(rfeia —iq) + @rfe (ke + (Ld — Lq)ia )[
cos Be

1 0
J =
0 1
0-1
J= .
I 0
The output equation is shown as eq. (3.6).

iw=U0TW} (3.6)

(73]

—sin Oy }

The W term in (3.5) is a linearization error. This term appears only when i; or i, is
changing. However, under the velocity control this happens in a very short time because
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of the high response of the current control loop. Besides, the proposed disturbance
observer has an embedded low-pass filter which can cut off the effect of .

3.3.2 Configuration of the disturbance observer

To get the Extended Electromotive Force, the minimum dimension observer with the
linear equation eq. (3.5) has been structured.

lop = AtliafS + A1280p + Bivag

é’aﬁ = A22éaﬂ + G(faﬁ —l:aﬂ) 3.7)

= A11Gigp + (A12G + A22)éap + B1Gvap — Giap

Here, "~ "is the estimation value and G is the observer gain, which isG=gl+g,/

feedback gain. In eq. (3.7), the current differentiali is also included. The current detected
by the current sensor is directly derivative. To avoid the enlargement of the high-
frequency noise, the intermediate variable# has been used in the real application.

é: = éaﬂ + Glaﬁ

. . (3.8)
é: = €ap + Glaﬁ
Take eq. (3.8) into eq. (3.7), eq. (3.9) can be got.
& = (412G + A2)E + BiGvap + G(A1 — A12G — A22)inp (3.9)

ap =& —Glap

Eq. (3.9) is the same as eq. (3.7) as the construction of disturbance observer. In a real
application, eq. (3.9) is used to calculate the Extended Electromotive Forcee.
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3.3 THE POSITION ESTIMATION WITH DISTURBANCE OBSERVER

3.3.3 The pole arrangement and estimation characteristics of

disturbance observer

The Extended Electromotive Force error is defined ass=¢-e. With eq. (3.5) and eq.
(3.6), eq. (3.10) is got.

éz&w—&wz(An+Aqu

3.10
= —§&I+(@ﬁ—§2}18 10
La La

Here, the poles of the observer are arranged as—of + &/ and is shown in Fig. 3.1. As a

result, eq. (3.11) has been achieved.
é=éup—éap=(—ad+ ) (3.11)

In this way, the gain of the observer is shown as the following equation.

g =al,

3.12
gzz(a)re_ﬂ)l’d ( )

Im

Re

Fig.3.2 The poles arrangement of observer.
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To keep the observer stable, « >0, and the poles must be arranged in the left part in Fig.
3.2. To achieve the observer gain like eq. (3.12), the transfer function F,4(s) related to the
real Extended Electromotive Force eqsand estimated Extended Electromotive Force éqp is
shown as eq. (3.13).

. * T T
l e
@im | plspeed Pl Curent Y| dg ae/ n PMSM LOAD
+ Controller Controller af uww ' o o
A ( A ) illVW'
lq Id =0 R
Grfm uv%ﬂ Encoder  Accelerometer
aof .
dg 0\ lop
Pole pairs |:%;| Vap
é)rfm [1/] d)rfe Derivative érfe
K i Observer

Fig.3.3(a) Position sensorless speed control system of PMSM.

Cup IPMSM |
V(Zﬂ - laﬂ

MR+ pLa )1 - (La— L) I}

o (R+ pLa )T =g (Lu — Ly )
e
€aB [ Filter Fus N
Observer

Fig.3.3(b) The construction of disturbance observer EEMF.

éaﬂ = Faﬂeaﬂ.
al — pJ + wwe
(p+a)+p°

(p+a)i+p7) G139

Fig. 3.3(a) shows the position sensorless speed control system of PMSM using the
position observer shown in Fig. 3.3(b) which includes the filter F,4 to remove noise

caused by modeling errors, arrange the pole = m,%, The filter characteristics is given as

-33 -



3.3 THE POSITION ESTIMATION WITH DISTURBANCE OBSERVER

éap=cd{(p+ ) — O | eap = Fapeup, (3.14-1)
where
Fy=ad{(p+a)—wwpJ} " (3.14-2

3.3.4 Construction of Position Sensorless Control System.

This paper utilizes the Extended Electromotive Force (EEMF) observer as a
position estimator to construct the sensorless control system [2]. The voltage equation for
IPMSM on the stator frame coordinate (a-f axis) is given by

Vap ={(R+ pLa)] —@re(La — Lg)J }iop + €ap. (3.15-1)

eap ={(La — Ly @ia — piy) + KoY Je™"* (3.15-2)

where

cosGye —sinbp do,y.
JOre __ . rfe
e { s Orfe = : (3.15.3)

Sin B, coS Orze

where eq. (3.15-2) is defined as EEMF e,z = [e, e/;]T. In eq. (3.15-1), v, and vy are the
voltages on a-f axis, i, and iz are the currents on a-f axis, R is the stator resistance, L and
L, are the inductances on d-q axis, and p is the differential operator. Since EEMF has

information on the real motor position 6,5, the estimated motor position érfm is
obtained by EEMF observer shown in Fig. 3.2 and eq. (6-16-1) and (6-18-2).

o —larctan _ G 3.16-1
rfm P eﬂ s ( . - )

LU U
=0 (177 of (3.16-2)

Fig. 3.2 shows the observer which includes the filter F,4 to remove noise caused by

where

modeling errors. The filter characteristics is given as

ap =t {( p+a)l — oy }_1 eap = Fupeap, (3.17-1)
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where

Fup=al{(p+a)] —wpJ) .

and -a is the designed real axis pole of EEMF.

A e
O = arctan | —— |.
ep

O = L arctan L erfe.
P eps P

Thus, é,p is estimated by the EEMF observer.

The estimated speed @, sy, is obtained with the derivative filter as follows:

~

0}"}7’1-
+1

a/\)rfm =

where 7 is a time constant of the derivative filter.

(3.17-2)

3.18-1)

(3.18-2)

(3.18-3)

3.4 The observer for estimating d-q axis component of EEMF

_______________________________________________________

y

€dq

Fig. 3.4 The observer for estimating d-¢g axis component of EEMF.
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Fig. 3.4 shows the observer in d-g axes, the model in the d-g axes is obtained by
transforming eq. (3.15-1) and (3.15-2). Considering eq. (3.19-1) into d-q axes, the voltage
equation and the EMF equation can be shown as follows

oIADet COSAwt —sin At
sinAwyt  cos At

} :AOy = Aoyt (3.19-1)
Vag = {(R+ pLa)l —Awre(La — Lg)J Yiag + €dq, (3.19-2)
eiq ={(La — Ly pia — piy) + K3 Jg” 20,

Vag={(R+ pLa)l —A®re (L — Lg)J Yiaq + €. (3.19-3)

From eq. (3.19-2) and eq. (3.19-3) as flowing equation is derived
eiq =(ADse —Aorse)(La — Ly )Jiag + edq. (3.19-4

Because in eq.(3.19-4), A&, s, includes high -frequency noise due to imperfection
of motor model, which means ey, will not be equal to ey, the filter Fy, is applied to
observer. As the a result, high-frequency noise of Ad@,r, will be reduced, which means
edq = €qq-

The position error 66,.= O..— @t (Where @,z is the speed average of wyr, @ =

1 pta+T,

= Jia wyfedt , 1, is arbitrary time in one period 7, , and 0,1 = @t) by torque ripple
T

ATy, 1s glven as

00,7 = arctan (— i—dj =arctan (— 5). (3.20-1)
q
A@B0) = wetan (D A2 =1 AL
AE = eq0 \eq —zedo \e, .
eqo (3.20-2)

€q0 \ea — eqo \ey
- 2

) = KiAes — Kquq.
€do +eq()

In the same way,
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equed €do \éy

A 2
edo +qu

A(§9rfe) = = Kahés — K, Aé. (3.20-3)

where 6, and @rfe are the real position and estimated position by providing the

perturbation, respectively.
Assuming that at the steady state operation point estimated on d-q axis coincides
with the real d-g axis, eq. (3.21-1) can be got. As a result, eq.(3.21-2) can be given

€do = €do, €0 = €qo. (3.21-1)

Ki =K, K, =K, (3.21-2)

From the eq. (3.14-1), and with the eq.(3.16-2), the filter in the rotation coordinate (d-g
axis) is given by

e (p+ ) ~omd je' ™ e bup = lleap. 3-22-1)

e "\ +(p+ ) — Bt jg7 " buy = dleay. (3222

Where e/®rret is rotation vector. As mentioned above, the vibration of Aw= @y - @y is
very small, the rotation vector can also be used.
The estimated back EMF from eq.(3.22-2) is shown as

ed . o o ed
|:A :|: Iedq = _]edq = |: :|
€q (p+a) (p+a)|e

e (3-22.3)
= qu .
€q
(04
Faq = : (3.22-4)
pta
The giving perturbation to the eq. (6.22-3), eq. (3.23) is driven.
Aéq a | Ael a | Aes
~ |7 = . 2
Aeg | pralAe;| p+alle (3-23)
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From eq. (3.20-2), (3.20-3), (3.21-1), (3.21-2) and (3.23), the relationship between real
position and estimated one is given as

ABp  PAOgin  «
Abs PAOsn p+a

(3.24)

Assuming that : the position angle error 66,rp, = érfm- .sin 15 sufficiently small
(c0s6 6, = 1); the current controller on d-§ axis is performed as an ideal state because
current controller loop gain is high enough when the SCRC is operated in the relatively
low frequency region; and ;= 0, the motor torque 7. is given as eq. (3.25) where i, is
the current on the estimated g-axis calculated by @rfm. As a result, the relationship

between the real speed and the estimated speed is given as the first-order low-pass filter
shown in eq. (3.22-4).

T. = PK. iy = PK.iy oS 8Oysm = PK.iy = PK.i}" (3.25)
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CHAPTER 4 VIBRATION SUPPRESSION CONTROL BY THE REPETITIVE CONTROL

Chapter 4

Vibration suppression control by the
repetitive control (the conventional

method) [2] - [5]

The repetitive control is excellent in the learning ability of the periodic signal
generation and removal. Moreover, learning control method that can be relatively easy to
implement is a repetitive control. In this section, we discuss the repetition control used in
the conventional study.

In section 4.1, as a characteristic of the repetitive control system, the basic
operation and the frequency response characteristic of the repetitive compensator iis
described. In section 4.2, as a stabilizing method to stabilize the repetitive control system,
a time lead compensator, is introduce incorporating repeatedly control with the Fourier
Transformation expansion processing. Then, taken up the basic repetitive control system,
the stability of the vibration suppression control system is dicussed. In section 4.3,
actually, when implementing such as in the DSP, we describe the algorithm of repetitive
control algorithm and Fourier series expansion process in the discrete-time system is
described. In section 4.4, the vibration suppression system in the conventional method
will be briefly described on the figures.

4.1 Basic characteristics of the repetitive control
system

The repetition control is a control system incorporating a repetitive compensator, a
servo system for the purpose of highly accurate tracking of the target input for any period
T, (feedback system). In order to follow without any steady-state error in the cyclic target,
the input is prerequisite to contain generation model of the target signal within the closed
loop based on an internal model principle. Periodic function generation mechanism of
period 7, with respect to the target input of the period 7, is realized by utilizing the dead

-s Tr

time element e~ . If you give a periodic function of any cycle 7, to the system, including
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4.1 BASIC CHARACTERISTICS OF THE REPETITIVE CONTROL SYSTEM

the dead time element e* 7", a periodic function generator, which is repeatedly output for
each period Tr. It shows a block diagram of a repetitive control system to Fig.4.1. In the
basic configuration of the repetitive control system shown in Fig.4.1, the repetitive
compensator has a relatively large dead time 7, as compared to a delay of the control
target, the compensator is realized to satisfy the internal model principle by utilizing dead
time element e¢* 7", The transfer function of the repetition compensator is given by (4.1).
In addition, it shows the basic operating principle diagram Fig.4.2.

e—s]j. 1 (4 1)
—sT,

A T

The internal model principle [5] states that for asymptotically tracking a reference
command by the output of a closed-loop system, a realization (model) of the
disturbance/reference generating system should be included in the feedback loop. As a
well-known example, signals with a DC (w=0) content can be modeled using an
integrator, and the inclusion of integral action in the feedback controller prevents steady-
state errors for constant references and disturbances. A discrete time integrator is a
positive feedback over one delay, implying that one memory location is used to store the
integral value. With zero input the integral value updates itself by the positive feedback
loop.

Similarly, for periodic signals, a memory loop can be used which generates an
output at frequencies kw;, with k integer and w, the period frequency. In a memory loop, a
signal with period 7.=27/w, is stored in a FIFO buffer (first in/first out). Depending
on 7; and the sampling frequency a number of memory locations are needed. If a positive
feedback is put over this FIFO buffer, in the steady state no input is needed to generate an
output with period time 7;. Such a periodic signal has a discrete frequency spectrum with
peaks at w=kw,. A block diagram of a memory-loop with period time 7; is shown in Fig.
4.2 (a).

The repetitive compensator, a continuous system is a compensator adding the input
to the delay by the period 7, of input-output, having a fundamental wave and memory
properties with respect to the harmonic components of the cycle 7,. For example, as
shown in Fig. 4.2 (b), when a sine wave input of one period of the cycle 7, and the output
y is outputted with a delay period 7.

Bode diagram of the open loop of repetitive compensator shown in Fig.4.3. From
Fig.4.3, the period nT, the gain of the frequency component of (n = 1,2,3, ...) can set to
infinity, can be superior steady-state characteristic. That is an input for a frequency
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component of the periodic n7,, can make the difference to zero. The robustness is ensured
against external disturbance having a frequency component of the periodic n7,.

P(s) y

Compensator

Fig.4.1 Basic configuration of the repetitive control system.

+

u _:l‘ eiST" y
Input Output

(a) Block diagram of the repetitive compensator|[5].

) /\ t
VARV,

(b) Input and output characteristics of the repetitive compensator.

Fig.4.2  The basic operating principle diagram of the repetitive compensator.
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Gain [dB]

10° ’
Angular frequency [rad/s]

Fig. 4.3  Bode diagram of the repetitive compensator.

4.2 Stabilization technique of the repetitive control
system

In the repetitive control system, repetitive compensator has a larger dead time
element 7, compared to the delay of the control target, and, since it is a positive feedback,
is intact it is difficult to keep the control system stable. Therefore, it is forced to insert a
current regulator for maintaining the stability of the control system to the control system.
How to determine the stabilization technique is a very important factor for performing the
repetitive control stably.

4.2.1 Time lead compensator

The most important factor in suppressing periodic noise or disturbance by
repetitive control is the relationship between the phase and noise compensation signal by
repetitive compensator or disturbance of phase. The plant to be controlled has its own
frequency characteristic compensation signal because the phase is changed by the
frequency band while passing through this plant. There is a possibility that it becomes
impossible to cancel the external disturbance signal. Therefore, the control system is
stabilized by inserting the time lead compensator for adjusting the phase of the
compensation signal.

The basic operation principle of the time lead compensator is shown in Fig. 4.4.
Time lead compensator may be realized by being placed in a repetitive compensator

-sTr

series with a dead time element e”"". However, since it is impossible to actually realize

the advance time, Fig 4.4 (a) is converted into an equivalent block diagram of Fig. 4.4 (¢),
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¥, is delayed from y," is sun of input signal u and output signal y, of the repetitive
controller by 7, , and y is delayed T,(1-k,/N). As a result y is ahead to y, by T,k»/N.

Input 2t v - Output
[0 _ T o 72
T R = o PEd

+

(a) block diagram incorporating a time-lead compensator for a repetitive compensator.

T

A r

(b) Input and output characteristics of the time lead compensator.

Input .t - Output
u -, e_STr(l_Jéj y
_I_
Yo _ky
|_ o NSTV

(¢) Equivalent block diagram of (a) for repetitive compensator.

Fig. 4.4 The basic operating principle diagram of the time lead compensator.
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4.2.2 Repetitive control system incorporating the Fourier

transform

As described in Section 4.2.1, the phase characteristics of the control system,
depending on the configuration and the control target of the control system because they
may vary greatly with frequency, described above with respect to a plurality of
disturbance components having different frequencies.When you do repetitive control, a
disturbance component sometimes diverge and can not be suppressed. Therefore, in some
cases in order to keep surely stabilize the control system performs the phase adjustment to
the harmonic components each (set of appropriate k), it is necessary to learn the
compensation signal.

This can be done by extracting only specific components in the input signal u by
using a Fourier transform process as Fig.4.5. The compensation signal is leared by
repetitive compensator only for the particular component extracted by FT.

u Fourier o~ —sT. J
Input | Transform(FT) | 7+ € output

Fig.4.5 The repetition control that incorporates a Fourier transform expansion

Extraction of a specific frequency component by Fourier transformation processing
is performed by digital signal processing. Where the detected signal u and a, arbitrary
periodic function f{?) of period Ty [sec], it is expressed by Fourier transformation as
shown in eq. (4.2), the coefficients an, bn, are expressed as the eq. (4.4) and eq.
(4.5),respectively.

u)= f(t)=ao+ ian cos(nawt) +ibn sin(nat)
n=l1 n=1

= Ao+ Y Ansin(nart) +

n=1

(4.2)

1 o (4.3)
a, = 4, -7 [ rwar
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a, = %J? f(t)cos(namt)dt (4.4)
b, = T%J;rf f(@)sin(not)dt (4.5)
(4.6)

a’+b’ @, =tan” (

Here, w is angular frequency corresponding repetitive period 7y @=2n/T,, A ¢ is the
DC component of the detection signal, 4, is the amplitude of nf harmonic components. In
this paper, since the harmonic components generated by the n times the frequency of the
mechanical angle drive frequency f of the motor is referred to as nf harmonic components.
nf harmonic component The u, (?) is expressed by (4.7) , as follows

un(t) = ao +an cos(nat) + bn sm(nat) (4.7)
= An sin(nat + ¢n)

The angular frequency is corresponding to the mechanical angular speed of the motor.
From (4.4)and eq. (4.5) above, using eq.(4.7) equation, the harmonic components of
different frequencies are mixed in the detection signal u(?), the nf harmonic component
uy(t) can be extracted.

4.2.3 Stability of repetitive control system

D(s) Periodical disturbance

Input Control object N l

UGs) —

Output
P(s) [0 > Y(s)

>0

Compensator Modified repetitive compensator

C(s) [+ el ¢ F(s) [—o—

I+

Fig.4.6 The repetitive control system for the periodic disturbance rejection.
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D(s)
1-F(s)e*"
+
Us) | P(s) - F(s)e " "——5 1) 1 - C(s)P(s) _‘|
+

e F(s)

Fig.4.7 Equivalent block diagram of Fig.4.6 focusing on the output Y (s).

Now the stability of a repetitive control system is considered. Figure 1 shows a
block diagram of a repetitive control system for rejection of periodic disturbances. In the
diagram, Y(s) is the control output, and P(s), C(s), F(s), and D(s) are, respectively, the
transfer function of the controlled object, the transfer function of the repetitive
compensator, the transfer function of the repetitive compensator’s filter, and the periodic
disturbance. Here, the transfer function focusing on output Y(s) of the control system is
given by

Y(s)=e """ F(s){1—C(s)P(s)}Y (s) +{1— F(s)e”"" } {D(s) + U(s)P(s)} (4.8)

From the eq. (4.8), if attention is focused to the output Y(s), the equivalent block diagram
of Fig.4.6 consists to the equivalent block diagram as shown in Fig.4.7. By virtue of the
small-gain theorem, the sufficient condition for stability of the control system in Fig. 4.7
is given by

|F(jo){1-C(jo)P(jm)}, <1 Vo 4.9)

In eq. (4.9) , a 1-input 1-output in all the frequency domain of the scalar system, if the
control system less than one- loop transfer function is stabled. This is a sufficient
condition, the system in which the phase is rotated as repetitive control, be close to the
requirement in the high-frequency region. In particular, | F (s) | = 1, the stability condition
of the control system of Fig.4.7 is given by

1-C(jo)P(jw) <1 Vo (4.10)
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4.3 Algorithm of the control system in the discrete-
time system

4.3.1 Process of the Fourier Transform(FT)

Fourier Transform algorithm in the discrete-time system is shown in Fig.4.9. Since
the period 7y of the FT process is changed in synchronization with the drive frequency f of
the motor, It is calculated by using the magnetic pole position information obtained by
cycle Ty for each cycle of the FT expansion from the estimated érfm. Incidentally, when
outputting the nf harmonic component from the FT process is used Fourier coefficients
obtained in the previous cycle.

The summary is described of the operation of the cycle j + 1 with an operating principle
diagram shown in Fig.4.9.

(a) Signal detection

One period T [sec] of the FT expansion and at each of the sampling time (synchronous to
the carrier frequency of the inverter), the values obtained by multiplying the cos(nw?) and
sin (not) to the input signal f'to the DSP (¢ - ;) are calculated respectively.

(b) Fourier coefficient calculation
Determine the period 7y of the Fourier transform expansion, are obtained by integrated the
values calculated in (a), the Fourier coefficient a, (t;+ 1) and b, (t;+1).

(c) Signal output
J th cycle of the FT of a, (1)), b, (t) which are outputs f (¢;) of nf harmonic component j +
I in the cycle by using the eq. (4.7).

4.3.2 Adjusting method of repetitive control parameters [7]

In the section 4.2 was explained the stabilization technique of repetitive control
system, the control system in Fig. 4.1 is stable if eq. (4.10) is satisfied. In the proposed
control system in Fig. 4.1, only the nf components of the frame vibration are input to the
repetitive controller, and therefore, the sufficient condition for stability of the control
system is given
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7 th period j+1th J+2th

f(t)/\ /\ -
\/ ViV

. Tf < S

(a) Detection |« > >
fp F@ip JACTRSY

. t t

(b) ~ Calculating 2, (), b, () T @y ji2) b, 5
a,(t; ). 0,0
(€}  Output fe > > >«
S0 £, @) | Fulii) | ;2

[t} : Detected signal ~ f,{¢) : n th component of f{(f} a,, b, : Fourier series

Fig.4.8 Algorithm process of the Fourier Transform

|1 —C({wn)P (jow,) || <1 (4.12)

However, w, is the angular frequency of nf components of the frame the vibration that
has been extracted. For components other than @, components to be excluded by the
Fourier transform

Cjw)P (jo)=0,
Therefore, (4.13)
1= C(w)P (jo)[[=1

Here on is the angular frequency of the nf component of the frame vibration. Eq.(4.13)
means that the operating point corresponding to @ = ®, on the Nyquist locus lies within
the unit circle as shown in Fig. 4.9. Thus, the parameters must be set so that no operating
points exist outside the unit circle. Consider, for example, the operating point 40 in Fig.
4.9. Since this operating point lies outside the unit circle k1 and £2 in Fig. 4.11 must be
changed so as to move the point into the unit circle. The proportional compensator k1 can
be varied from 1 + ;O to the operating point, and the phase compensator e(k2 / N)sTr can
be adjusted around 1 + ;O ; therefore, the control system can be stabilized by appropriate
setting of k1 and k2. The stability of the control system in Fig. 4.9 is maintained if the
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operating point is moved to A1, but this is not desirable from the standpoint of
convergence. Therefore, the operating point must be moved into a part of the unit circle
that offers good convergence.

stabilizable

desirable

Fig.4.9 Example of a parameter adjustment due to repetitive controller.

4.4 Conventional method: vibration suppression
control using the repetitive control

In this section, the literature [2] - [4] in the conventional vibration suppression
techniques has been proposed briefly described with reference to the figures.

(1) The method used in the literature [2] - [3]

Fig. 4.10 in the literature [2], shows a system overall view of the techniques that have
been proposed in [3]. In these methods, to detect the frame acceleration a, by the
acceleration sensor for SPMSM under torque control, and generates a compensation
signal i, by inputting to the repetitive controller. The compensation signal i. is
superimposed to the g-axis current command value, vibration suppression is performed.
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Repetitive controller

/
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1

1

J

Current
PI Controller

— Inv.

Encoder

Accelerometer

Fig.4.10 Method of the literature [2] and [3].

(2) The method of the literature [4].

the literature [4]. This technique by applying the technique of [2] to the position
sensorless speed control system of the PMSM, the vibration suppression control method
that does not require a position sensor have been proposed. In [4], using the vibration
detection sensor (acceleration sensor) generated only the compensation current signal,
and generates a polynomial of the compensation current signal in the steady state.
Thereafter, by performing feed-forward compensation using the generated compensating
current signal is realized the position and acceleration sensorless vibration suppression

rfim

e g

P(s)

Speed
PI Controller

[0
o f
Repetitive controller FT [$———g----—cooo—___
I
1| AMP&LPF
* T,
Current v l . 1,
| PI Controller Inv. /o PMSM LOADl
-l . A = o
1 [ T
~ Encoder Accelerometer
erfm [ oatt @
- fin Derivative |___’ rfin
IZI Pole pairs filter
S O Derivative | e y D
filter 12

control.

Fig.4.11 Method of the literature [4].
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Fig. 4.11 shows the system overall view of the approach that has been proposed in
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In motor-drive application, causes of torque ripple are roughly categorized as either
motor-based or load-based one. The factors based on motor include cogging torque and
spatial harmonics of flux, which presents a high-frequency torque ripple such as 6" 12" and
18" harmonics of motor electrical speed wye.

Other hand, including in the compressor of interest in this study, the vibration
caused by the torque ripples based on load side consist of load torque ripple such as load
structure. They present torque ripples with torque ripples relatively low-frequency such as
1/P. 2/P, 3/P (P = number of motor pole pair) or 2nd harmonics of motor electrical speed.
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CHAPTER 5 SPECIFIC COMPONENT REDUCTION SYSTEM (SCRS)

Chapter 5

Specific Component Reduction System
(SCRS) [(Proposed Method)]

In the previous chapter, the excellent removal ability of the repetitive controller
with Fourier Transform for the periodic signal has been described. However, the
repetitive compensator has large gains in the frequency and multiples of it as shown in
Fig. 4.3, it amplifies high-frequency noise. Hence, under the sensorless control, it is
adapted to contain the noise is difficult. Therefore, this chapter discusses the Specific
Component Reduction System(SCRS) developed from the repetitive controller, which is a
conventional method. The SCRS is composed of the speed controller and Specific
Component Reduction Controller (SCRC) which comprises Fourier Transformer(FT) and
the compensation signal generator (SG).

In Section 5.1, the characteristics of the SCRS, and the basic operation of the SCRS
are described. A comparison of SCRC with the repetitive controller described in Chapter
4 is explained. In Section 5.2, as a method for stabilizing the SCRS, the integral gain and
phase adjustment function is described.. In Section 5.3, Actually, the algorithm and
Fourier series expansion process of SCRS in the discrete-time system at thetime of
implementation installed in the DSP are explained. In Section 5.4, we describe the

position and acceleration sensor-less vibration suppression control system is proposed.
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5.1 Basic characteristics of the SCRS

; (0]
Specific Component rfm
Reduction Controller(SCRC)
L N O S _
1 1
1 * : * 1
1 @fim PI speed PI Current dy N aﬂ/ ? T, Ty :
| PP Conoller e A IR e R pmsM [ Loap | !
1 - 1
1 - m 1
1 Aon 1
! Ty(ia =0) |
! érfm Luw !
1 1
\ af ) Encoder  Accelerometer \
1 1
: ) . |
| Pole pairs E/;I of lap |
1 1
1 1
1 n R 1
1 I 1
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7 | Derivativ e
Vo Do Observer
1 1
1 1

Fig. 5.1 Overall proposed position sensorless vibration suppression system with SCRC.

Specific Component Reduction Controller(SCRC)

~

./ Phase : ier )

Compens?tlonl compensator Memories TFoulger |
mgfla : ’ Anﬁsum s An ransform i é)rﬁn

le<— SG / FT &=

' Bn_sum S B .

Fig. 5.2 (a) Original form of the SCRC.

Specific Component Reduction Controller(SCRC)

____________________________________________________

Compensation Phase 3G’ Amplitude Fourier )
signal  1-- compensator ____SU_ ., compensator Transform
i | T l; | An_sum ki A, :(br i
le < Sy SG o~ FT k-
L€ \ By sn LS B, ;

Fig. 5.2 (b) Equivalent form of the SCRC.
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The whole speed sensorless anti-vibration control system is shown in Fig. 5.1. A
modified anti-vibration controller called SCRC is proposed in Fig.5.2(a) and (b). In the
SCRC, Fourier coefficients An and Bn are extracted by FT, and integrated to generate a
compensation signal An_sum and Bn_sum. ki is the integration gain, and ¢cn is the phase
compensation gain. The SCRC is unlikely to amplify high frequency noise of 8, Fm-

As there is only one target fluctuation frequency component 1/7, left after FT in
Fig.5.2(b), the output signal of SG and SG’ are shown as follows:

i; = An_sum cos(érﬁn) +B, sin( rfm) , (5.1)
Ic = An_sum COS(érﬁn + @cn) + Bn_sum Sin(er in + QDen )

2 .2
= An_sum COS(% t+ (Dcn) + Bn_sum Sln(Tﬂ-t + ¢cn) (5.2)

,where T, is the cycle time of rotor mechanical angle, which is constant in steady state. 4, sum
and B, ., can be calculated as:

Anisum = n sum + k jA (t)dt (5.3)

— RO .
Bn_sum — Dn_sum + kl LBn (t)dt .

Take eq. (5.3) into a discrete one, which includes the cycle time 7, . It can be expressed

as :

(I?;,t)m - Algk)sum + kiEAr(lk) (54)

k k k
o = B hum + ki T.BP

The calculation of the signal after SG in Fig.5.2(b) is shown as follows:

n_sum n_sum

D = 45 cos(T t)+B*Y sin(zT—ﬂt). (5.5)

(k)éum COS( T t) + B, (k)sum Sm( T )

r r

+ kT A4S cos( T 1)+ B m(zT—” £)}

I" r

In this way, eq.(5.5) can be expressed as eq.(5.6):

i =i T A =i + AP (5.6)
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At last, the compensation signal i, in Fig.5.2(a) is rewritten in discrete form as follows:

: 2

r

. (27
r(,k_)sum Sll’l _t + ¢cn .
T,

7

(5.7)

With eq.(5.5) to eq.(5.7), SCRC in the form of Repetitive Controller can be established.
It is shown in Fig.5.2(c).

.7 Repetitive - Fourier
Compensation ! Phase p Amplitude .
signal , compensator  compensator ~compensator Transform ;
| 10 Pttt ! A
. 1 T le ! (k+1) 1 (k) A Ar o A !
lc%—l STQL'n < e_STV % : AlL k’T Orf SG n FT | rfm
1 v ! 1+ 1
| ¢ | o Bn H
' | L_ i V2
RS IS ebebububute iuiuiuiuiutubut N I B st
¢ T

Fig. 5.2 (c¢) SCRC in the form of Repetitive Controller.

From Fig.5.2(c), it can be known that SCRC has no influence of estimated position 8, Fms

which includes high-frequency noise. And this form of the SCRC is taken into the system
analysis in the next section.

Consequently, the stability criterion for determining compensation gain of k; and ¢cn in
SCRC can be discussed in the next section.

5.2 Stability analysis of proposed system
5.2.1 System Stability

Po(s)/” A lAQ,-,,,, Y
! Speed PI i
E Gy(s) i
1 " 1
E AQrﬁn AQr/m i
1
T, sk, i Torque Eq. [AZe ATy Motor Mech. Filter in Obs. |
T ; ¢ l’ e AL ALL_Gi) +_5T Gy(s) Gy(s) i
1
\ AT, ;

S

kT,

Fig. 5.3 Proposed system diagram of the linear approximation
vibration suppression system.
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By using the equations (3.25), considering eq. (2.18) and eq. (3.24) with respect to the
perturbed variables (Aly,, A€y, and Aﬁrfm) around the steady state operating points (/0
Ofino, and ﬁrfmo), AT, = L{Ac,)}, Fig. 5.3 is obtained. In Fig. 5.3, the transformation G(s),
G1(s),G3(s) and Gy(s) are given

Gi(s) = Af; = PK.. (5.8)
g

AQrfm . (Jf + Jr)s2 + DfS + Kf

G:(s) = . 59
)= Jos(Jrs* + Drs+ K ) (59
AQ i
Gi(s)=—tn =% (5.10)
AQrﬁn S+a
ref )
Gi(s)= 2L __Kpst K (5.11)
Q. fin N
Aﬁifm
Po(s)=
h()==31 (5.12)

=[1+Gi(5)G2(5)G3(5)G4 (S)]_1 Gi(5)G2(s)Gs(s).

where G(s) is the torque constant by eq. (3.25), G2(s) is the transfer function of the motor
and load mechanical system from eq. (2.18), G3(s) is that of the filter in observer derived
from eq. (3.24), and Gy(s) is the PI speed controller gain. Al. is generated by the repetitive
controller to suppress estimated speed ripple Af2, sm -The load torque ripple AT}, is regarded
as a disturbance torque.

Because the characteristics of Po(s) in Fig. 5.3 shows that the Py (s) decreases high-frequency
harmonics or noise, and FT extract only target frequency 10[Hz] into SCRC. As a result,
SCRC will not amplify high-frequency noise or harmonics. While in this time, the proposed
system doesn’t amplify high-frequency harmonics or noise. In this way, the concept of
system analysis shown in [4] [5] [7] [8] can be taken in the stability analysis of the proposed
system.

AT,
—1 G(s) = 1-¢ "

t o AQu

1-C(s)Pa(s)

+

~sTr

Fig. 5.4 Transformed equivalent block diagram.

-59 -



5.1 STABILITY ANALYSIS OF PROPOSED SYSTEM

With the input signal Af, sm.» the block diagram shown in Fig.5.3 is transformed into one
shown in Fig. 5.4. With the small gain theory[5], and [6]-[8], eq. (5.12) can be got

1= C(jan)Po(jon)

The transfer functions in Fig. 9 are shown as follows:

<l. (5.13)

z,
C(s)=kTe . (5.14)
G(s) = AE:ZM = G2 (5)Gs (s). (5.15)

Where Po(s) : transfer function of motor and the torque Al to AQ, Fm-
C(s) : transfer function of proportional compensator and time leading element.
G(s) : transfer function from AT} to AQ, Fme

5.2.2 SCRC parameters k;, @,

Fig. 5.5 shows the Nyquist plot of /-C(jawn) Pojewn). The Nyquist analysis is considered
according to the criteria expressed in eq. (5.13). If the operation point A” stays out of the unit
circle, the SCR-System is unstable at this point. Then, an operating point can be moved into
the unit circle by reversing the sign of &; as shown in Fig. 5.5(a) (A”—A). Reversing the sign
of k; means phase shift by n. However, B” shown in Fig. 5.5(b) can not be moved into the unit
circle by reversing ;. In such a case, the operation point can be moved into the unit circle by
using the phase compensator gain ¢cn (B”—B).

unit gircle

desirable

A A A”
0 0 (1+j0) :
k=|-5.0 ki=-17 k;=|5.0
03
sta#le !
J ’

-l 05 0 05 1 15 2 25
Re

Im

(a) Case A: when the operating point exits outside of the unit circle (ocn = 1.8), and
reverse signs of k;.
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pre “unit|circle . B” k=-5.0
g N P40
AN
0.5
// desirable \\
B !
£ 0 (1+j0)
| o=18 |
\ | /
0.5 A
. \\\ /
stable S

(a) Case B: when the operating point exits outside of the unit circle with the phase
control sign of ¢,,.
Fig. 5.5 Nyquist plot of transfer function (/-C(s) Pc(s)).

Nyquist operation point stays near the original point, from the view point of faster convergence
of the speed vibration, which menas that H(jw,), defined as

H(jon)=1-C(jan)Pa(jon), (5.16)

is nearly zero, that is H(j@,)=0. Thi s condition is useful from the view point of stability
margine. That is, when the parameters of the system is changed and than the position of
H(jm,) moves to the complex plane, the H(jw,) still stay inside the unit circle . this meanes
that, the original point of H(j®,) is near origin.

From H(jw,)=0,

1
Cljon)= —
(jon) Baon (5.17)
Po(jon) = Ao’ (5.18)

With eq. (5.17) and eq. (5.18) k; and ¢, can be got as follows:

. — 1 o — 1
" AaT, " AoT,
or . (5.19)
P =—Qa | QP =—@o £

Therefore, the operation point can be moved within the unit circle by adjusting the gain of &;
and ¢cn. This means that the control system will be stable.
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CHAPTER 6 FRAME VIBRATION SUPPRESSION METHOD FOR
SENSORLESS PMSM-DRIVE APPLICATION

CHAPTERG

FRAME VIBRATION SUPPRESSION METHOD
FOR SENSORLESS PMSM-DRIVE
APPLICATION

There is a significant frame vibration problem which caused by noise in the application of
PMSM Sensorless control. In former research, an anti-vibration method called Repetitive
Controller has been proposed[1]. But the Repetitive Controller has large gains at desired
frequencies. It may amplify high-frequency noise. The accelerometer is also applied into the
system.

In this paper, a novel anti-vibration controller called Specific Component Reduction
Controller (SCRC) with position sensorless control has been proposed. It can work without
accelerometer. This paper consists of the following parts. Firstly, the Conventional Frame
Vibration Suppression System will be given. Secondly, Proposed Frame Vibration Model
and Load Torque Ripple. Thirdly, the Construction of proposed the frame vibration
suppression system using estimated speed will be explained. Fourthly, SCRC will be
discussed, and the stability of SCRC will be analyzed. At last, the experimental results show
that SCRC can achieve speed variable control and compensate target frequency torque ripple.

6.1 Introduction

Permanent Magnet Synchronous Motors (PMSM) are widely used in industry because of
relatively high efficiency and high maintainability. However, in some applications such as
compressor, load torque fluctuates due to its structure. The torque ripple generates frame
vibration which results in noise and deterioration of control accuracy. One approach to
suppress the vibration is the use of anti-vibration rubber (AVR). The advantage of AVR is
ease of installation. However, temperature or environment makes the performance worse.

The other approaches are based on the use of proper control techniques [1] -[5]. A good
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example is given by the repetitive control, as proposed in [1] and [3]. However, these
methods need accelerometer and position sensor which are expensive, delicate, and need
extra space.

The position sensor can be eliminated by suitable sensorless control methods. Since the
compressors mainly work at a constant (and relatively high) speed, observers based on
Extended Electromotive Force (EEMF) have been reported [6]. Therefore, vibration
suppression position sensorless control with EEMF observer at target speed has been
proposed [7]. However, this method is demonstrated only in simulation. In addition, since the
repetitive controller has a large gain at desired frequency and multiples, the controller is not
suitable to learn vibration from the speed with high-frequency noise which is generated by the
EEMF observer.

In this paper, a modified anti-vibration controller derived from the repetitive controller with
the EEMF observer is proposed, which is hard to amplify high-frequency component. This
novel controller is named SCRC. The SCRC learns the Fourier coefficients extracted by
Fourier Transform(FT). The coefficients are integrated to generate a compensation signal
which is exploited to carry out the proper compensation. The analysis is shown to study the
stability of the proposed system, and effectiveness of the proposed system is confirmed by
experimental results.

6.2 Conventional Frame Vibration Suppression
Control System for Sensorless PMSM Drive

6.2.1 Configuration of Control System

Fig. 6.1 shows an overall system of conventional methods in [1] and [3]. In this
system, the accelerometer detects frame acceleration caused by the torque ripple 77,
which is generated by the load torque. The accelerometer is to generate a compensation
signal in the repetitive controller. In the conventional methods, the suppression target is
the vibration caused by the imperfection of motor structure and control, which has
relatively high order frequency. In order to suppress vibration, the compensation signal i,
generated by the repetitive controller is added to g-axis current reference of the position
sensorless.

As repetitive compensator is shown in Fig. 6.2 has large gains at 1/ 7, [Hz], where
T, is period of the input signal (torque ripple) and multiples showed in Fig. 3, the
repetitive controller is effective to suppress the periodic disturbance, according to the
internal model principle as proposed in [1], [3], and [7]. In this system, target harmonics
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of the vibration signal @, is extracted by FT from the vibration signal detected by an

accelerator on the motor frame.

arip — An COS erm + Bn Sin erm. (61)

In Fig. 6.2, An and Bn are Fourier coefficients, and SG is the signal generator
shown in eq. (6.1). Parameters k; and k, are adopted for system stability as explained
below. The repetitive controller causes large phase delay and may magnify the harmonics.
It is necessary for making the anti-vibration control loop stable to adjust the amplitude
and the phase of the compensation signal i, added to g-axis current on the motor.
Amplitude compensator adjusts the amplitude with the parameter k;, and phase
compensator adjusts the phase with the parameter k,. With these parameters (k; and k),
the compensation signal i. is adjusted to reduce the extracted target harmonics a,;,. As a

result the speed ripple is suppressed.

Repetitive controller
1 .
N P A R
L (Wfrm PI speed PI Current| Y dg
P+ Q Controller Controller af
Iy (i =0)
elﬁﬂ
Encoder Accelerometer
ap /s 1 uv%ﬁ
O [ Derivative _f(_)_’{'f”_
filter
Vap 2273
Pole pairs I:nyI
O, fin y Wrfe | Derivative Orpe . Observer i
) Filter )2 !
u(s)
Fig. 6.1 Overall system of the conventional method.
Repetitive controller
VA Repetitive . N :
Compensation{  Phase P Amplitude } Fourier
signal | compensator  compensator _compensator | Transform
1 H H
. i — + i i A a
[, e p(k/N)sTie K fe—H SG | FT e
H H 1 ~
\ H H 1
N e e e e e e e e e e e s I Hrfm

Fig. 6.2 Repetitive controller with Fourier Transform.
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Gain [dB]

0 ‘ l

10 10
Angular frequency [rad/s]

Fig. 6.3 Bode plot of the repetitive compensator.

6.2.2 Concept of System Analysis

Fig. 6.4 is the simplified block diagram of Fig. 6.1 without FT and SG. P,(s) is the
transfer function from the compensation current A/, to suppress target AAr, and G(s) is the
transfer function from AT,;, to AAg. The repetitive controller generates the compensation
signal i, to suppress frame vibration caused by torque ripple A7,

The repetitive controller has good performance for rejecting periodic noises and
disturbances [3]. This kind of control system includes a repetitive compensator and a
feedback loop for fast tracking of target signals with an arbitrary period 7,. According to
the internal model theorem [3], a general model for the periodic target signal must
be incorporated into the closed loop to track the target without stationary errors. A
mechanism to generate a periodic function for a target signal with period 7, is implemented
by using a time delay element e ST which is reduced by accessing the memory stored with
repetitive compensator.

Focusing on the target signal A4, in Fig. 6.4, Fig. 6.5 is obtained where C(s) =
k,e®2/N)STT By virtue of the small gain theorem, the sufficient condition for stability of
the control system shown in Fig. 6.5 is given as

1= C(s)Pu(s)] <1. (6.2)
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Fig. 6.5 indicates that if the vector locus of (1-C(jw)P,(jw)) lies within the unit circle
(excluding its circumference), the control system will be stable. The stability of the
repetitive control system is determined by the frequency response of the transfer function
of (1-C(s)Py(s)) shown in Fig.6.5. The following condition must be satisfied in order to
keep the system stable.

1-C(jo)P(jo)<1 for V. (6.3)

Eq. (6.3) means that whole Nyquist plot of (1-C(jo)P,(j®)) has to be inside the unit circle
for stable operation[8]. On the other hand, since the frequency region of the vibration
signal is limited by the Fourier transformer (FT) before the repetitive control in the
proposed system, the stability criterion of the system can be expressed below as the
sufficient condition:

|1—C(ja)n)Pa(ja)n)

<1, (6.4)

where @, is the target angular frequency of vibration extracted by the FT. Regarding the
other angular frequency components than ,, they do not affect the stability of the
proposed method in steady-state operation.

Repetitive controller

i (kz/N)STV —sTr % .
< T e +>r n Suppzezs;on target
Alc A]—;’l
B (S) OT G(S) PR

Fig. 6.4 Repetitive control system (FT and SG deleted).

AT
— G(s) 1—e" "o Ay 1-C(s)P.(s)

—sTr

Fig. 6.5 Transformed repetitive control system.
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6.3 PROPOSED FRAME VIBRATION MODEL AND LOAD TORQUE RIPPLE

6.3 Proposed Frame Vibration Model and Load
Torque Ripple

6.3.1 Motor-Load Mechanical Model around the Shaft

Frame
(Motor and Load)

Rotor
(Motor and Load)

Fig. 6.6 Motor-Load mechanical model around the motor shaft.

Fig. 6.6 shows the Motor-Load mechanical model (frame vibration model) of the rotor
and frame around the motor shaft, while the motor frame is suspended by the rubber etc.
Here, J, is the rotor inertia, Jris the frame inertia, Dy is the frame viscous coefficient, Kris
the frame spring coefficient, w,, is the rotor mechanical speed, wg, is the frame
mechanism speed, 0,,, is the rotor mechanical position, and 6y, is the frame mechanical
position, respectively.

Motor mechanical system M o

T, [TTTTTTTTTTTTTTm et |
B i T dlf 1 Qrm i 1 erﬁn
20 " —— ] — >
1 J.s !
T ! 4 oy S
¢ i Rotor i g
| s g

Fig. 6.7 Block diagram of Motor-Load mechanical model.
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Fig. 6.7 shows the block diagram of the model shown in Fig. 6.6, where £, and 6,4, are
the motor mechanical speed and the motor mechanical position referred to the motor
frame, T is the motor driving torque, 77 is the load torque, and 7y is the total torque.

The rotation angle of the motor is represented as the phase difference between rotor
coordinates and stator coordinates in the model. In general applications, the frame on the
stator side is considered as a standstill. However, In our target system, the position detected
by a position sensor 6,4, includes the error due to the frame vibration, when the torque
ripple causes the fluctuation of frame mechanical speed. As a result, the motor the motor
position 6,4, is described as:

erfm = erm T 9 m . (6.5)

6.3.2 Load Torque Ripple

In motor-drive application, causes of torque ripple are roughly categorized as either
motor-based or load-based one. The factors based on motor include cogging torque and
spatial harmonics of flux, which presents a high-frequency torque ripple such as 6th
harmonics of motor electrical speed w,e.

On the other hand, torque ripples based on load side consist of load torque ripple
Aty such as load structure. They present torque ripples with torque ripples relatively
low-frequency such as /P, 2/P, 3/P (P = number of motor pole pair) or 2nd harmonics of

Wre.

Torque ripple A T Lrip

Constant torque z; Period =27

Load torque 7, [Nm]

v

0 4 [rad]

Fig. 6.8 Load torque.
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This paper targets the system in which the motor and load are integrated, for example, in
compressor applications. In this system, the frame vibration is caused by the load torque
ripple Az, which is described as a function of the motor position ,4,, as in Fig. 6.8. The
mechanical dynamics of motor frame and rotor in PMSM and load are given as

Q}jfm :Mrf(ﬂ_n):Mrf szf (66-1)
Jr+Jy s’ +Drs+ Ky

My (s) = ( )2 : (6.6-2)
JrS(JfS + Dys + Kf)

TL =TL + ATL,,-p . (6.6-3)

At Ly — Am;y sm(n (9rfm) (6.6-4)

where At;,, 1s the amplitude of the load torque ripple, and s is Laplace operator. The load
torque ripple Aty is the nth. order sinusoidal wave. As a result, the periodic speed ripple

Aw,, shown in Fig. 6.7 is expressed as
Arip = Ao, SIN(NOsin + Py ). (6.7)

where 4, is the amplitude of the speed ripple, and ¢, is the phase of the speed ripple.

6.4 Construction of proposed the frame vibration
suppression system using estimated speed

6.4.1 Frame vibration suppression control system using a
repetitive controller with FT and SG

The method explained above requires a vibration sensor (accelerometer) as shown
in Fig. 6.1, which leads to problems such as high-cost system, noise, and the need for
installation space, so the repetitive control system for speed sensorless vibration [7].
In this system, estimated speed @, s, is used for generating a suppression system (with
FT and SG) shown in Fig. 6.9 is proposed compensation signal in repetitive controller.
Compensation signal is superposed to q-axis current reference, in order to suppress the
vibration. Therefore the position sensor is not necessary. In this system, the suppression
target is the vibration caused by the load torque ripple, which has relatively low order
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frequency shown in Fig.6.3. However, the system has been validated only by simulation.

Repetitive controller &L FT

PI Current vE dy off Inv.
Controller of uvw PMSM

Wfim PI speed !
Controller

Luvw

+
|

=
—

=

|
=]
=
L

erfirt

1
1
1
1
1
1
1
1
1
|
1
1
i ap uvw,
: J — 7
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Amp.
LPF

Derivative | ___’ ofin
filter

Pole pairs %, Vap lap
aA)r.f'm e ivati bye
Vp |<— Derhative \e =21 Observer

Fig. 6.9 Overall repetitive control system for speed sensorless
vibration suppression system (with FT and SG).

6.4.2 Construction of Position Sensorless Control System.

This paper utilizes Field Oriented Control (FOC) system based on EEMF observer,
which shown in Fig. 10 (a). the Extended Electromotive Force (EEMF) observer as a
position estimator to construct the sensorless control system [6]. The voltage equation for
IPMSM on the stator frame coordinate (a-f axis) is given by

Vap = {(R+ pLa)] = (La — Lg)J Yiap +e€ap. (631

€ap = {(Ld — Lq )(a)rfeid — piq) + a)rfeKe }Jé“]&fé . (6.8-2)
where

JOre _ COS 9]: e - SiIl erfe d&rfe

& =l . » Wrfe = . -
sin 6,4 cos B | dt (6.8-3)

where eq. (6.8-2) is defined as EEMF e, = [e, eﬁ]T. In eq. (6.8-1), v, and vg are the
voltages on a-f axis, i, and iz are the currents on a-f axis, R is the stator resistance, L, and
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L, are the inductances on d-q axis, and p is the differential operator. Since EEMF has

information on the real motor position 6.5, the estimated motor position @Tfm is
obtained by EEMF observer shown in Fig. 6.10(b) and eq. (6.9-1) and (6.11-2).

*
. 1
@fim Pl speed PI Current L dq (1/7 Ty
¥ Controller Controller af uvw ‘
iq(;d =0) .
0,/”1 uv%{ﬂ Encoder  Accelerometer
af .
dq M lop
Pole pairs %; Ve
aA)’fm [1/] é)rfe Derivative éf/é
s i Observer

Fig.10(a) Position sensorless drive system of PMSM.

(R+ pLi)1 =g (La —Lg)J

eaﬂ > Flltel" Faﬂ
{Observer = —————
Fig. 6.10 (b) EEMF observer.
O, ! arctan Ca
rfin = — I b -
P e (6.9-1)

where
L[] o -
= 0 1 s J = 1 0 . (6.9-2)
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Fig. 6.10 (b) shows the observer which includes the filter /.4 to remove noise caused by
modeling errors. The filter characteristics is given as

bap=cd{(p+ Q)] — OnJ | €ap = Fupeap, (6.10-1)
Where

-1
Fop=ad{(p+a)]l —wr]} . (6.10-2)
and -a is the designed real axis pole of EEMF.

~

A ea
0.7 = arctan | —— |.

& (6.11-1)
A1 éa) 6
Oum = —arctan | — — |= 22
P éﬂ P (6. 11 —2)
Thus, é,p is estimated by the EEMF observer.
The estimated speed @, ¢, is obtained with the derivative filter as follows:
A P A
a)l"fm — + 1 HI" m e (611'3)
P

where 7 1s a time constant of the derivative filter.

6.5 Specific Component Reduction Controller (SCRC).

Specific Component

Reduction Controller(SCRC) o
rfm

:"a;f'l'""""f" [P K
1+ (fim 0 PI speed PI Current| dq aﬂ/ " T T !
\ + Controller Controller ] aff uvw Tnv. PMSM LOAD i
] ; |
! I(i =0) i
1 A
' 0. Luvw Y S i
1 a, ) ncoder ccelerometer
I %q N e i
1
1 I
1 . !
i Pole pairs IE/‘EI Vap lap i
1
1 I
1 ~ ~ !
' Wy 10 — ) !
i 1 D ife O, !
H %) Den‘vatlve ife Observer :
1 Filter 1
Fo(s) i

Fig. 6.11 Overall proposed position sensorless vibration suppression system with SCRC.
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Specific Component Reduction Controller(SCRC)

.y, Phase : ier
Compensa‘aonl compensator Memories TFou?er :
slgfla i ’ An_sum L An ransform i C?)gfm
ic<—— SG / FT <——
' Bn_sum S B X

Fig. 6.12 (a) Original form of SCRC.

Specific Component Reduction Controller(SCRC)

___________________________________________________

~

Compensation; Phase G’ Amplitude Fourier \
signal | ___Compensator S . compensator Transform
l' E : Tr l; : An_sum i An :C(A)rfm
¢ < L2 G < — FT k-
: i € | By sum LS B, i

| _
) I A
\ ’ )
So . 9
_________________________________________________ rfin

Fig. 6.12 (b) Equivalent form of SCRC.

The whole speed sensorless anti-vibration control system is shown in Fig. 6.4. A modified
anti-vibration controller called SCRC is proposed in Fig.6.5(a) and (b). In the SCRC,
Fourier coefficients A4, and B, are extracted by FT, and integrated to generate a
compensation signal An_sum and Bn_sum. £; is the integration gain, and ¢, is the phase
compensation gain. The SCRC is unlikely to amplify high frequency noise of érfm. As
there is only one target frequency 1/7, left after FT in Fig.6.5(B), SG; is shown as follows:

l;’ = An_sum Cos(éy‘m) + Bn_sum Sin(ér_ﬁn) (6 12'1)
le = Anisum COS(ér i+ (Dcn) + Bnﬁsum Sin(ér m + Qcn ) (6.12-2)

= Au sum cos(zT—ﬂt + @en )+ B sum sin(zT—”t + Qen)

r r

An sumand B, g, can be calculated as:

¢
An_sum — Ar(l(i)sum + ki jOAn (t)dt (6.13-1)

Bnisum — Big(z)sum + ki JA(:Bn (t)dt
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Take eq.(16.13-1) into discrete one, it can be shown as follow

(k__;}/l)l’l = A(k)sun + ki]—;’Ar(zk) (6.13-2)

B = B + ki T,BYY

Because FT in Fig.6.12 (b) only admits the frequency of target ripple 1/7, into
SCRC, @rfm is almost equal to (2m - t)/T,. Even if the harmonics of érfm is included in
SG, it can be ignored. As when estimated speed A, s, feedbacks again, FT will prevent

high-frequency component out of SCRC. The calculation of the signal after SG in Fig.6.12
(b) is shown as fOHOWS'

C n_sum n_sum

5D = 4D cos( t)+B(k+” sm( 5.
T T

r r

={4" cos( t)+B(") sm( t)}+ (6.13-3)

n_sum n_sum

kiT, { A Cos( 7 1)+ B sm(T )}

V r

In this way, eq.(6.13-3) can be taken as eq.(6.13-4):

. 1 . A
lék+ ) = l(gk) + kiT) . AC()V = lck) + Al(k) (6.13-4)
At last, the compensation signal i in Fig.12(c) is
. (k) 27 (k) . 27
i, = _An_sum cos(T t+¢)cn)+B sum sm(T t+o..) (6.13-5)
r r

With eq. .(6.13-3) to eq. .(6.13-5), SCRC in the form of Repetitive Controller can be estab
-lished. It is shown in Fig6.12 (c).

_____________________________________________________________

Compensation | Phase Repetitive Ay litude Fourier ™,
signal | compensator  compensator ~compensator Transform
i (k)T TTITTomemomo Lo
| T le (k1) A (k) B A e
l P S 327(/%:1 4 e—STr Ie :Alc k;T Aw/ SG n ET : rfim
T 1 | I
€ | i B, !
I‘ : ! D 2w
R SO et e eeieeieese N IR N -
® T

Fig. 6.12(c) SCRC in the form of Repetitive Controller.

=75 -



6.6 STABILITY ANALYSIS

From Fig.6.12(c), it can be known that SCRC has no influence of estimated position
érfm, which includes high-frequency noise. And this form of the SCRC is taken into the
system analysis in the next section.

Consequently, the stability criterion for determining compensation gain of k; and ¢cn in

SCRC can be discussed in the next section.

6.6 Stability Analysis

As mentioned above, it is necessary to discuss the stability of the speed sensorless
vibration suppression system (with SCRC) shown in Fig. 6.11.

6.6.1 System Equations and Block Diagrams

In order to design the transfer function of P,(s) in eq.(6.3), assumption that
vibration of 0., @, A0, and Aw,e, ( A denotes perturbation) are sufficiently small for
simplicity which is satisfied at relatively middle and high speed over about 300 rpm.

..................................................................

R+ pLi)I = A (La — Ly ) J|

| €dq

!
e Filter (Fuy)
i{Observer

v

Fig. 6.13 The observer for estimating d-q axis component of EEMF.

Fig. 13 shows the observer in d-g axes, the model in the d-g axes is obtained by
transforming eq. (6.8-1) and (6.8-2). Considering eq. (6.14-1) into d-g axes, the voltage
equation and the EMF equation can be shown as follows

It _ {cos At  —sin Ayt

o o :AO. = A, st 6.14-1
sin At cos Aa);ffet:| (6.14-1)
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Vidg = {(R + pLd)I—Aa)lffe(Ld _Lq)J}idq + €dq, (6.14-2)
eig ={(La — Ly )@rpeda — pig) + @K} Je” 2%

Vag={(R+ pLa)I =Awe(La — Ly)J }iag +eq. (6.14-3)

From eq. (6-14.2) and eq. (6-14.3) as flowing equation is derived
elg =(A@e — A \(La — Lg)Jiag +€4q. (6.14-4)

Because in €q.(6.14-4), A&, f, includes high -frequency noise due to imperfection
of motor model, which means ey, will not be equal to eyq, the filter Fy, is applied to
observer. As the a result, high-frequency noise of A&, s, will be reduced, which means
edq = eqq-

The position error 6= O.— @yt (Where @,z is the speed average of @y, @ =

1 rta+T, . . . . . = — .
& t;” "wyredt , t, is arbitrary time in one period 7., and 6,z = @,.t) by torque ripple

ATy, 1s glven as

o0,z = arctan (— e—dj =arctan (— 5). (6.15-1)
€q
' 1
A(OB,r) = t - A& = A )
(80ye) = (arctan (=&)) A L
AE = eq0 \eq —2edo Aey '
€q0 (6.15-2)

eqo Sed — Edo Seq
- 2

5 :KdAed _Kquq.
€do +eqo

In the same way,
équéd — édO Séq

A 2 A 2
Cdo +eqo

A(éérfe) = = I%dAéd - ]%qAéq' (615-3)

where 6, and érfe are the real position and estimated position by providing the
perturbation, respectively.

Assuming that at the steady state operation point estimated on d-q axis coincides
with the real d-g axis, eq. (6.16-1) can be got. As a result, eq.(6.16-2) can be given
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édo =€do, éqo = €40. (6.16-1)

Ki =Ki, K, =K,. (6.16-2)

From the eq. (10.1), and with the eq.(9.2), the filter in the rotation coordinate (d-q axis) is
given by

gl {(p +a)l —Erfe.]}gj eIt s s =7 " olleas. (6.17-1)
—J b o —_— P— J By ol A
g {a)r J+(p+a)] — ot }8 eaq = aledg.  (6.17-2)

Where eJ@rret is rotation vector. As mentioned above, the vibration of Aw,,= Orfe - Dy 18
very small, the rotation vector can also be used.
The estimated back EMF from eq.(6.17-2) is shown as

€d . o a ed
|:A :| = Iedq = _]edq = |: :|
€q (p+a) (p+a)|e

{ ed} (6.17-3)
= Fuq .

€q

(94

Fuy = (6.17-4)

pt+a

The giving perturbation to the eq. (6.17-3), eq. (6.18) is driven.

Aeés a | Aes o | Aeq
AT r | = : (6.18)
Aey p+a|le p+alle
From eq. (6.15-2), (6.15-3), (6.16-1), (6.16-2) and (6.18), the relationship between real
position and estimated one is given as

Aére . P*Aérm _ a
AOy  P*A0Oy, p+a. (6.19)

Assuming that : the position angle error 60,5y, = 9Tfm - O 1s sufficiently small
(c0s80, 5y = 1), the current controller on d-§ axis is performed as an ideal state because

current controller loop gain is high enough when the SCRC is operated in the relatively
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low frequency region; and iz= 0, the motor torque 7. is given as eq. (6.20) where i, is
the current on the estimated g-axis calculated by 9rfm. As a result, the relationship

between the real speed and the estimated speed is given as the first-order low-pass filter
shown in eq. (6.17-4).

T. = PK. iy = PK.iy c0s 0, = PK.iy = PK.i}? (6.20)
By using the equations (6.20), considering eq. (6.6-2) and eq. (6-19) with respect to the
perturbed variables (Alyy, A€, and Aﬁrfm) around the steady state operating points

(Laqo, £2pmo, and Qrfmo), AT, = L{Az,}, Fig. 6.14 is obtained. In Fig. 14, the transformation
G(s), Ga(s),Gs(s) and Gy(s) are given:

AT.

G] S)= = :PKe.
(s) N (6.21)
AQiw  (Jr+J)s*+Drs+K
Ga(s) = 282 _ s )2 [T (6.22)
ATy Jrs(Jrs” +Dys+Ky)
Aﬁrfm a
Gi(s) = — = .
5 (s) o " s1a (6.23)
A[ref K ) +Kis
Gi(s)=——— =L : (6.24)

rfm S

where G;(s) is the torque equation gain by eq. (6.20), G»(s) is the motor mechanics from
eq. (6.6-2), Gjs(s) is the filter in observer derived from eq. (6.19), and Gy(s) i1s the PI
controller. Al is generated by the repetitive controller to suppress estimated speed ripple
in Aﬁrfm which is estimated by speed estimator. The load torque A7} is a disturbance

torque due to load torque ripple.

-79 -



6.6 STABILITY ANALYSIS

______________________________________________________________

ref lAQ/ * \\‘
Speed PI . '
Gy(s) o |
i
AQ Q ” i
_sT - Torque Eq. AT AT, Motor Mech. .| Filterin Obs. | E
AT Gy +_ET 1 6w 1 6w |
AT, in put ;
AQ ||/
kT,

Fig. 6.14 Proposed system diagram of the linear approximation vibration suppression

system.
AT, + o
S G(s) 1—e" o AL 1-C(s)Pa(s)
_|_

—sTr

Fig. 6.15 Transformed equivalent block diagram(in case without FT).

6.6.2 Stability System

As mentioned in section [V-C, the SCRC is shown in Fig. 6.11 can be regarded as
the repetitive controller with FT and SG so that the concept discussed in section II-B can
also be used for this system. To achieve this aim, focusing on the input of repetitive
controller Aﬁrfm, the block diagram shown in Fig. 6.14 is transformed into one shown
in Fig. 6.15. With the same theory of eq. (6.4)

1= C(jon)Ra(jeon)|<1 for an =27mf. (6.25)
The transfer functions in Fig. 6.15 are shown as follows:

AQ rfin

c (6.26)
=[14+ Gi(5)G2(5)G3(5)G4 (S)]_1 Gi(5)G2(5)G3(s).

Po(s)=
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o sTr
C(s)=kTe < . (6.27)
G(s) = AAQT’Zm = G>(5)Gs (s). 625

Where, Pfs) : transfer function of motor and the torque A, to AQ), fm-
C(s) : transfer function of proportional compensator and time leading element.
G(s) : transfer function from AT, to AQ, Fme

6.6.3 SCRC gain k;, ¢,

Fig. 6.16 shows the Nyquist loci of /-C(jw) Po(j®), with the phase compensation
gain element (¢@.,= 1.8). Now the specific points on loci, corresponding to the fluctuation
angular frequency @, component extracted by FT, the Nyquist analysis is considered in
the case of SCRC according to the criteria expressed in eq. (6.4). In 3 cases (A, A’ and
A”), the operation point A” stays outside the unit circle, which means that the SCRS will
be unstable at this point. Then, an operating point can be moved into the unit circle by
reversing the sign of k; shown in Fig.6.16 (a) (A”—>A), where reversing the sign of k;
means reversing the phase. However, B” shown in Fig. 6.16 (b) can not be moved into the
unit circle with reversing ;. In such a case, the operation point can be moved into the unit

circle by using the phase compensator gain ¢., (B”—B).

I oo b cn Tr
unit circle o+ 1.8 C(S) = ki]-;‘e¢ S
. . .a)nTr cn
15 : C(jwn)=kiTre’""
desirable
-— — —
O SEIIREC
g 0 \‘/ © (]JFJO) ] -
= k=50 | k=-1.0 k,=5.0 .
/ ' Parameters adjust:
05 - k = variable,
1
staple ; (pan 1.8
h 05 0 03 1 15 ] 25
Re

(a) Case A: when the operating point exits outside of the unit circle (¢., = 1.8), and
reverse signs of &;.
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1 ( \
" unit|circle B k+=-5.0 enS 4 r
- N C(s) = kiTre?"
/
0.5/ . 0, T pen
/ C(]a)n) :kiTreja) 14
E 0
\ .
\ Parameters adjust:
-0.5 N kl-= -5,
\\ .
N ® o= variable

15 2 25

(b) Case B: when the operating point exits outside of the unit circle with the phase
control sign of ¢,.
Fig. 6.16 Nyquist loci of transfer function /-C(j@,) Pofj »,): Stability analysis results (e:
the operating point of the 10 [Hz]).

The stabilization of the SCRC control system is designed as follows:

1) From eq. (6.25) means that all points on the Nyquist plot transfer function of /-
C(jo,) Po(jw,) must stay inside the unit circle for stable operation(the time leading
element @., =1.8) as shown in Fig. 6.16(a), and the The @, is angular frequency of
vibration extracted by the Fourier Transformer (FT), the Nyquist plot starts from a point
1 + jO. On the other hand, the frequency of vibration signal is selected by the FT before
inputted to SCRC in proposed system.

2) Most Nyquist points (operating points) other than the resonance point exist near
the point 7 + jO. We can see in Fig.6.16 that if the value of £; 1s small, a loci of vector will
be expanded centering on the point / + j0. In the case operating points exist inside the
unit circle, so the operating points can be then apart from the circumference of the unit
circle, convergence speed of the vibration can be made quick( for example, A’ operation
point in Fig 6.16(a). On the other hand, in the case operating points exist outside the unit
circle, the operating points are apart from the unit circle greatly and divergence speed of
the vibration will become quick (for example, A” operation point in Fig.6.16(a)).
Therefore, it is advisable to set large value on ki, unless it causes inconvenience for the
convergency of the vibration as shown in experiment results (Fig. 6.19).

3) Nyquist operation point stays near the original point, from the view point of faster
convergence of the speed vibration, which menas that H(j @,), defined as

H(jon)=1-C(jon)Po(jon). (6.29)

Is nearly zero, that is H(j@,)=0. Thi s condition is useful from the view point of stability
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margine. That is, when the parameters of the system is changed and than the position of
H(jw,) moves to the complex plane, the H(jw,) still stay inside the unit circle . this meanes
that, the original point of H(j®,) is near origin.

From H(jw,)=0 ,
1
Cljon) =2 ——
(Jan) on (6.30)
Po(jan) = Ace™ . (6.31)

With eq. (6.30) and eq. (6.31) &; and ¢, can be got as follows:

'\ AoT, l AoT,
or : (6.32)
¢cn = _q)Q (Dcn = _¢Q /4

Therefore, the operation point can be moved within the unit circle by adjusting the gain of
ki and ¢.,. This means that the control system will be stable. We can be calculated the actual
parameters stabilization of the near origin point as shown in Fig. 6.17.

It should be pointed out that the EEMF position Sensorless system loses the stability in the
relatively low speed region. And in the experimental system, the speed is fluctuated if the
load torque is not constant. The low speed region is defined as speed less than 300 [rpm].
Above the base speed of 600 [rpm], the experiments have been carried out. In our system, the
speed command both 600[rpm] and 1200[rpm] have been tested to prove the stability of
SCRC.

6.6.4 Frequency Response Analysis

In Fig. 6.15, eq. (6.26) is used for designing the gains of k; and ¢, so that it is
necessary to validate the plant Pos). To achieve this aim, the signal i, was injected shown
in eq. (6.33), and the response of the estimated speed @, s, was measured.

Ic = Asin wint. (6.33)

Fig. 17 shows the experiment results compared with the theoretical result of Po(j@w) shown
in eq. (6.26). These results indicate that both results have almost the same characteristics.
Based on the results, the appropriate parameters used in the experiment were same values
as shown in Fig. 6.15 as Section V, be taken to stability control in the experiment. The error
are occurred from the parameter error and modely error of the motor.
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(a) Bode plot of gain [dB].
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(b) Bode plot of phase[deg]
Fig. 6.17 Bode plots of transfer function P(s).

It should be pointed out that the EEMF position sensorless system loses the stability
in lower speed region. And in the experimental system, the speed fluctuates if the load
torque is not constant, in lower speed region less than about 300 [rpm]. Above the base
speed of 600 [rpm], the current vector is controlled in order to produce the maximum
torque under the current limitation. So the experiments will be carried out in the middle-
high speed region over 300 [rpm]. In our system, the speed command from 600[rpm] to
900[rpm] will be tested to prove the stability of SCRC in middle-high speed.
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6.7 Experiment

6.7.1 Experimental Setup

The proposed SCRS shown in Fig. 6.12 is implemented into the DSP
(TMS320C6713) system of Myway Corporation. An experimental setup is depicted in
Fig. 6.18. The experimental parameters are shown in Table I and Table II. With the theory
of the system stability analysis shown in section V, the integration gain k; and phase gain

@, are designed.

Position
Encoder

Fig. 6.18 Overall of experiment system.
The experiment is carried out with the speed command w,,* = 600 [rpm] and the

load torque 77 = 2.0 + 2.0sind,z;, [N]. The load torque 77 is generated by a servo motor. At
1 [s], the anti-vibration control starts to suppress the torque ripple 7.
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TABLE 1

Motor Parameters

[PMSM (Test Bench)
Rated power [W] 750
Rated speed [rpm] 1750
Rated current [A] 3.5
Number of pole Py 3
pairs
Stator Resistance R [Ohm] 1.25
d-axis inductance L, [H] 0.0168
g-axis inductance L, [H] 0.0218
EMF constant K, [V-s/rad] 0.255
Motor inertia J. [kg-m?] 0.0055
Servo motor (Load
Motor)
Rated power [W] 850
Rated speed [rpm] 1500
Rated current [A] 6.9
TABLE IT
Experimental Parameters
Inverter
DC-link voltage [V] 200
Carrier frequency [kHz] 10
Controller
Control period [ps] 100
Fourier sampling period [ps] 1300
Speed command 276005,™  600-900,1200
[rpm]

Speed controller

Proportional gain ys [A=srad] 0.08
Speed controller Integral k. [Afrad] 0.14
gain ‘
Current controller cutoff [rad/s] 5000
frequency
SCRC integration gain k, -5.0,-9.6
SCRC phase gain Do 1.8, 0.022
Pole of disturbance observer o [rad/s] 0.50,
B [rad/s] Qe
Load torque T, [Nm] 2.0+ 2.0sino9,fm
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6.7.2 Experimental Results

Start StpD
mM" Estimated Speed @i
600 FILLLALALOARLUAALULURAEAAAL LA AARA AR RAARCAAAARRAAAARL LAARA AN
RN U\JWUUUUU L O O TV
Mﬂf"‘staﬂ‘t Real Speed a)rm '
600 AR AR I\P\‘”\UM/‘W\/‘W\f\ﬂ‘\f\(\\‘ \ MW\MI‘M!\W\ LR
HhUMUUVUVUJUHUVUUUVVMJV”VUUUN”U hﬂuUk”uUUUUVUMUUWh JUPVRTUVUAVTRR IRV
s 'l 3100 rpm
P S — AWy
S, i
i
v10A | Compensation current
0 1 2 3 4 5 6 7 8 t[s]

Fig. 6.19 Case A’’: Rotor speed and compensation current.

Fig. 6.19 (Case A’’: Operation point outside of unit circle “unstable case”) shows the
motor speed and the compensation current. After starting the vibration suppression, the
speed ripple is diverged (selected parameters of gain k; and ¢, were not suitable) by the
compensation current (i;) produced from the SCRC. In addition, at time 1.4 [s], the
waveform has returned to the condition before starting of the vibration suppression
control because the compensation current has stopped due to rated current limiter.

T T T
— Real Position

— Estimated Position

=

) [rad ]

Error position (
-]

Y00 74 16 78 8 80 Bl 80 60 605 806 807t [s]

Fig. 6.20 Case A: The estimated position érfm and real position G, ¢,.
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Fig. 6.20 shows the position estimation result and real position (at the steady state

of 600 [rpm]). And it has confirmed the validity of the control system estimation by
SCRC with EEMF observer.

<Steady state>

RARTRIALTY Estimated Speed | @, ,
w0 I i
IFAWATREAYUATCL
L
. Start
WL Real Speed  @,5,,
600 > ‘WHMHHHH w \W Mf Wy i ﬂwmﬂnwﬂ‘wmw‘mv” AP A WP i
AT AR AR
R . 1s , 150rpm
Ty AL
0 AR LR R U\HJHHWW AR
A
11.0A “U\[UH,WWWComp tlonc rrentzcﬂ
0 1 2 3 4 5 6 t[s]

Fig. 21 Case A: Rotor speed and compensation current (/=10[Hz]).

\ / \ Estil)ﬁa“ged Spee/i \é)(,
600 | J N[ S N[ S \ \
/NS NSNS NS

) e \ e \\\ Re ?ﬂ Sp ead w, ’ffm \ /,/ . \\y\
600 /] \ / \\\ ‘ / \ /N / \
// S 7 T 7 ¥ s /g \ 7 l\\\
L N2 » 0.1s \J, / 150 rpm ’’’’’ '\\
0 0.1 0.2 0.3 0.4 0.5 t[s]

(a) Before compensation.

i
Estimated Speed aA),,i
600
Real Speed o,,
600 N e e R R e
5.1 5.2 5.3 5.4 5.5 5.6 t[s]

(b) After compensation(steady state)

Fig. 22 Case A: Enlarged view of rotor speed(f'= 10 [Hz]).
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Fig. 21 (case A: an operation point near center of the unit circle “stable case’) shows the
experimental of the rotor real speed s, the estimated speed @, fp,, and the compensation
current (i) generated by SCRC. The current (i) suppresses ripple in the rotor speed @y .
Fig. 22 (a) and (b) shows the enlarged view of the rotor speeds s, and @y fp,, Which is

before and after compensation, respectively.

[
W

Target
Y

Amplitude [m/s?]

o
W

Ou Lt l i»u ‘/}‘\\

0 10 20 30 40 S0 60 70 80 90 100
Frequency [Hz]

(a) Before compensation

—
N

Amplitude [m/s?]

o
h

Tallrget

[

Lt f A JLwlmM/A». ol L Ll LA
0 10 20 30 40 50 60 70 8 90 100

Frequency [Hz]

()

(b) After compensation

Fig. 23 Case A: FFT analysis of frame vibration (accelerometer)

(=10 [Hz]). .

Fig. 23 (a) and (b) show FFT analysis of the frame vibration, respectively. The target
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harmonic (10 [Hz] component) is approximately 96% reduced by SCRC. These results
indicate that SCRC under sensorless speed control is useful for suppressing position

dependent torque ripple which causes the frame vibration.
<Steady state>

Real Speed @D,

S
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\‘\\‘\l‘\]}\‘wm\/UU‘M)( )‘N\IUUWMW\ I TPy Y
— Start
llllllllllllllll Estimated Speed @,
1200 [ s
A
1ls | I 50 rpm
0 1 2 3 4 5 6 t[s]
(a) Before adjusting parameters k3= -5.0, £,=0.018.
,,,,,,,,,,,,,,, Real Speed o,
1200' H‘M } ‘}‘ U H‘\{H\ h lr.r AM HMMMM Mf \M A/\jwﬁvﬂ”nvﬂ'n“hvﬂ“nvﬂ\yﬂynnnu ﬂ“l\ !\wr\q“fwur\vhd\vlivhvﬂ“A“!\vﬁ‘”ﬂvﬂ/ﬂvﬂ”ﬂ"!\v!l”hv?l\'/lvh\mvl\vﬂv\’t‘(\vr\\

]

— Start
Estimated Speed @,

1200 i

lllllllllllllll o 1s ISOrpm
0 1 2 3 4 > 6 tl]

(b) After adjusting parameters k; = -9.6, @., = 0.022.

Fig. 24 Improvement of speed estimation ability by suppression of rotor speed (=20[Hz]).

Fig. 24 shows the experimental result when /= 20[Hz]. In Fig.24 (a), the experiments
before adjusting k; and ¢, is shown. Fig.24(b) shows the experimental result after
adjusting the parameters k; and ¢@.,. It is necessary to select parameters k; and ¢, to keep

the system stable.
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Real Speed @,4, -
S 7 :

12@; / \\, //v v// A / \‘\ / \\LL\
\\\ I / N\ / \ _ //’ \\ / \\ ] /
Estimated Speed @, 4,
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(a) Before compensation.
1200= Real Speed @,
1200 Estimated Speed @, ,,
< 0.055 150 rpm

550 555  5.60 565  5.70 575  6.80t[s]

(b) After compensation(steady state)
Fig. 25 After adjusting the parameters (k; and ¢.,)Enlarged view of rotor speed (f= 20 [Hz]).

Fig. 25(a) and (b) shows the enlarged view of the rotor speeds w,z, and @y fp,, Which is

compared between ones before and after compensation, respectively.
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(b) After compensation.
Fig. 26 Case A: FFT analysis of frame vibration (accelerometer).

Fig. 26(a) and (b) show FFT analysis of the frame vibration, respectively. It can be
confirmed that the mechanical vibration is also considerably reduced too. The target
harmonic (f= 20 [Hz] component) is approximately 92% reduced by SCRC.

900 AU, M BASAM AL AN
. 7 s |
- J/ ', Estimated Speed
Sl [ O N N R VOO O
P 11 L
|—Start [ . Real Speed
R I ey L O
AR TELCAVARSARS { 100 rpm 1 -
0 | : Aa)rfm
' “FI il |‘n
M AT Y
0, PAADRY ARG ARAREA T
AR AR IR NTRRRTEA RO
1104 MIII" Compensation current , 1 LI
0 1 2 3 4 5 6 7  8t[s]

Fig. 6.27 Case A: Rotor speed and compensation current.

Fig. 6.27 (case A: an operation point near center of the unit circle “stable case”)
shows the rotor real speed w,,, the estimated speed @, fp,, and the compensation current
(i) generated by SCRC. In Fig. 27, the acceleration and deceleration of the motor speed
between 600 [rpm] and 900 [rpm] are also shown. The speed error Aw,y, has to be a small
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values in the acceleration and deceleration areas. The current (i.) suppresses ripple in the
rotor speed @ f,. Fig. 6.28 (a) and (b) shows the enlarged view of the rotor speeds @,

and @y, which is before and after compensation, respectively.
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(d) After compensation

Fig. 6.28 Case A: Enlarged view of rotor speed.
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(b) After compensation
Fig. 6.29 Case A: FFT analysis of frame vibration (accelerometer).
Fig. 6.29(a) and (b) show FFT analysis of the frame vibration, respectively. The target
harmonic (10 [Hz] component) is approximately 94% reduced by SCRC. These results

indicate that SCRC under sensorless speed control is useful for suppressing position
dependent torque ripple which causes the frame vibration.
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6.8 Conclusions

In this paper, a novel anti-vibration controller named SCRC without position sensors and
accelerometers has been proposed. The torque ripple which causes the frame vibration is
reduced by SCRC which utilizes the estimated speed from the EEMF observer. System
stability analysis has been given to stabilize the system with the gain of k& and ¢,
Experimental results show that the proposed method is useful for suppressing periodic load
torque. The speed variable sensorless anti-vibration control also can be achieved with
SCRC.

Future work of us will focus on the stability analysis in different speed region, especially in
low speed region. Harmonics frequencies which are different from the speed command
frequency will also be considered.

-905 -



REFERENCE

References

[1] T. Su, S. Hattori, M. Ishida, and T. Hori, “Suppression control method for torque
vibration of ac motor utilizing repetitive controller with Fourier transform,” IEEE
Trans. Ind. Appl., vol. 38, no. 5, pp. 1316-1325, Sep 2002.

[2] M. Zhang; Y. Li; T. Zhao; Z. Liu; L. Huang, "A speed fluctuation reduction method
for sensorless PMSM-compressor system," in Industrial Electronics Society, 2005.
IECON 2005. 31st Annual Conference of IEEE , vol., no., pp.5 pp.-, 6-10 Nov. 2005

[3] A. Shimada, K. Kawai, T. Zanma, S. Doki, and M. Ishida, “Sensorless Suppression
Control for Frame Vibration of PMSM,” IEEJ Trans., vol. 128, no. 11, pp. 1246-1253,
2008

[4]

[5]J. Kim; K. Nam, "Speed ripple reduction of PMSM with eccentric load using
sinusoidal compensation method," in Power Electronics and ECCE Asia (ICPE &
ECCE), 2011 IEEE 8th International Conference on, vol., no., pp.1655-1659, May 30
2011-June 3 2011

[6] T. Yamaguchi, Y. Tadano, N. Hoshi, “Torque Ripple Suppression Control by Periodic
Disturbance Observer with Model Error Correction,” IEEJ Trans., vol.134, no. 2,
pp.185-192, 2014

[7] Z. Chen, M. Tomita, S. Doki, and S. Okuma, “An extended electromotive force model
for sensorless control of interior permanent magnet synchronous motors,” IEEE
Trans. Ind. Electron., vol. 50, no. 2, pp. 288-295, Apr 2003.

[8] K. Kato, M. Ishida, “Vibration suppression control by suppression of ripple of
estimated velocity using repetitive controller for position sensorless control system of
PMSM,” IEEJ, MD/LD conference 2013, MD-13-62, LD-13-124, pp.115-119, 2013.

[9] D. S. Naidu, Optimal Control System, Idaho State University Pocatello, Idaho, UAS,
1940.

[10] S. Hattori, M. Ishida and T. Hori, "Suppression Control Method for
Torque Vibration of Brushless DC Motor Utilizing Repetitive Control with Fourier
Transform," IEEE Trans. Ind. Electron., pp.427-432, 2000.

[10] M. Ishida, Tinghsu Su, Hattori, S. and Hori T., ”Suppression Control Method for
torque Vibration of AC motor utilizing repetitive controller with Fourier Transformer”
Industry Applications Conference of IEEE, vol.3

-906 -


http://140.98.202.196/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Tinghsu%20Su.QT.&newsearch=true
http://140.98.202.196/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Hattori,%20S..QT.&newsearch=true
http://140.98.202.196/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Hori,%20T..QT.&newsearch=true
http://140.98.202.196/xpl/mostRecentIssue.jsp?punumber=7073
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Chapter 7

SIMULATANEOUS VIBRATION SUPPRESSION
CONTROL FOR SENSORLESS PMSM
DRIVEN BY UTILIZING MULTIPLE-SPECIFIC
CONPONENT REDUCTION CONTROL
METHOD

This paper proposes a suppression control method of the motor frame vibration
caused by the torque ripple, the speed fluctuation reducing method for sensorless
Permanent Magnet Synchronous Motor(PMSM). This controller is called Multiple
Specific Component Reduction Controller (M-SCRC). An earlier method utilizes the
compensation signals by the SCRC with the Fourier Transform. It can work without
accelerometer, requiring the rotor speed and position estimated by Extended
Electromotive Force (EEMF). But it can only compensate the signal which is the same
frequency with mechanical speed command. This paper mainly consists of the following
parts. Firstly, the Configuration of Control System will be given. Secondly, Simultaneous
Vibration suppression Control and Stabilization of Vibration Suppression Control System

will be shown. Thirdly, the experimental results show the effectiveness of the proposed
system. At last it is the conclusion.

7.1 Load Torque Ripple

In motor drive application, causes of torque ripple are roughly categorized as either motor-
based or load-based one. The factors based on motor include cogging torque and spatial
harmonics of flux. They present a high-frequency torque ripple such as 6™ harmonics of
motor electrical speed. Torque ripples based on load side consist of load torque ripple Az,
They present torque ripples with relatively low-frequency such as /P, 2/P, 3/P (P = number
of motor pole pair).

This paper targets in the system which the motor and load are integrated. In this system, the
frame vibration is caused by the load torque ripple Ar;,;,. The mechanical dynamics of motor
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frame and rotor in PMSM and load are given as
Qlffm :Mrf(T;‘_TL):Mrf Tdif. (71)
(Jr +Jf)S2 +Drs+ Ky

M.r(s)= .

= U+ Drs+K)) 72
TL =T + ATL,. (7.3)
ATL”-,, = ZATL”-,, Siﬂ(f’l@rfM). (7.4)

n=l1
where At 1s the amplitude of the load torque ripple. The load torque ripple AzLrip is the

nth order sinusoidal wave. As a result, the periodic speed ripple Awyip, is expressed as

Awrip =" Aw, sIn(nOrfn + Qo ). (7.5)

n=l1

7.2 Simultaneous Vibration suppression Control: Multiple-
Specific Component Reduction Control (MSCRC)

Multiple-Specific Component
Reduction Controller(M-SCRC)

*

* ;%
Wfrm 0 PI speed PI Current| V
+ Controller

dq aﬁ/
Controller| | af 3 wowl ] V- ]

L)

E af dq Py MVVOL,B uv%ﬂ

Amp.
LPF

Derivative |___"/m
filter

Pole pairs %, lap Vop
o, D 5
fin JA ew'/e Derivative |, O <

Filter

_____________________________________________________________________________

Fig. 7.1 Overall proposed position sensorless vibration suppression control system with
M-SCRC.

7.2.1 Overall Configuration

Fig. 7.1 shows the overall proposed position and seed sensorless vibration
suppression system with Multiple-Specific Component Reduction Control (MSCRC). Fig.

-0 -



CHAPTER 7 SIMULATNEOUS VIBRATION SUPPRESSION CONTROL FOR
SENSORLESS PMSM-DRIVE BY UTILIZING M-SCRC METHOD

7.1 consists of three control systems. Three control systems are motor control system,
sensorless control system(Observer)[6,11] and MSCRC.

7.2.2 Control Configuration

The vibration suppression control part in Fig. 7.1 is constructed as shown in Fig. 7.2. In
Fig. 7.2(b), the compensation signal i.. generator obtained oft-line. The detail of M-SCRC
part, index n is the number of the oscillating frequency to be considered,
Ortin =[Drfin Orfny .. " > ke =[ker ker..kei]" and @ =[@e1 @e2..0i]". As shown in Fig.
7.2(b), the MSCRC control system past consist of the integral compensation k.; to adjust
control

Specific Component Reduction Controller(SCRC)

Compensation! Phase G’ Amplitude Fourier \:
signal ~ i:7-- _compensator ____ S5G _ . compensator Transform
1 i E T l; E A _sum | g Ay Eé)rfm
c H— N 5 Pcn SG : e FT :
nLe i Bn_ sum L5 B,

Fig. 7.2(a) Original form of the Specific Component Reduction Control (SCRC)[11] with the
one target frequency component.

SGl’ Model 1

i [T ][ oy i ] An [
E IBn_suml S Bnl
Model 2
:An sum?2 An2 a’\)”'
An_ fm
1 IQ'Z FT L 2
IBn_sumZ s 1 Bn
EAn sumi . A”i
A suni| -
EBn_sumi S an A
e [ b

Fig. 7.2(b) Detail of Multiple-Specific Component Reduction Control (MSCRC).
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loop gain and phase compensation ¢.; to compensate phase lag. The Fourier Transform
coefficients 4, and B, are extracted by FT, integrated to generate a compensation signal

A, sumand B, gm. The MSCRC is unlikely to amplify high frequency noise of O . AS

there are the multi-target fluctuation frequency component left after FT in Fig.7.2 (b), the
output signal of SG and SG’ are shown as follows:

lei = An_sumi COS(érﬁn ) + Bn_ sumi Sm(érﬁn ) (7.6-1)
lei = An_sumi COS(érﬁn + @ci) + Bn_ sumi Sln(érﬁn + (Dci). (7.6-2)

The earlier method SCRC utilizes the compensation signal i.. while MSCRC is
generated from the sum of i.; and i...

In the earlier work [11], SCRC is applied to each frequencycofficients, extracted by
Fourier Transform and the compensational signal is generated in the SCRC
simultaneously for the vibration suppression control. After generating compensation
signal for the last CPU period, the compensation signal is generated again by renewed A,;
and B,;. In MSCRC each compensation signal can suppress its corresponding frequency
component of the estimated angular speed A® . Thus, all the compensation signals are
obtained by n time initiation of the procedure. As a result, MSCRC requires time to
suppress the target frequencies.

On the other hand, MSCRC with Fourier Transform (FT) expansion is applied
simultaneously in the proposed configuration. SCRC is applied for only target frequency
component. Therefore, the proposed MSCRC is capable of reducing multipled target
frequency components, which is improved compared with conventional method [11].

Consequently, the stability criterion for determining compensation gain of k.; and ¢,; in
MSCRC will be discussed in the next section.

7.3 MSCRC parameters k. and @

In the MSCRC system, following condition should be satisfied for all selected
frequency components @y, 7; ((=1, 2,...m) :

11— Ci(j@y) Poi@y)|<1, i=1, 2, ...m (7.7)

Si(pa'
Ci(s)=keiTre 7. (7.8)

As mentioned above, it is necessary to set the MSCRC control parameters k.; and ¢;
properly so that the vibration suppression control system is stable. Fig. 7.3 shows the Nyquist
plot of /-C(jan) Po(jan). The Nyquist plot analysis is considered according to the criteria
expressed in eq. (7.7). Fig. 7.3(a) shows the different operation point, 600 [rpm]
(corresponding to = 10[Hz]). The operation point (A”n;,ny) stays out of the unit circle,
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which means that the MSCRC will be unstable at this point. Then, an operating point can be
moved into the unit circle by reversing the sign of k.; shown in Fig. 7.3(a)
(A”n;,n;)>(An,n;). Reversing the sign of k;, means phase shift by 7z Fig. 7.3 (b) shows the
different operation point, 800[rpm](corresponding to = 13.33 [Hz]). However, (Bn,n;)
shown in Fig. 7.3 (b) uses the same method to move each operation point into original of the
unit circle by appropriating the parameters k.; and ¢.;. In the simultaneous case, the operation
point (B’n;,n;) can be moved into the unit circle by using the same condition in (An;,n,) can

be desirable condition.
1

0.5

1
An=1fk,% -5.65, = 0.0157
Any=2fk,=9.65, 9= 0.0215 !
N | ’

A”n,=1fk,= 5.65, @,= 0.0157
A" n,=2f k= 9.65, @,= 0.0215

0.5 1 1.5 2 2.5

unit %:ircle
|
|
|

O N
e desﬁable‘ N

B, =1fk,=-6.85, ¢,= 0.0185

0.5 B.,=2fk,=-12.7, ;= 0.0225 |

~~l-- B’n,=1f k= -5.65, ¢,=0.0157 |
B’,n,=2f k= -9.65, ¢,= 0.0215

15 2 25

(b) Case B: The different operation point, 800 [rpm] (corresponding to = 13.33[Hz]).
Fig. 7.3 Nyquist plot of transfer function (1-C(s) Po(s)<I)
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7.4 Experiments
7.4.1 Experiment System

The performance of the proposed transducer-less Vibration suppression control for
sensorless PMSM driven has been investigated using the experimental drive system shown in
Fig. 7.4, The proposed MSCRC has been implemented in the DSP (TMS320C6713) of Myway
Corporation. The experimental parameters are shown in Table 7.1 and Table 7.2.

The experiment is carried out with the speed command c,4,* = 600 [rpm], 800 [rpm] and w,z,*
= 600 [rpm] to 800 [rpm]with the load torque 77, = 0.9 + 0.9 sinf,4, [N]. The load torque 77 is
generated by a servo motor. At 1 [s], the suppression vibration control starts to suppress the
torque ripple 77,,. Load torque 7; is generated by the generator, and load torque is controlled

by iqload-

&,
| _encoder
“ Coupling

-
Accelerometer il

Myway: DSP(TMS320C6713)

Power supply

Fig. 7.4 Overall of experiment system.
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Table 7.1: Motor Parameters.

[PMSM (Test Bench)

Rated power
Rated speed
Rated current
Number of pole
pairs

Stator Resistance
d-axis inductance
g-axis inductance
EMF constant
Motor inertia
Frame inertia

[W]

[rpm]
[A]

Py

R [Ohm]
Ly [H]
L, [H]
K, [V-s/rad]
J, [kgm’]
Jrlkg om’]

750
1750
35

1.25
0.0168
0.0218
0.255
0.0055
0.0207

Frame viscous coefficient
Frame rubber coefficient

Dy[kgem® /5] 0.108

Servo motor (Load Motor) Ky¢[N/mm] 148.54
Rated power (W] 850
Rated speed [rpm] 1500
Rated current [A] 6.9

Table 7.2: Experimental Parameters.

Inverter
DC-link voltage [V] 200
Carrier frequency [kHz] 10
Controller
Control period [us] 100
Fourier sampling period [us] 1300
Speed command 04, * [tpm] 600 : 800
Speed controller Proportional gain £, [A+s/rad] 0.08
Speed controller Integral gain k;, [A/rad] 0.14
Current controller cutoff frequency ~ [rad/s] 5000
MSCRC integration gain k,; -5.65:-9.65/
-6.85:-12.7
. 0.0157,0.0215/
MSCRC phase gain D 0.0185, 0.225
Pole of disturbance observer o [rad/s] 0.4%ay,
[ [rad/s] Oy
Load torque T, [Nm] 0.9 +0.9sin6,,

- 103 -



7.4 EXPERIMENT

7.4.2 Experiment Results

Fig. 7.5 and Fig. 7.6 show a result of the proposed method at different operating point, the
rotor speed 600 [rpm] (corresponding to 10 [Hz] ). It can be seen that the simultaneous
vibration suppression control is successful at the other operation points. The target frequency
are n; = 90% and n, = 85% reduced by MSCRC as shows in Fig. 7.5. If the Nyquist point is
out of the unit circle Case (A "ny,n;), the speed vibration suppression is out of work as
shown in Fig.7.6.

o]

A 1 Re: ISp::cx @
GM WVAVA’" AN 1!_ N N o
' start | 1 s0rpm
I g 1
600r At T Estimated Speed @,
el WVAVAVW AN " : HRITINYCN
L ;
[ 1 1s
: t \MM“HIHAH L IIIIIIlIIIIMMH(HIIIHIIIIII‘|I\III]M\HHHHHIHH”I\
oali ! MU mmanmm,
: 1 UU } VW Compensation current i, .=i.,+ icl‘
: : Il]u“wl """ LAl [ARAI ”'\III:IIIHIIIIIIIIHHHUIl||||||I||illllHHHM\HIIIII
[ !
Mﬁ% ‘ Current lgload
i e i
oAl 1 [® - I —
delto 2 3 4t s 6 7 8 9 10
| t[s]
v v
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\/ \\/ \\, Real Speed @,
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—
Estimated Speed Estimated Speed, @,
A% 09 A8 98 A5 A7 6 06 0% 05 4 45 41 415 42 4% 43 4% 44 46 45
w/’\\ /f\\ //\ \ /\\
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v v v v
Compensation current i, =i+ i,
0% 09 08 08 075 07 065 06 055 05 Y405 41 415 42 425 43 435 44 445 45
3
PV TV T T BUEBLELER
Current lgload

408 09 085 08 75 07 065 06 055 05
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(a) Before Compensation. (b) After Compensation.
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Amplitude

o=
o=

U‘E
1
G” J Ll I ‘ L

NEEEEEEEEE RN
Frequency [z Frequency [z

(b)Before Compensation. (b) After Compensation.

Fig. 7.5 Case (Anj,n;): Experimental by the proposed method at a different operating point,
the rotor speed 600 [rpm] (/= 10 [Hz])/ Enlarged view and FFT analysis.

| Real Speed @,

soorem, IR AR A
il Hl” e
|—$—W19:, i Estimated Speed @, I 100rpm
6oorpm_ 111} ” ATELREEEATER AT AR AR AR REARERRRUATR A
Hllllllll” T
|
1s
11A
0A
Compensation current i, =i ,t1i_,
-1 0 2 3 4 5 6 7 8 9 10

t[s]
Fig. 7.6 Case (A "n;,n;): “Unstable case” at different operating point, the rotor speed 600
[rpm] ( f= 10 [Hz]). Enlarged view and FFT analysis.
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(a) Before Compensation. (b) After Compensation.
Fig. 7.7 Case (B’n;,n;,): “Desirable case”( at different operating point, the rotor speed 800
[rpm] ( f=13.33 [Hz])). Enlarged view and FFT analysis.
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Fig. 7.7 shows a result of the proposed method at different operating point, the rotor speed
800 [rpm] (corresponding to 13.33 [Hz] and 26.67 [Hz]) shown in Fig. 7.3(b). When the
Nyquist point is close to the original point Case (Bn;,n,) the speed vibration suppression is
faster. Also, when the Nyquist point is on the unit circle Case (B’n;,n;) by using the
parameters k;, and ¢, as same in the Case (An,,n;) shown in Fig.7.3(a). It is the desirable
point control. The speed vibration suppression takes short- time in Fig. 7.7. The target
frequency are n; = 91.5% and n, = 82% reduced by MSCRC as shown in Fig. 7.7.

800rpm,

600rpm MMMWW AAAAA Real Speed @,4, v\\_ AAAAA
LAk WY
800rpm N B
lﬁt Aﬂd W‘\,‘ I 100rpm
GOOm UMt Estimated Speed @ V\IM o
WWU UW\IVVVW v YV
% 1s

f
0A ‘
—

Compensation current i, =i+ i,

t[s]

Fig. 7.8 Speed variable suppression vibration control with different operating point, the rotor
speed 600 to 800 [rpm].

Fig. 7.8 shows the Nyquist plot for the variable speed operation, under the condition with
Fig. 7.3(a)(An;,n;) and Fig. 7.3(b)(B’n;,nz). Fig. 7.8 shows that SCRC has the ability to
achieve variable speed suppression vibration control, if Nyquist analysis is in the unit
circle.

7.5 Conclusions

In this paper, a novel PMSM vibration suppression control method called M-
SCRC has been proposed to suppress the multiple components in [IPMSM frame vibration
system. System stability analysis with Nyquist diagram has been proposed to design two most
important parameters in MSCRC. When Nyquist point of the proposed system diagram is
within the unit circle, the whole system is stable. The target frequency harmonics components
are eliminated by MSCRC. Experimental results show that the proposed MSCRC with [PMSM
position sensorless control system is quietly useful for suppressing periodic load torque in
different speed regions , without accelerometer. The speed variable sensorless suppression
control also can be achieved with MSCRC. The speed variable sensorless suppression
control also can be achieved with MSCRC.

Our future work will focus on the stability analysis in the low speed region.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

In the earlier researches, the effectiveness of PMSM frame vibration control with
Fourier Transformation and the repetitive controller has been proved. But this method
needs the accelerometer to detect the frame vibration. Moreover, because of the
imperfections of motor structures and controller, this method can’t decrease the
harmonics in high-frequency.

In this thesis, a position sensorless control method has been proposed. The frame
vibration has been detected by SCRS without the accelerometer. SCRS has the same
characteristics with the repetitive controller to the controlled plant, but SCRS doesn’t
increase the harmonics in other frequency. This method is aimed at the compressor,
which the torque vibration happens. And then, the stability analysis has been proposed. At
last, with this stability analysis, the experiment has been carried out. The effectiveness of
the research has been demonstrated.

A novel PMSM vibration suppression control method called M-SCRC has been
proposed to suppress the multiple components in [IPMSM frame vibration system.SCRC
has been developed. Not only the first-order frequency component has been involved in the
controller, but also the second-order one. It shows that SCRC can be taken into practice of
multipled components application. As a result, this controller is named as Multipled Specific
Component Reduction Controller(M-SCRC). The experimental results show that the proposed
MSCRC with IPMSM position sensorless control system is quietly useful for suppressing
periodic load torque in different speed regions , without accelerometer. The speed variable
sensorless suppression control also can be achieved with MSCRC. The speed variable
sensorless suppression control also can be achieved with MSCRC.

8.2 Future Work

In this thesis, position and accelerometer sensorless frame vibration control have
been proposed. Based on the stability analysis, the effectiveness of the research has been
demonstrated by experiment. But as the poposed method requires exact sysrem
parameters, the system must be identified a proper values of parameter first. The method
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in this thesis has been used the trial and error procedure for determining the values of the
parameters. And the frame vibeation frequency approaches the mechanical resonance
frequency of the frame suppression system, it is difficult for SCRS to keep the system
stable. And the position sensorless method, using a low-pass filter and the Extended
Electromotive Force Model can’t estimate very low speed including zero speed. As a
result, a huge speed estimation error happens in the low-speed estimation. The PMSM
parameter estimation and new position sensorless method will be developed in future.

Moreover, Stability analysis of M-SCRC is also required to realize the parameter
determination procedure which stabilize the vibration suppression system, by applying the
auto-tuning algorithm for the M-SCRC parameters. Also, the control parameters can be
changed automatically for the change of the motor operating point or the controlled
system by the proposed method, and the M-SCRC system can behave stably.
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