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MODELING, SIMULATION AND IMPLEMENTATION OF A
PERMANENT MAGNET SYNCHRONOUS MOTOR DRIVE SYSTEM
USING ANFIS TECHNIQUE

SUMMARY

The Permanent Magnet Synchronous Motors are widely used in robotics, electricity,
gas, oil and transportation, etc. The PMSM drive allows adjustable speed drives and
enhanced speed and torque control. Since the motor has various advantages such as
higher efficiency, improved torque to inertia ratio and high power density, the PMSM
drive has become very popular in aerial and electrical vehicles, as well as military
applications [1-3].

Compared to the DC motors, the Permanent Magnet Synchronous Motors have
distributed windings and do not have a brush-commutator system. They provide
reliable operation. However, these motors require advanced control techniques to
drive.

Field Oriented Control (FOC) of PMSM is the most common method for the speed
control of this motor. Employing Park and Clarke transformations, the control of the
torque and flux of the motor is achieved by using appropriate field orientations which
are dependent on phase currents in the stator. PMSM drive based on FOC combines
the d-g-axis current control in the inner loop and the speed control in the outer loop[4].
The most significant requirements for the speed control of the PMSM are improved
dynamic features and high-precision tracking performance [5].

The entire PMSM drive system is modelled using mathematical expressions of a
PMSM and an inverter, the system is controlled with two different controllers and
implemented through code generation in MATLAB/Simulink. The speed control with
FOC method generally is integrated with a P1 controller because of a simple design.
As a drawback of a PI controller design for the PMSM, fine tuning of Pl parameters is
a challenging task since the linearization is utilized to converge the value of a function
at a particular point.

The parameter variations and disturbances cause undesired uncertainties in the non-
linear model of the PMSM and the complexity is increased. The most of linear control
methods cannot fulfill the requirements in high-performance applications of PMSM
drives. To enhance the dynamic response of the PMSM control system, several
advanced non-linear control methods have been studied and applied in academic and
commercial fields recently, such as: linearization control [6], adaptive control [7,8],
sliding mode control [9, 10], fuzzy control [11] and neural network control [12, 13].

In this study, to obtain extended dynamic characteristics for the speed control, a
conventional PI controller is replaced by an Adaptive Neuro Fuzzy Inference System
(ANFIS) controller. Unlike PI control, ANFIS can approximate to the whole system
dynamics if it is well-trained. The ANFIS controller consists of a Neural Network and
a Fuzzy Inference System and it can learn and adapt to the entire system.
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In this thesis, speed control via FOC is studied using two methods; a conventional Pl
controller and an Adaptive Neuro Fuzzy Inference System (ANFIS) controller. The
proposed ANFIS controller requires the extraction of training data from a PMSM
dynamic model with a conventional P1 controller. The simulation of both controllers
in Simulink environment is performed.

The hardware to drive the PMSM at low voltage is chosen as a development kit which
is compatible with the Simulink Code Generation. The control system implementation
with an encoder sensor is also explained in this study.

Simulation and experimental results show that the speed controller of an ANFIS
controller has better dynamic response compared to a conventional PI controller in
terms of the settling time and overshoot. However, it is observed that the off-line
training of ANFIS controller causes some steady-state error.
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SABIT MIKNATISLI SENKRON MOTOR SURUS SISTEMI iCIiN ANFIS
KULLANARAK MODELLEME, SIMULASYON VE GERCEKLEME

OZET

Daimi Miknatisli Senkron Motorlar (PMSM) robotik, elektrik, gaz, petrol ve ulasim
gibi bir¢cok alanda kullanilmaktadir. PMSM siiriiciisii, ayarlanabilir hiz stiriiciilerine
ve gelismis hiz ve moment kontroliine olanak tanir. Motorun daha yiiksek verim,
gelistirilmis moment/eylemsizlik oranm1 ve yiiksek giic yogunlugu gibi cesitli
avantajlar1 oldugundan, PMSM siiriiciisli, askeri uygulamalarin yani1 sira hava ve
elektrikli araglarda da ¢ok popiiler hale gelmistir [1-3].

Klasik dogru akim motorlar ile karsilastirildiginda dagitik sargiya sahip olan Daimi
Miknatishi Senkron Motorlar, fir¢a ve kollektor sistemi icermez ve giivenilir bir isletme
saglar. Ancak bu motorlar1 stirmek i¢in ileri kontrol teknikleri gerekir.

PMSM'in Alan Uyarmali Vektoér Kontrolii (FOC), motorun hiz kontrolii i¢in en ¢ok
kullanilan yontemdir. Park ve Clarke doniisiimleri ile beraber, statordaki faz
akimlarina bagli olan uygun alan yonelimleri kullanilarak moment ve akinin kontrol
edilmesi saglanir. Alan Uyarmali Vektor Kontrolii tabanli PMSM suriicusu, i¢
dongide d-g ekseni akim kontroliinii ve dis dongiide hiz kontroliinii birlestirir[4].
PMSM hiz kontrolii i¢in en 6nemli gereksinimler, gelismis dinamik karakteristikler ve
yiiksek hassasiyetli izleme performansidir [5].

TUm PMSM sirici sistemi, PMSM ve eviricinin matematiksel ifadeleri kullanilarak
modellenmistir, sistem iki tip kontrolor ile kontrol edilip MATLAB/Simulink'te kod
tretimi ile gergeklenmistir . Vektor kontrolii yontemiyle hiz kontrolii, basit bir tasarim
nedeniyle genellikle bir P1 kontrol6r ile entegre edilir. PMSM icin, Pl kontrolérde bir
fonksiyonun degerine belirli bir noktada yakinsamak i¢in dogrusallagtima
kullanildigindan PI parametrelerinin ince ayari zorlu bir gorev olmasi bir
dezavantajdir.

Parametre degisimleri ve dis bozucular, PMSM'nin dogrusal olmayan modelinde
istenmeyen belirsizliklere neden olur ve karmasiklik artar. Dogrusal kontrol
yontemlerinin ¢ogu, PMSM siiriiciilerinin yiiksek performansli uygulamalarinda
gereksinimleri karsilayamaz. PMSM kontrol sisteminin dinamik yanitin1 gelistirmek
icin, son zamanlarda akademik ve endiistriyel alanlarda dogrusallastirma kontrolii [6],
adaptif kontrol [7,8], kayan kip kontrolii [9, 10], bulanik kontrol [11] ve sinir ag1
kontrolii [12, 13] gibi birka¢ gelismis dogrusal olmayan kontrol yontemi gelistirilmis
ve uygulanmistir.

Bu calismada, hiz kontrolii i¢in gelismis dinamik 6zellikler elde etmek i¢in geleneksel
bir PI kontrolor, Adaptif Sinir Aglar1 Bulanik Girisim Sistemi (ANFIS) kontrolorii ile
degistirilmistir. Iyi egitilmis bir ANFIS kontrolér dogrusal olmayan sistem
kontroliinde daha iyi performans sonuglar1 verebilmektedir. ANFIS kontrol6ru bir
Sinir Ag1 ve bir Bulanik Girigim Sisteminden olusur ve sistem dinamiklerini 6grenip
tiim sisteme uyum saglayabilir.
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Bu tezde, alan uyarma ile hiz kontrolii, iki yontem kullanilarak incelenmistir;
Geleneksel bir PI kontrolorii ve Adaptif Sinir Aglar1 Bulanik Girisim Sistemi (ANFIS)
kontrol6rii. Onerilen ANFIS kontrolori, geleneksel bir PI kontrolérii ile bir PMSM
dinamik modelinden egitim verilerinin ¢ikarilmasini gerektirir. Simulink ortaminda
her iki kontrol6riin benzetimi tamamlanmustir.

Algak gerilimde PMSM'yi siirebilecek donanim, Simulink Kod Uretimine uygun bir
gelistirme kiti olarak seg¢ilmistir. Caligmada bir enkoder algilayic ile ilgili kontrol
sistemi uygulamasi anlatilmaktadir.

Benzetim ve deneysel sonuglar, bir ANFIS tabanli hiz kontroldriiniin, yerlesim siiresi
ve asim acisindan geleneksel bir PI kontrolorle karsilastirildiginda daha 1yi dinamik
yanita sahip oldugunu gostermektedir. Ancak, ANFIS kontroloriiniin ¢evrim dis1
egitiminin siirekli hal hatasina neden oldugu gézlemlenmistir.
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1. INTRODUCTION

In recent years, AC drives in aerial and electric vehicles have gained attention due to
energy cost, global warming threat, high energy demand and population [14]. As the
urban air mobility has been increasing day by day, environmental issues such as C0O,
emissions has emerged. Aircraft applications requires high reliability, high power
density and increased efficiency with weight saving and reduced torque and CO,
emissions [15]. The Permanent Magnet Synchronous Motors meet the requirements of
the aircraft applications and electric vehicles by offering reduced fuel consumption,
high power density and clean energy. The conventional propulsion systems has been
declining in popularity gradually with the developing technology. Considering the
technology assessment, Hybrid Electric VTOL Aircrafts in the aviation have come into
prominence [16].

The Permanent Magnet Synchronous Motors enable adjustable speed drives and
advanced speed and torque control. Many control techniques of the PMSM drive are
proposed in academic and commercial fields. The most popular control method of the
PMSM drive is Field Oriented Control (FOC). The FOC technique of PMSM drive
consists of a speed controller and a d-g-axis current controller. Since the speed
controller is in the outer loop, its frequency is lower than the current control. Therefore,

this study is carried out with a speed control via FOC.

The FOC incorporates Park and Clarke Transformations which enable conversion
from the stator frame into the rotor frame. The vector transform is explained in detail.
In addition, a dynamic model of the entire drive system provides estimation of the
system response before the setup. A conventional FOC methodology is based on Pl

controller.

This study focuses on two types of speed controllers: A conventional PI controller and
an ANFIS controller. Firstly, a Pl controller with FOC is designed for the high-precise
speed tracking. To adjust Pl parameter, design criteria are determined. Then, the
ANFIS controller is introduced as a speed controller. The proposed ANFIS controller

requires the extraction of training data from a PMSM dynamic model with a



conventional Pl controller. The simulation results are examined in terms of the

overshoot, steady state error and settling time.

Implementation of the drive system requires extreme coding ability and experience.
However, Mathworks developed an interface to build and deploy code into
microcontrollers by using Motor Control Blockset and Embedded Coder to generate
C code [17]. The experimental results are obtained with non-complex communication
interface in MATLAB/Simulink. The performance results of the both controllers are

illustrated, compared and analysed in simulation environment and real-time tests.

1.1 Purpose of Thesis

The goal of this thesis is to model the entire PMSM drive system using mathematical
expressions of the motor and inverter, design two different controllers, which are a
conventional PI controller and an ANFIS controller, and implement a drive system in
MATLAB/Simulink environment.

Simulation of the drive system and code-building and deployment to the
microcontroller with Serial Communication Interface through USB cable are

explained.

Comparative performance analysis of two types of speed controllers is conducted. The
performance results of the simulation and the real time for both controllers under

various operating conditions are evaluated in MATLAB environment.

1.2 Literature Review

In [18], the authors investigated PMSM technology. Regarding the equivalent
electrical circuits for PMSMs, they presented the comparison of the calculated
parameters and the measured experimental parameters associated with laboratory

studies.

In [19], the authors declared that IPMSMs had an advantage of an adjustable speed
operation, which is distinguishable feature compared to other AC machines types. Due
to high motor and inverter efficiencies, high power density of robust machines was
achieved. The relationship between the buried magnet design and the motor’s
electromagnetic characteristics are evaluated. A reluctance torque expression are

substituted into the IPM motor’s torque equation and the rotor magnetic saliency led



the increment in the quadrature-axis inductance. In order to design comprehensive
torque control, the control of sinusoidal phase currents in magnitude and phase angle
depending on the rotor orientation is studied. In this concept, the current vector torque
control is integrated with a feed forward algorithm and current control structure is
saturated at high speed. Simulations and measurements of this machine are shown and
discussed.

In [20], the authors focused on the Permanent Magnet motor drives dividing into two
groups: Permanent Magnet Synchronous Motor drives (PMSM) and Brushless DC
Motor (BLDC) drives. The PMSM produces constant torque with sinusoidal stator
currents and it has a sinusoidal back EMF. The BLDC produces constant torque with
rectangular stator currents and it has a trapezoidal back EMF. Unlike the wound rotor
synchronous motor, the Permanent Magnet Synchronous Motor is excited by a PM.
By referring rotor reference frame for the PMSM, the circuit model does not include

damper windings and field oriented control of a drive system is designed.

In [21] the authors continued to their studies related with modeling, simulation and
analysis of a drive of the PMSM. This study consists of state space expressions of the
motor and the speed control design. The models of the inverter and vector controller
are implemented in real time. This PMSM model is correlative to the wound rotor
synchronous motor. All the equations were expressed in the rotor reference frame.
Damper windings are removed in the equivalent circuit by considering a motor driven
with field-oriented control. The PWM is included in the study. In addition, the
hysteresis current controller is analysed. Torque and speed characteristics are

evaluated and experimentally verified.

In [22], the authors mainly interested to increase efficiency in permanent magnet (PM)
synchronous motor drives. The optimal control of the current could reduce the
electrical losses included copper losses and iron loss. In this control algorithm concept,
the optimal current vector is determined regarding the nominal speed and the load
conditions. This control algorithm is also implemented via a digital signal processor.

At the final step, computer simulations and experimental results are presented.

In [23], the authors studied the both of the Surface-Mounted PMSM and interior type
PMSM. According to the changes depending on the magnetic parameters and losses,

the derivation of a two-axis circuit model for permanent magnet synchronous motor



(PMSM) is investigated. A method for on-line parameter identification scheme
without loading is presented. To achive the high-fidelity of the dynamic parameters
and saturation constants while as the dynamic parameters change, test schemes are
built.

In [24], the authors worked on a flux-weakening design for an Interior type Permanent
Magnet Synchronous Motor (IPMSM). It is considered that PWM inverter is cascaded
with a PI current controller and the current controllers are saturated considering the
rated voltage. Disregarding the machine parameters, this flux weakening mechanism
provides current control at determined extended range with the good performance
dynamics. Under different operation conditions, effects of tuning parameters on this

control design are analysed.

In [25], the authors proposed different types of synchronous motors and distinguished
them from the induction motors. The Permanent Magnet motor model is based on
salient pole synchronous motor. All the equations are given in matrix form and
expressed in synchronously rotating reference frame. The equivalent circuit included
damper windings. A constant current source is utilized for the representation of the

PM. Vector control via voltage fed inverter are also added.

In [26], the authors proposed an efficiency optimization method for vector-controlled
interior type PMSM drive. A loss reduction condition that affects the optimal g-axis
current is analysed theoretically. Test results are verified to improve the proposed

method.

In [27], the authors presented a modular control technique to a PMSM speed control.
The modular approach enabled the empowered intelligent and robust control modules
to easily replace any existing module which is out of order, while as the other modules
are still undamaged for the operation. The module comprises a conventional P speed
control module, reference current module and PI current control module. When PMSM
is operated in high-performance servo condition the torque pulsation cannot be
neglected. Therefore, the torque ripples is reduced with an internal model in the feed-
through path. In this design, the reference current-generating module is replaced by an
iterative learning control (ILC) module. So as to obtain better dynamics in torque

response, a torque estimation module with a gain-shaped sliding-mode observer is



required to provide torque learning control. Also, the real-time implementations and

experimental responses are compared at the end.

In [28], a new modeling tool is invented to focus on the electrical systems simulation
of the automotive industry. PSIM enables to examine the dynamics of power electronic

converters and motor drives in simulation environment.

In [29], MATLAB introduced the AC6 block of SimPowerSystems library in Simulink
environment. It involved a PMSM drive model with a braking chopper. A PWM
voltage source inverter with universal bridge block is connected to the inputs of the
PM synchronous motor. The speed control loop required a PI regulator to produce the
flux and torque references for the vector control block which computed the three
reference motor line currents incorporating the flux and torque references and then fed

the motor with these currents using a three-phase current regulator.

In [30], MATLAB shared an example of a Permanent Magnet Synchronous Motor fed
by PWM inverter. The PWM inverter is created by using Simulink library. The inverter
output is directly connected to Controlled Voltage Source blocks to obtain the
reference stator voltages. Two control loops are designed: The inner loop is used to

control the currents. The aim of the outer loop is to control the motor speed.

In [31], the authors presented a novel based on the On-line estimation of permanent
magnet flux linkage ripple for PMSM with a Kalman filter. To provide more
comprehensive and robust control, the permanent magnet flux linkage value without
uncertainty is required. For stator flux estimation and the observer, the rotor flux
linkage is accepted as an already-known constant parameter. However, the rotor flux
linkage is fluctuated in some conditions. So, Kalman filter based on a rotor flux linkage
observer is proposed. A three order Kalman filter is presented. In Surface Mounted
PMSM, the rotor flux linkage of the motor could be obtained by using the d-axis
inductance equal to the g-axis inductance. The results of the designed observer, which

are satisfactory, are compared in the simulation environment and testing.

In [32], the authors conducted a study related to the field oriented vector control for
PMSM drives with space vector modulation. The field oriented vector control for the
speed control of the PMSM is used to generate a g-axis current command depending
on the speed control signals. The simulation allowed to examine motor dynamic

behaviors under transient and steady state conditions. This study includes



MATLAB/Simulink implementations of the vector control with related current
controllers. The real-time results of the Permanent Magnet Synchronous Motor control
using a DSP board are given. The speed control of the PMSM is achieved in the

constant torque region. All the performance results are evaluated at the end.

In [33], the authors proposed a study of a modeling method for Interior Permanent
Magnet (IPM) synchronous machines. After the experimental results based on dyno-
testing, a stator winding flux linkage table is filled in this modeling method. The
relationship between computer simulation and dyno-testing, high fidelity nonlinear

behavior of IPMSM could be analysed.

In [4], the authors studied the speed sensorless Field Oriented Control (FOC) of PMSM
supplied by a space vector pulse width modulation (SVPWM). The PMSM
mathematical model is combined with Adaptive Neuro-Fuzzy Inference System
(ANFIS) and Model Reference Adaptive System (MRAS) algorithms under different
speed and load torque conditions. The results are given and desired efficiency of the

entire drive system for the different scenarios is achieved.

In 2020, Mathwork [17] introduced Motor Control Blockset enabling designs and
implementations of motor control algorithms. Motor Control Blockset allows creating,
tuning field-oriented control and other algorithms for BDCM and PMSMs. It is
declared that verification of control algorithms in closed-loop simulation integrated
with the motor and inverter models in the blockset. This Blockset gives opportunity to

generate C code with appropriate execution rates for the implementation.

1.3 Hypothesis

The nonlinearity in the PMSM makes the conventional Pl parameters tuning a
challenging task and especially high power applications with a PI controller leads an
undesired overshoot. When the non-linear motor structure is exposed to unavoidable
uncertainties and external disturbances, the most linear control methods cannot meet
the requirements [34]. In recent years, many advanced non-linear control methods
which allow more comprehensive dynamics are proposed. One of them is an ANFIS
controller. The data collected from the reference model of the PMSM is imported to
the ANFIS. The well-trained ANFIS controller shows more robust performance in

terms of overshoot and settling time [35].



2.  PERMANENT MAGNET SYNCHRONOUS MOTOR

A Permanent Magnet Synchronous Motor (PMSM) needs permanent magnets to
generate the air gap magnetic field instead of the electromagnets. According to the
construction design of the PMSM rotor, permanent magnets can be located on the rotor
surface (Surface mounted Permanent Magnet Synchronous Motor-SPMSM) or inside
the rotor (Interior type Permanent Magnet Synchronous Motor-IPMSM).

PMSMs are also grouped by the direction of the field flux: Radial field flux and axial
field flux. The radial field flux which is along the radius of the motor is mostly
preferred in the motors. The axial field flux is perpendicular to the radius of the motor

and this type motor technology is used rarely.

The material selection of the permanent magnet associates the performance of the
motor. AINiCo (Aluminum-nickel-cobalt), Ceramic (ferrite) and rare-earth materials
are generally used permanent magnet types for the electric motors. In recent years, the
rare earth magnets such as Samarium Cobalt (SmCo) and Neodymium Iron Boron

(NdFeB) have been come into prominence due to their high flux density.

2.1 Mathematical Model of PMSM

PMSMs are classified into two main type: Internal-mounted magnets with saliency,
and Surface mounted magnets without saliency. In the Interior type Permanent Magnet
Synchronous Motors, a variable reluctance which changes with the rotor angle exists.
Unlike the Interior type Permanent Magnet Synchronous Motors, the surface-mounted
Permanent Magnet Synchronous Motors have a fixed reluctance for any rotor angle
because of a uniform airgap and the direct axis inductance is equal to the quadrature

axis inductance.

This thesis study focused on the surface mounted synchronous machine. The
mathematical model of the PMSM is proposed in this section.

A cross section of the rotor and stator of a PMSM has characteristics of two-pole and
three phase is shown in Figure 2.1. This representation is more simplex so two pole

PMSM is preferred for the illustration. The d-q notations of a PMSM drive system



represent a rotor reference frame. The angle between the rotating d-axis and the stator
axis is 6,.. Since PMSM is a synchronous motor, the rotor and stator magnetomotive

force rotates at the same speed.

Quadrature (q)
magnetic axis

Direct (d)
magnetic axis

Figure 2.1: Cross section of the two pole PMSM [39].

When creating the mathematical model of the PMSM, the following assumptions are
considered [40]:

-The saturation of the electric motor core is ignored.

-Turbulent flow, Eddy currents and hysteresis losses of electric motor are disregarded.
-PMSM has symmetrical three phase sinusoidal current.

-Induced EMF is sinusoidal in nature.

The main voltage expressions for the PMSM in the d-q axis is given in Equation 2.1
and Equation 2.2. The zero axis components are neglected as wye-connected stator
windings are supplied with the balanced three phase.

dAy

Ug = Rsid - (,l)rlq + E (21)
dA
Ug = Rslg + wrdg + d_tq (2.2)

Here, d and q stand for the direct axis and the quadrature axis component of the

variables respectively.

The flux linkage expressions related d-q axis reference frame are:



/1d = Ldid + Apm (23)

Aq = Lalq (2.4)

For surface mounted PMSM, the d-axis inductance is equal to g-axis inductance.

The developed voltage expressions for the PMSM in the d-q axis are given as follows:

. dig . (2.5)
Ug = Rgig + Lsﬁ — wrLgl,
di
u, = Ryiy + Lsd—t" + @, (Lsig + Apm); (2.6)

where R; is the stator resistance, L is the stator inductance, w, Is the rotor electrical

speed and 4,,, is the permanent magnet flux.

The equivalent circuit of PMSM is illustrated in Figure 2.2.
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Figure 2.2 : Equivalent circuit of PMSM [41].
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Figure 2.3 : PMSM electrical circuit model.

The PMSM electrical circuit model is illustrated in Figure 2.3. The electromagnetic

torque of the machine is calculated as follows:

3
n:@ﬁgw—%@ (2.7)

Substituting Equation 2.3 and Equation 2.4 into Equation 2.7, the Equation 2.8 is
obtained. The developed electromagnetic torque modelled in Simulink is shown in

Figure 2.4.

3
T, = (§>p(;1pmiq — (Ly — La)igia) (2.8)

)
2 ML dL q x *
- 4L L
L MOTOR TORQUE

p FLUX

Figure 2.4 : Electromagnetic torque model.

Since this type motor has no saliency, d and g axis inductances are equal. T}, is the load
torque. B and J are expressed as damping and inertia, respectively. p is pole pair. w,, is
motor mechanical speed. The developed electromagnetic torque expression is obtained

as follows:
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3
Te = (5) Aomiq (2.9)

dw
Te =T, + Bwy, +]d—tm (2.10)
w
Wy = - (2.11)
p

The electromagnetic torque derived from w,,, B, J and T}, is shown in Figure 2.5.

ROTOR SPEED(RPM)

MOTOR TORQUE P ROTOR ELECTRICAL SPEED
- KTe » P » 2)
LOAD TORQUE =1 L
m

L ROTOR MECH SPEED
Bm I w1

Figure 2.5 : General torque-speed model.
The electrical symbols and their SI units are given in Table 2.1.

Table 2.1 : Electrical symbols and Sl units.

Symbols Units
B Nm/rad/s
Ry Ohm(Q)
Lg Henry (H)
g lg Amper(A)
Aar Ags Apm Weber (Wb)
La, Lg Henry (H)
p —
Ji Kgm?
T, T, Nm
Wy, Wr rad/s

The entire PMSM model is shown in Figure 2.6.
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3. PMSM CONTROL ALGORITHMS

The PMSM control techniques mainly comprise scalar and vector control methods as

seen in Figure 3.1.

PMSM CONTROL TECHNIQUES

SCALAR CONTROL VECTOR CONTROL
v/t DIRECT TORQUE FIELD ORIENTED
CONTROL (DTC) CONTROL (FOC)
DIRECT INDIRECT

Figure 3.1 : Some common PMSM control techniques.

3.1 Scalar Control

This method is generally performed in variable speed applications where the angular
speed is unknown through the open loop. This control method is typically implemented

in pump and fan drives and also low-cost drives.

In the scalar control method, the magnitude of voltage is varying with the frequency
in a constant ratio. The main advantage of this method is to allow the motor operation
in a sensorless mode since this algorithm does not require the angular speed or the
actual rotor position. However, this control technique is applied only in steady-state
operation of the motor, the transition processes of the technique result in increased

torque ripples and high speed fluctuations.
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3.2 Vector Control

The vector control techniques enable to control the both of the motor flux and torque
via stator currents. This technique ensures high accuracy, an extended speed range,
fast response and minimized losses. Compared to the scalar control, these methods are
much more complex as they need sensors, high measurement accuracy and many real-

time calculations.

The most commonly used vector control techniques of PMSM are Field Oriented
Control (FOC) and Direct Torque Control (DTC).

In Field Oriented Control, the direct axis component is adjusted to zero and this
method provides to control motor flux and torque seperately and the permanent magnet
magnetic field is aligned in the direction of the d-axis. This causes the linear
relationship between torque and the g-axis current component. FOC is very popular
method for Surface mounted PMSM. However, regarding reactive torque component,
FOC algorithm may not be effective for Interior type PMSM.

Direct Torgue Control does not require the coordinate system transformation and stator
flux and electromagnetic torque are controlled directly. Although the DTC prevents
computational burden and it can be used without a speed sensor, torque and current

ripples are relatively higher compared to FOC method.

There are essentially two common methods of vector control of FOC: Direct (feed-
back method) and Indirect (feed forward method). In the direct FOC, the rotor angle
is obtained by the terminal voltages and currents. In the indirect FOC, the rotor angle

is determined by using rotor position measurement and machine parameter estimation.

Field-weakening operation provides to increase speed range. The operation voltage of
the motor is limited by the inverter and the current controller is saturated. In order to
operate the motor at higher speed than the rated speed, the flux-weakening control
should be performed. The d-axis current cannot be ignored for the operation principle.

The direct FOC-based vector control is suitable to a low voltage SPMSM that is
studied in the thesis. Beside the conventional PI controller, the ANFIS controller can

be combined with FOC to design the high-peformance speed controller.
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4.  FIELD ORIENTED CONTROL

Field oriented control of PMSM is extensively performed in vector control method.
The purpose of FOC is to control the torque and flux using appropriate field

orientations via controlling phase currents in the stator.

Field Oriented Control requires the stator currents and the rotor angle values to
regulate the motor torque and the flux easily. This method mostly results in reduced

torque ripple and fast response.

This technique consists of two current controllers. One of two current controllers is
related to the direct axis component. Other is the quadrature axis component based. It
also needs one speed controller. Speed control in FOC of PMSM can be performed by
various control techniques. To drive dynamic model in Simulink, the control
techniques are investigated. Two control methods are applied in the speed controller:
PI controller and ANFIS Controller.

Firstly, Field Oriented Control using d-q transformation is introduced briefly. This
method incorporates Park and Clarke transformations presenting how voltages and

currents are transformed from one reference frame to another reference frame.

FOC diagram is illustrated in Figure 4.1.

Inverse Park Transform DC SOURCE
m:‘ef i %
+ v
“olamlro- T L
\ Controller A d-q «
Vj'g * SVPWM INVERTER
@ > Vd* —
[ ] =
—_— R — e B
i‘i ] iu
iy ;
aq | >
la —E fe
a-p a-b-c L
Park Transform Clarke Transform ( PMSM
(encoder)

Figure 4.1 : FOC diagram.
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4.1 Dynamic Direct and Quadrature Axis Transforms

In three phase motors, they have distributed windings. The stationary reference frame
includes three phase quantities which are at fixed angles, despite their amplitude is
changing with a time. The differential part related to the vectors varies with a time
during rotation of the system. Therefore, fluxes, currents, induced voltages and flux
linkages are varying and the control of the model is getting complex to model. For
simplicity, a mathematical conversion is required to solve mathematical equations by
using a common reference frame. Park and Clarke transformation allows study this

vector control on a common reference frame [36,37].
Clarke and Park transformation is mostly used in PMSM vector control techniques.

To understand this transform, electrical quantities are interpretated and given in Table

4.1. Vector representation in different frames is shown in Figure 4.2.

Table 4.1 : Electrical quantities and interpretations.

Quantities Interpretation

Vaber Labe Three phase reference frame
Vap lap Orthogonal stationary reference frame
Vagr lag Rotating reference frame

Figure 4.2 : Electrical quantities in different coordinate systems.

4.1.1  Clarke Transform

As a general operation of Clarke Transform, three phase quantities in a three phase
coordinate system are converted into the two-phase quantities of an orthogonal
stationary coordinate system using Equation 4.1 and Equation 4.2.
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2 1 1
Va=§Va—§Vb—§ c (41)
1
Vg = Ve Vp = Vo) (4.2)

4.1.2  Park Transform
Two axis quantities of an orthogonal coordinate system are converted into two-axis

quantities of a rotating coordinate system with Equation 4.3 and Equation 4.4.
Vg =Vycos8 + Vgsin6 (4.3
Vg = —Visin€ + Vg cos 6 (4.4)

Clarke-Park transform is depicted in Figure 4.3.

Va
BRUIBURI ) e
3 CLARKE TRANSFORM(1 ) u(t)"cos{u(3+uf2)sin(u3)
..VD . PARK TRANSFORMI
sqrt(3)3"ui2)sqrt(3)3'u(3)
D > CLARKE TRANSFORM2 (1) sin(u(3))u(2)"cos(u(3)
v
o PARK TRANSFORM2

PARK
CLARKE

Figure 4.3 : Clarke-Park transform model.
4.1.3  Inverse Park Transform

Two axis quantities in a rotating coordinate system are converted into two axis
quantities of an orthogonal stationary coordinate system using Equation 4.5 and and

Equation 4.6.
lo =1I;cos6 —I;sin6 (4.5)

Ig = Igsinf + I, cos6 (4.6)
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4.1.4 Inverse Clarke Transform

Two axis quantities of an orthogonal coordinate system are converted into three-phase

quantities of a stationary coordinate system with Equation 4.7, Equation 4.8 and
Equation 4.9.

4.7
_Zlat V3l (4.8)
b~ 2
P (4.9)
¢ 2
Inverse Clarke-Park transform is depicted as:
INVERSE PARK TRANSFORM i INVERSE CLARKE TRANSFORM i
(1 1
u(ty*cos(u(3))-u(2)'sin(u(3)) Im . 1A_STATOR R
INVERSE PARK TRANSFORM1 I
M -2Zu()san(3)2iut2) }m
INVERSE CLARKE TRANSFORM1 IB_STATOR
u(1)*sin(u(3))+u(2)*cos(u(3)) R
INVERSE PARK TRANSFORM?2 4>| “1/2*u(1)-sqrt(3)/2"u(2) }m
INVERSE CLARKE TRANSFORM2 IC_STATOR
e, £

Figure 4.4 : Inverse Clarke-Park Transform model.
abc to d-q axis transformation or d-q to abc axis transformation is widely used in
dynamic modelling of PMSM. The four equations mentioned above can be combined
in two ways [38]:

Vo =V4cos6 —V;sin6 (4.10)
2 ) 21 (4.11)

V, = Vdcos<9 —?) —Vqsm(H —?)
(4.12)

21 2
VC=Vdcos(0+?>—Vqsin(9 +?)

Besides abc to d-q transformation, d-q to abc transformation can be calculated as
follows:
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2 21 21
V; = 3 [Va cos 8 + V), cos (9 - ?) + V. cos (9 + —)] (4.13)

(4.14)

2 _ _ 21 _ 21
Vg = —g[v}lsm9+Vbsm(0—?>+VCsm<9+?>]

4.2  Average Value Inverter Model

An average value inverter performs the calculation of the three phase AC voltage
output from the inverter DC voltage by utilizing the modulation indices that change
between 0 and 1. The modulation indices are obtained by scaling Space Vector Pulse
Width Modulation block output signals. The average value inverter simulates the drive

system by taking average value and operates as a full wave inverter [42].

D,, Dy, and D, represent modulation indices. V. is the DC bus voltage of the inverter.

V., V, and V. denote the output stator voltages in Volts.

DC to AC conversion is done using the Equation 4.15, Equation 4.16, Equation 4.17,
and Equation 4.18.

y (Dg + Dy + D) (4.15)
=
3
Vo = Vae X (Dg — Do) (4.16)
Vb = VdC X (Db - Do) (417)
Ve = Vac X (Dc — Do) (4.18)

The average value inverter model is depicted in Figure 4.5.

AVERAGE VALUE INVERTER

‘—‘I (1/3)"(2*u(1)-u(2)-u(3))

D) [single | e » (113)" @ u(2)-u(@)-u(1)) =

Duty

Y

L (1/3)*(2*u(3)-u(1)-u(2)) Vabc

Figure 4.5 : Average value inverter model.
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4.3 PI Controller Design

The PI1 controller illustrated in Figure 4.6 incorporates a proportional gain and an
integral gain that ensure a fast response and reference tracking. A proportional gain

assures a fast output and an integral gain decreases the output error.

PI Controller
____________________ |
: 1 Plant
I
Reference + I e(t) + u(t) | Output
| Kp f G(s) —
1 + :
! I
! I
! I
! I
! I
! Ki/s I
|
I
|
.

Figure 4.6 : PI controller structure.
The PID Controller block(1-DoF) in Simulink is selected to control the d-g-axis
currents and speed. In constant torque region of the motor operation, the d-axis current
reference is 0. The g-axis current control is cascaded with a speed control. Initially, d-
g-axis current control is applied to the plant model. In order to find the parameters of
the PI controller, PID Tuner that automatically tunes the parameters of Pl controller
for Single Input Single Output (SISO) plant to obtain good characteristics with tradeoff
between robustness and performance is launched. The tuning method is Transfer
Function-Based. The discrete time settings are determined. The PID Tuner provides a

linearized plant model for the controller by identifying the plant input and output.

When tuning the PI controller gains at the no-load condition, the settling time of the
speed response is assumed to be less than 0.30 s. Additionally, one of the design
requirements for the PI controller is that the overshoot (OS) is less than 15% at no-

load condition. The PI controller parameters are given in Table 4.2.

Table 4.2 : Current and speed controller parameters.

Type Kp Ki
d-axis control 1.7283 3466.074
g-axis control 0.6332 39.8837
Speed control 0.0223 2.2811

The Figure 4.7 shows the PMSM drive modeling in Simulink associated a

microcontroller, an inverter and a PM synchronous motor.
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Figure 4.7 : PMSM drive complete model.

The motor is Teknic2310P low voltage motor. The control system is designed with a
Texas Instruments LAUNCHXL-F28379D. The inverter module for the driver is
Texas Instruments DRV8305EVM with a switching frequency of 20 kHz. DC link

voltage is 24 V. The parameters of the motor and the inverter are given in Table 4.3.

Table 4.3 : Motor and inverter parameters.

Parameter Value Unit Description
P 4 - Pole pair
Rg 0.36 Ohm(Q) Stator Resistance
Ly 2x107* Henry (H) d-axis inductance
L, 2x107* Henry (H) g-axis inductance
Apm 0.0064 Weber (Wb) PM flux
Ji 7x107¢ Kgm? Inertia
B 2.64x107° Nm/rad/s Damping
Trated 0.2724 Nm Rated torque
Lrated 7.1 Amper(4) Rated Current
Npnax 6000 RPM Max. speed
Ve 24 Volt(V) DC link voltage
Inverter current
Rsnunt 0.007 Ohm(Q) sensor shunt resistor
Inverter
Rps 0.002 Ohm(Q) drain-source
resistance
Lnax inv 23.5714 Amper(A) Inverter max current

The base speed is calculated as follows [43]:

Riny = Rps + Rspunt/3

(4.19)

The Equation 4.19 represents the equivalent resistor of the inverter board. In the

constant torque region of the motor, 1, is accepted as I, 4¢eq-

The maximum phase voltage of the inverter output for the Space Vector PWM is

expressed as:
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v (4.20)

phase_max — Vdc/\/_
- 3

The inverter voltage constraint is found by calculating the d-axis and g-axis voltages:

Vao = —welgig (4.21)
qu = (‘)e(Ldid + Apm) (422)
Umax = Vphase_max - Rinvlq (4-23)

Vg0 IS the d-axis voltage when i, is zero. v, is computed when i, is zero. The base

speed in rad/s is computed as:

o =L Vmax (4.24)
base p m
60 (4.25)

Npgse = % Wpgse

The base speed in RPM is found 4107. The component-based drive system sampling
times to create a model and control are given in Table 4.4.

Table 4.4 : Drive system sampling times.

Sampling Time Value
Smotor 25 Us
Sinverter 25 Hs
Towm 50 us
Scurrent 50 Hs
Sspeed 500 ps
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5. ADAPTIVE NEURO FUZZY INFERENCE SYSTEM

The Adaptive Neuro- Fuzzy System or ANFIS is a hybrid intelligent system that
combines the Artificial Neural Network (ANN) and Fuzzy Logic (FL) technology.
Therefore, ANN and FL approaches should be examined separately [44].

51  Fuzzy Logic

The most popular fuzzy system determined by IF... THEN rules is a rule-based fuzzy
system. The fuzzy systems can be used in modeling, data analysis, prediction, control
and etc. A fuzzy inference system provides mapping from a given input set to an output
set utilizing fuzzy logic. A fuzzy logic is divided into five essential parts: input scaling,
fuzzification, rule-base inference, defuzzification and output scaling. The fuzzy

inference system scheme is illustrated in Figure 5.1.

Figure 5.1: Fuzzy inference system scheme [45].

5.1.1 Fuzzy Rule Base

The Fuzzy rules represent a relationship between variables. ‘If” and ‘Then’ define
antecedent proposition and consequent proposition respectively. Linguistic variables,
linguistic terms, semantic rules, membership functions and base variables are

fundamentals of Fuzzy rule base.
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The membership function (MF) is a function that identifies the degree to which a given
input variable fits to a determined set. The degree of membership can be regarded as
an output of a membership function and this value is between 0 and 1. There are many

types of membership functions shown in Figure 5.2.

/ 4 '-\\\ /
/._/ N . / \

\
N\
\

triangular trapezoidal singleton

Gaussian Piecewise linear

Figure 5.2 : MFs types[46].

The Rule-based fuzzy models vary according to selection of the form of the
consequent. Mamdani (Linguistic) fuzzy model, Singleton fuzzy model and Takagi-

Sugeno (T-S) fuzzy model are three types of the rule-based fuzzy models.

5.1.1.1  Mamdani (Linguistic) Fuzzy Model
Zadeh and Mamdani proposed the linguistic fuzzy model based on semi-qualitative
knowledge with if-then rules.
Ri:If xis A; theny is B; (5.1)

i=12,...K
X is the input (antecedent) linguistic variable, A; is the antecedent linguistic terms, y is
the output (consequent) linguistic variable and B; is the consequent linguistic terms.
In the fuzzy conjunction, the minimum operator provides the relation R. The
conjunction using min operator and AAB implies the following expression:

R, =A;XB; (5.2)

e, (x,y) = pa, () Aug,(v) (5.3)

The disjunction or union of the rules are given in Equation 5.4, Equation 5.5 and
Equation 5.6.
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o U 7 (5.4)

l

He(x,y) = max [, (X)Aug, ()] (5.5)

K
=1

#s(y) = max(u; () Aup (y)] (5.6)

W4 isaninput fuzzy value and py is an output value. The general inference mechanism

is converted into Equation 5.7.

up(y) = max{u; ()A max [, () Aup, )]} (5.7)

The complete rule base is deeply related to fuzzy relation R. The output of the
linguistic model can be concealed by the max-min operator. This relational calculus
can be disregarded since discretization problems and retention of the relation R can be
eliminated.

In max-min operator usage, their order priority can be shifted. The new form of the

equation is given in Equation 5.8.

us(y) = max {max[u;(x)Aus, ()] Aps, ()} (5.8)

The firing strength of the i*"rule’s antecedent can be represented with S;.

Bi = max[uz(x)Apg,(x)] (5.9)

The Equation 5.10 is the new form of the Equation 5.9.
s () = max {BiAup,(y)} (5.10)

The algorithm explained step by step is max-min or Mamdani-inference. After the
inference process, the output should be a numeric value. This process is a conversion
of a fuzzy set into a numeric value and it is termed as defuzzification. Centroid of the
Area, mean of maximum, first(or last) of maxima, max-membership principal, bisector
of the area or weighted average method can be selected to a defuzzifier.

Input or output scaling factors can be required for normalization of the input or the
output. In fuzzy controller design, the scaling factors emulates the controller gains.

They offer improved performance and stability.

5.1.1.2 Singleton Fuzzy Model
Singleton fuzzy sets can perform real numbers.
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Ri:If xis A; theny is b;
i=12,..,K

(5.11)

In singleton fuzzy model using Mamdani (max-min) inference algorithm g 4(x) is 1
for x = x, and otherwise u4(x) is 0. The equation of firing strength f; is us, (xo).
Deriving the output fuzzy sets and aggregation the output fuzzy sets are applied to the

a given fuzzy model.

5.1.1.3 Takagi-Sugeno Fuzzy Model
The Takagi—Sugeno (T-S) fuzzy model requires crisp functions in the consequents.
The Takagi-Sugeno rules can be shown as
Ri:If xis A; theny; = f;(x)
i=12,.., K

(5.12)

Mostly, f; can be depicted as a vector-valued function. However, in order to obtain
practical parameterization, the rules can be following form:
Ri:If x, is Ajjand ...and x,, is Ay, then y; = al x + b; (5.13)
i=12,..,K

Firing strength is given as

n
5.14
i) = [ [ by o) (514
j=1
T-S Fuzzy model output is expressed as
X By (5.15)

§(=1 Bi(x)
If Takagi-Sugeno fuzzy model structure given in Figure 5.3 is examined by using 2

rules, following expressions are obtained.

AI . BI ...... )
SN
. A, X . B, )
ﬂF _____ _—
IX y ¥

Figure 5.3 : Takagi-Sugeno fuzzy model structure [45].
Rule 1 and Rule 2 are expressed as follows:
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IFxis Ay andyis By THEN f; = pix + q1y + 14 (5.16)

IFXxisA, andyis B, THEN f, = pox + gy + 1, (5.17)

With weighted average method, the following expression is derived by weighting each

functions in the output by its respective maximum membership value.

f= M wifi + Wof, (5.18)

wy + w,p

5.2  Adaptive Neuro Fuzzy Inference System

ANFIS comprises the fuzzy inference system(FIS) and the neural network (NN) [4-
11]. ANFIS controllers provide more robust characteristics with critically damped
response [47]. Adaptive Neuro Fuzzy Inference System uses Takagi-Sugeno (T-S)
Fuzzy Models. The Membership functions of the fuzzy inference systems are manually
designed and generally controlled with trial-and-error method. However, FIS designer
should have a sufficient knowledge on their system. Otherwise, the Neural network
has a capability to learn from training data and it can also behave as a black box.
Besides, the results imported to the FIS can be expressed in linguistic terms. The
ANFIS architecture is illustrated in Figure 5.4. The parameters of the MFs and Sugeno
outputs(f; and £,)) are altered by the Backpropagation (BP) algorithm that is one of
various training algorithms during the process of learning. It ended when FIS output
reached the desired value [48]. For simplicity, two inputs X and Y are considered for
ANFIS adaptation principles.

Backpropagation
l“Al(X) Z f{‘_ Algorithm

# B w f\
INPUT @ @
ﬂBI(Y) @ i %f‘ FOutput

/ AND Normalizer
MBZ )

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Adaptive Adaptive

Figure 5.4 : ANFIS architecture.
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At layer 1, node function is expressed as

01 = pa,(x), fori =1,2 (5.19)
01 = Ug,_, (y), fori=34 (5.20)

x and y are inputs. A; and B; are labels such as small, large etc. u(x) is membership
function notation. These nodes are adaptive.

At layer 2, these are fixed nodes and T is T-norm operator.

Oz = w; = pa,(x) Tpp,(y), fori =1,2 (5.21)

Mostly, T-norm operator satisfies fuzzy AND logic, performing as minimum and
product.

At layer 3, these are also fixed nodes. Normalized firing strength are obtained as
outputs of this layer. To find normalized firing strength, the following formula is

derived:

W.
O3 = W, = — +1W fori=1,2 (5.22)
1 2

At layer 4, every node is an adaptive node with the function. Consequent parameters

(p;, q; and r;) are adjusted.
O4; =W, f; =W, (pix + qiy +17) (5.23)

At layer 5, there is a single node. The total output of this layer is calculated as the sum
of entire neuro signals by a single node. The weighted average defuzzification is shown

in Equation 5.24.

Osi= ) Wifi = Zzif”f (5.24)

ANFIS is based on a hybrid learning algorithm divided into forward pass and

backward pass.

Table 5.1 : Hybrid learning algorithm.

Forward Pass Backward Pass
Premise Fixed Updated with Gradient Descent
Parameters
Consequent Identified by Least-squares .
" Fixed
Parameters estimator
Signals Node outputs Error Signals
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ANFIS should be first or zeroth order Sugeno type systems.It has a single output and
all output MF functions should be linear or constant. Rule sharing is not allowed. The
number of output MF functions should be equal to the number of rules. Unity weight

for each rule is required.

5.2.1  ANFIS Design for PMSM Speed Control

The parameters of a conventional Pl controller may not be fine-tuned due to the non-
linearity and disturbance for high voltage applications [34]. In order to obtain
improved performance characteristics, ANFIS controller design for PMSM speed
controller is investigated [47].

Error .
Neural Network

. Learning
d/di Algorithm

Rate of Change
of Error

*| Fuzzy Logic
Ll -
Error Controller | Control

/ Signal

Figure 5.5 : ANFIS mechanism [49].
The design of the ANFIS controller for PMSM motors is explained in this section.

Figure 5.5 represents ANFIS mechanism.

The input-output training data, which is utilized to train the FIS, are collected from the
PMSM reference model. “Two inputs and one output’ is considered for the design of
ANFIS controller. For collecting data for training, the error (e) between actual motor
speed and reference speed and the change in the error (Ae) are given as inputs to the
ANFIS controller. The change in control signal(du) is selected as output. The inputs
for ANFIS controller, the error and the change in error is modeled using the Equation
3.25 and Equation 3.26.

e(k) = Wrer — Wiy (3.25)
Ae(k) =e(k) —e(k—1) (3.26)

w.r IS the reference speed, w,y, is the actual motor speed, ANFIS controller modeling

in PMSM drive is illustrated in Figure 5.6. Input or output scaling factors emulates the
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controller parameters and called normalization of the input/output. They assure more
comprehensive performance dynamics and stability.

CO——

speed error

s

q_ref

Figure 5.6 : ANFIS controller modelling in PMSM drive.
ANFIS incorporates SIMULINK in MATLAB. The flowchart of ANFIS controller

design simulation process is shown in Figure 5.7.

< Initialize with ™.,
| MATLAE Command |
. “anfisedit™ 4

Load DAT file of
reguired machine

-Detide number of inputs of-' 5
membership function

~

Select MF Type ‘

!

ANFIS model
structure will be
formed

v

Start Iteration
{This will tell that how much time our
system will repeat until a defined value
cames i.e, until a minimum error comes)

Start Testing

’

Load Fuzzy
Controller
File in ANFIS

¢ Sawe ANFIS
\_ Controller  /

Figure 5.7 : Flowchart of ANFIS controller simulation process [50].
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In training process, ‘anfisedit’ command is written in MATLAB command window to

initiate ANFIS toolbox. Training data collected from the reference model is performed

with appropriate sampling time. The discrete solver is chosen as ode4. In this study,

sampling time is 500 us.

To minimize the error between actual data collected dynamic model of PMSM with PI

controller and ANFIS trained data, speed reference inputs, which cover the entire

speed range are used by dividing all speed range into 20 sections as 10 positive and 10

negative values. Training data reference profile is given in Figure 5.8.

4000 -

3000
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speed(rpm)
o

-1000

-2000 -

-3000 -

-4000

4 6 8 10
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Figure 5.8 : Training data reference profile.

The data collected from the reference model of the PMSM is loaded into ANFIS from

workspace or file. The next step is determination of the input/output and the MFs of

the inputs.

XX

error

XX

T~
P

Anfis2008v2

(sugeno)

change_in_error

Figure 5.9 : Design of ANFIS interface.

In addition, ANFIS allows the designer to select MF type such as triangular, gauss, or

etc. Design of ANFIS interface is shown in Figure 5.9. After numerous testing, the

most effective adaptive speed performance is obtained with Sugeno type 5 triangular
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MFs for each input. The hybrid FIS model parameter optimization technique performs
to tune the parameters of the MFs, that uses least squares estimation (LSE) and back
propagation (BP).The MFs of error and the MFs of change in error are shown in Figure

5.10 and Figure 5.11 respectively.
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Figure 5.10 : Membership function of error.
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Figure 5.11 : Membership function of change in error.
The optimization method is hybrid. Iteration epochs are decided and the iteration is
initiated.
Training error plot is presented in Figure 5.12. It is seen that FIS output is overlapped

with the training data with the maximum absolute error of 2%.
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Figure 5.12 : Training error plot.

After the training process, testing data section is initiated. When the error between the
training data and FIS output can be ignored, Fuzzy Controller file is saved and
integrated with ANFIS controller model. Regarding the computational problem, the
number of MFs should be between 3 and 6. Scaling factors are used to perform
enhanced response dynamics. FIS output plotted against the training data is illustrated
in Figure 5.13.

Figure 5.13 : Plot of training data and FIS output.
ANFIS rule viewer is depicted in Figure 5.14. Since the error input has 5 MFs and the

change in error input has also 5 MFs, the number of ANFIS rules is 25.
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Figure 5.14 : ANFIS rule viewer.
Related ANFIS structure for a Sugeno fuzzy inference system is given in Figure 5.15.
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Figure 5.15 : ANFIS network structure.
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The surface viewer depicted in Figure 5.16 is used for the mapping from two inputs to
a single one to estimate and control the output signal of the controller.
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Figure 5.16 : ANFIS surface viewer.
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6. IMPLEMENTATION OF A PMSM DRIVE SYSTEM

An experimental setup to implement FOC algorithm of PMSM is presented in this
chapter. The system configuration is defined and afterwards, the hardware components

are listed.

MOTOR DRIVER &
CONTROLLER e

Figure 6.1 : PMSM drive implementation.
To drive a 3-phase PMSM, a driver, a microcontroller and DC Power Supply are
combined in Simulink environment. All configuration features including
communication interfaces, data types, sensors and delays are set by considering
datasheets of the components selected.
To implement the drive system in Simulink, Motor Control Blockset providing motor
control applications is integrated with Embedded Coder, Embedded Coder Support
Package for Texas Instruments C2000 Processors and Fixed Point Designer.
The PMSM drive system includes the following hardware components:

e Teknic motor M-2310P supporting both Hall and quadrature encoder sensors
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e BOOSTXL-DRV8305EVM driver

e LAUNCHXL-F28379D controller

o Switch Mode Power Supply (24VDC)

e Low power PMSM implemented for simulating load

« Load Cell for sensing force applied by the motor during motor operation

e Programmable Logic Controller (PLC) for measurement of motor torque via
Load Cell

The test bed is shown in Figure.6.1. The Teknic 2310P motor having Neodymium-
Iron-Boron magnets ensures high power density with improved performance at high
thermal conditions allowing full-torque output for high-speed motor operation. Stator
windings design is optimized with low inductance characteristics assuring a fast
electrical time constant. The low cost Molex Mini-Fit connector of the motor supports
a current rating of up to 10A per circuit and a 600 V rating. Teknic motor 2310P has
built-in encoder sensors to position sensing. The low cost motor includes the type of
floating optical disk of the line-driven single-ended encoders for the short transmission
range of the power. The encoder density allows 4000 counts per revolution in post-
quadrature. It means 0.09 degree of the resolution.

BOOSTXL-DRV8305EVM BoosterPack is an evaluation module providing
evaluation of many motor drive techniques with the DRV8305 motor gate driver. It is
integrated with TI LaunchPad development kits for a Motor Control Blockset as it is
not a standalone motor control kit.

The BOOSTXL-DRV8305EVM combines power, control, and feedback signals and
these signals are sent through the XL LaunchPad headers.
BOOSTXL-DRV8305EVM Pinout scheme is illustrated in Figure 6.2.
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To LaunchPad XL J1 Motor To LaunchPad XL J2
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To LaunchPad XL J6

PWMHB
PWMLB

Figure 6.2 : BOOSTXL-DRV8305EVM Pinout.

LM16006 step-down buck regulator ensures 3.3V power to the LaunchPad. Fault
condition is configured with the nFAULT and PWRGD signals. This board allows SPI
communication for the set-up configuration, required parameters for operation of the
device, and configuring device signals. In order to get voltage information from the
voltage source, each phase pins support the motor operation between 4.4V and 45V.
To get the low-side current information, each phase values should be between 0A and
20A (peak). The ADC structure provides the conversion of the analogue signal to the
digital signal with scaling.

The module is integrated with voltage sense circuits on the DC bus (PVDD) and each
halfbridge outputs of phases of A, B and C. The voltage sense circuit is shown in

Figure 6.3.

PVDD

Figure 6.3 : VVoltage sense circuit.
Current sense scheme is shown in Figure 6.4.
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Figure 6.4 : Current sense scheme.

The differential voltage is scaled by 10 V/V and centered at 1.65 V to ensure the
detection of both positive and negative currents. The resistor for sensing current is
adjusted for OA to 20A (peak).

The C2000 LAUNCHXL-F28379D LaunchPad is a low-cost development board for
the Texas Instruments Delfino F2837xD devices. This board offers easy programming,
debugging and evaluation with the USB interface providing a serial communication
between F28379D device and the PC .

In order to deploy the model that is created in Simulink environment into the
microcontroller, the configuration parameters are adjusted in the Hardware Setting tab
[43]. The target hardware, which is TI Delfino F28379D LaunchPad, is determined in
the Hardware Board section. All configuration settings which are compatible with
C2000 MCU devices are automatically uploaded by selecting Tl Delfino F28379D
LaunchPad hardware board.

SIMULATION DEBUG MODELING FORMAT HARDWARE APPS SUBSYSTEM BLOCK

Hardware Board @ E LI:j [ @

~ | Stop Time |8 - i
T Delfino F28379D LaunchPad  ~ ||| Hardware Conti Monitor | MATLAB Build, Deploy
Settings Panel & Tune v | Workspace & Start v

HARDWARE BOARD PREPARE RUN ON HARDWARE REVIEW RESULTS DEPLOY

Figure 6.5 : Simulink Hardware Board section.
The solver is configured as a fixed-step discrete solver with no continuous states. For
the connection of analog inputs of current or voltage sensors to hardware board, the
ADC Interface Configuration settings are completed in Hardware Implementation tab
regarding the ADC clock pre-scaler and ADC clock frequency. Desired CPU clock of
the TMS320F28379D devices is 200 MHz. The maximum operating frequency of
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ADCCLK of TMS320F28379D devices is 50 MHz. Therefore, the ADC clock
frequency in MHz is 40 MHz and as it is seen, this value is less than the maximum

operating frequency.

Hardware board settings

¥ Target hardware resources

Groups
Build options Select the CPU core which controls ADC_A module: |Auto -

Clocking ADC clock ler (ADCCLK): SYSCLKOUT/5.0
ADC_A clock prescaler (. ): k

ADC B ADC clock frequency in MHz: |40

ADC_C Offset: |AdcaRegs ADCOFFTRIM.bit. OFFTRIM
ADC_D
CMPSS
DAC SOC high priority: All in round robin mode -
ePWM ADCEXTSOC external pin: |GPIO0

eCAP

eQEP

I12C_A

12C_B

SCIA

SCI_B

SCl C

SCI.D

INT pulse control: |Late interrupt pulse -

Figure 6.6 : Hardware board ADC settings.
To connect the PWM outputs of the TMS320F28379D device to the inverter, the PWM
parameters are set and the PWM pin assignments are configured in the Hardware

Implementation Tab.

Position sensing with a Quadrature Encoder sensor also requires assignments in the
Hardware board settings. Quadrature Channel A, Quadrature Channel B and

Quadrature Encoder Index are configured in the EQEP pin assignment sections.

In order to build and deploy code using serial communication via a USB cable, the
Serial Communication Interface Channels settings are configured in terms of
suspension mode, number of stop bits, parity mode, character length bits, desired baud

rate in bit/sec, pin assignment of transmit and pin assignment of receive.
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Hardware board settings

¥ Target hardware resources

Groups
Build options Enable loopback
Clocking s e IF
ADC_A uspension mode: |Free_run
ADC B Number of stop bits: |1 -
ADC_C Parity mode: None =
Hoe Character length bits: |8 -
CMPSS
DAC Desired baud rate in bits/sec: |12e6
ePWM Baud rate prescaler (BRR = (SCIHBAUD << 8) | SCILBAUD)): 1
eCAP Closest achievable baud rate (LSPCLK/(BRR+1)/8) in bits/sec: 12500000
eQEP
12C_A Communication mode: Raw_data -
12C_B Blocking mode
SCLA Data byte order: Little_Endian =
SCI B ' .
Pin assignment(Tx): |GPIO42 -
SCI_C
SCID Pin assignment(Rx): GP1043 -

Figure 6.7 : SCI configuration panel.
The target model created in Simulink is grouped into 4 main blocks: Hardware
Interrupt Block, Serial Receive, Speed Control and Current Control Block. Entire
target model built and deployed to the microcontroller is shown in Figure 6.8.

HARDWARE INTERRUPT

Code generation

y
SCI_Rx_INTERRUPT() Trigger()

Speed_Ref Duty Cycles —»—
Desired Speed RT IdgRef =]

ik Idg_ref

E Speed_Meas Speed_meas
RT1
Serial Receive Speed Control Current Control

Figure 6.8 : Target model.

In the hardware interrupt block, Interrupt Service Routine that execute the model
subsytem by providing asynchronous processing of interrupts triggered by events in
the C280x/C2833x DSP Chip Support Library is created.

C28x

IRQN[——»( 1 )

HARDWARE INTERRUPT

Interrupt

C28x Hardware Interrupt

Figure 6.9 : Hardware Interrupt block.
The block output is a function call and related the number of interrupts. Each interrupt
has four parameters defined as CPU interrupt numbers, Peripheral Interrupts

Expansion (PIE) interrupt numbers, Task priorities and Preemption flags.
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PIE and CPU Interrupt Numbers for F2837xD devices are chosen according to the

Figure 6.10. There are two interrupt vectors used for the serial communication

interface to transmit and reading ADC pins. The ADC for current sensing has given a

priority.

PIE =

CPU U

-

ADCA1

EPWM1
ECAP1
EQEP1
SPIA_RX
DMA_CH1
I2CA

W W ~ O D B W M

-
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1 CLAT_1

EPWM1_TZ

ADCA_EVT

2

EPWM2_TZ
EPWM2
ECAP2
EQEP2
SPIA_TX
DMA_CH2
I2CA_FIFO
SCIA_TX
ADCA2
CLA1_2

Figure 6.10 : Hardware Interrupt Block PIE and CPU configuration for F2837xD [42].

The SCI receive block configures the Serial Communication Interface of the C2000

MCUs to receive data from the SCIRXD pin. This block provides asynchronous serial

digital communications between MCU and other connected devices.

SCI RCV

C28x

Data

(D

Data

Figure 6.11 : Serial Communication Interface block.

In the speed control block, two types of the controllers already designed exist: A

conventional Pl controller and an ANFIS controller. The speed control block is

represented in Figure 6.12.
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Figure 6.12 : Speed control block.
In the current control block, firstly the ADC blocks compatible with F2837xD and the
enhanced quadrature encode pulse module are selected. The ADC resolution is 12 bit
of single-ended input. The ADC block is used for reading one ADC channel. As a
PMSM is a three-phase motor, three channels are read and therefore three ADC blocks

are required.

The eQEP module enables to get the position, direction and speed information from a
rotating machine for tracking speed reference. The module inputs include QEPA,
QEPB and QEPI. gposcnt represents position counter signal received from the position

counter and control unit. gposilat latches position counter on index event.

F283Tx/07Tx/38x
C_IN2

ADC
ADC_C_IN2
F283Tx07x/38x

B_IN2

ADC
ADC_B_IN2
F283Tx/07x/38x

A_IN2

ADG ADC_QEP

ADC_A_IN1

C28x
gposcnt

osilat
eqep

eQEP

Figure 6.13 : ADC and QEP structure.
To measure the position, the quadrature decoder is applied to compute the position of
the quadrature encoder. After calculating the angular position, the speed is found by

mathematical expressions.
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The maximum ADC count of the inverter is 4095. To get voltage at the ADC output,
mid-scale 1.65/2048 is multiplied with the ADC block signal. Regarding differential
voltage is centered at 1.65V, the measured stator currents are computed dividing ADC

output voltage to 1.65 and multiplying with the maximum current of the inverter.

Employing Clarke and Park transform, d-q axis currents are obtained. Current
controllers are located in the target model. After limiting the d-q axis reference voltage
at the output of the PI current controllers, Inverse Park Transform allowing two axis
quantities of an orthogonal reference frame is applied and Space Vector Generator
generates the reference PWM duty cycles from a-B quantites via scaling. The d-g-axis
P1 current controllers are illustrated in Figure 6.14.

P |_D_REF
Idq_reference V-DFEF
I_D_FEEDBACK
D AXIS CURRENT CONTROL vd_ref
dsal
DQ _’.
Limiter a**

q~ mag™ Vq_ref
|| o Rer DQ Limiter
Ig_Ref]
I V_Q_REF
|_Q_FEEDBACK
lg_fo

Q AXIS CURRENT CONTROL

Figure 6.14 : d-g-axis PI controllers.
The PWM frequency is 20 kHz. The target PWM counter period is defined as 5000.
To generate enhanced Pulse Width Modulated (ePWM) waveforms for C2000
processors, the ePWM blocks are utilized.

F2837x/07x/004x

PWM_A
ePWM

ePWM1
F2837x/07x/004x

Nt PWM_B
ePWM
ePWM2

F2837x/07x/004x

PWM_C
ePWM
ePWM3

Figure 6.15 : PWM generation for C2000 processors.
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The debug signals desired to monitor are selected and by using byte pack block the
input data packing is implemented. The debug signals include the speed response, the

stator currents, the d-q axis voltage and the currents and the rotor electrical position.

Data
Byte Pack

Figure 6.16 : Byte packing.
The SCI Transmit block shown in Figure 6.17 ensures Serial Communication Interface
(SCI) of the C2000 MCUs to transmit data using SCITXD pin. This block provides
asynchronous serial digital communications between the MCU and the other

connected devices.

C28x

Data

Data SCI XMT

Figure 6.17 : SCI Transmit block.
To configure the Host-side serial communications interface, the Host Serial Setup
block is used. This block enables user to select the port and the baud rate. The motor
ON/OFF control is provided by the toggle switch. The lamp indicates the green when
the motor is operating. The sliding bar or ‘Reference Speed’ text box is used for input

speed request.

Using the Host Serial Transmit block inside the TX the requested signals data are
transmitted through serial port. In the RX block, 10 debug signals are received by the
Host Serial Receive block. The package received is unbuffered and observed with the

scopes.
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Figure 6.18 : Host model.
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7. RESULTS

7.1 Simulation Results

In this section, the simulated motor performance results of the both of the PI controller
and the ANFIS controller at No-Load condition are presented for 3000 rpm and 2000
rpm. Speed reversal characteristics without loading at 3000 rpm are investigated.
Furthermore, the simulation of the motor operating at 3000 rpm under 0.10 Nm load
is given. The step input is applied at 0.1 sec. Afterwards, two types controllers
performance characteristics are compared and evaluated in terms of overshoot, settling

time and steady state error. Performance results are given in Table 7.1.

7.1.1 2000 rpm without Loading

3000 +—f
Reference Speed
— 2500 == Motor Speed(PI)
E 2000 = NMotor Speed( ANFIS)
=3
= 1500
o
|53
& 1000

500

02 04 06 0.8 1 12 14 16 1.8
Time [seconds]

Figure 7.1 : Speed tracking at 2000 rpm without loading.
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Torque [Nm]

-0.05 -

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [seconds]

Figure 7.2 : Motor torque at 2000 rpm without loading.
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Figure 7.3 : d-q axis currents at 2000 rpm without loading.
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Figure 7.4 : d-q axis voltages at 2000 rpm without loading.
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Figure 7.5 : Stator start-up currents at 2000 rpm without loading.
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3000 rpm without Loading
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Figure 7.6 : Speed tracking at 3000 rpm without loading.
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Figure 7.7 : Motor torque at 3000 rpm without loading.
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Figure 7.8 : d-q axis currents at 3000 rpm without loading.
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Figure 7.9 : d-q axis voltages at 3000 rpm without loading.
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Figure 7.10 : Stator start-up currents at 3000 rpm without loading.

7.1.3  Speed Reversal for 3000 rpm without Loading
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\ Reference Speed
2000 \ Motor Speed(PI)
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Figure 7.11 : Speed reversal response without loading.
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Figure 7.12 : Motor torque of speed reversal response without loading.
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Figure 7.13 : d-g axis currents of speed reversal response without loading.
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Figure 7.14 : d-q axis voltages of speed reversal response without loading.
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Figure 7.15 : Stator currents at speed reversal input without loading.

7.1.4 3000 rpm Under 0.10 Nm
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Figure 7.16 : Speed tracking at 3000 rpm under 0.10 Nm.
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Figure 7.17 : Motor torque at 3000 rpm under 0.10 Nm.
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Figure 7.18 : d-g axis currents at 3000 rpm under 0.10 Nm.
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Figure 7.19 : d-g axis voltages at 3000 rpm under 0.10 Nm.
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Figure 7.20 : Stator start-up currents at 3000 rpm under 0.10 Nm.
Simulation performance results are given Table 7.1.
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Table 7.1 : Simulation performance results.

Controller Conditions  Overshoot(%) Settling Steady State
Type Time(s) Error (%)

3000 rpm

(No load) 4.57 0.211 0
2000 rpm

(No load) 5.45 0.209 0

Pl Speed

Reversal 6 0.24 0
(No load)

3000 rpm 10.53 0.215 0
under load

3000 rpm

(No load) 1.6 0.1344 0.17
2000 rpm

(No load) 1.75 0.13 0.2

ANFIS Speed

Reversal 2.72 0.23 0.172
(No load)

3000 ey 1.33 0.14 0.2
under load

7.2  Experiment Results

In this section, the real-time motor performance results with the both of the PI
controller and the ANFIS controller at No-Load condition are illustrated for 2000 rpm
and 3000 rpm. Speed reversal characteristics without loading for 3000 rpm are also
included. Moreover, the motor is operated under load for 2000 rpm and 3000 rpm.
Additionally, two types controllers performance characteristics are compared and
examined in terms of overshoot, settling time and steady state error. Performance

results are given in Table 7.2.

7.2.1 2000 rpm without the Loading

In the first scenario, the motor operates at a constant speed of 2000 rpm. The motor
speed, electromagnetic torque, stator currents, and d-g-axis currents and voltages of a
conventional PI controller and an ANFIS controller are presented. Torque response of

no-load scenarios is estimated by using torque constant and g-axis current .
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Figure 7.21 : Speed tracking at 2000 rpm without loading Figure 7.23 : Speed tracking at 2000 rpm without loading
(PI Controller). (ANFIS Controller).
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Figure 7.22 : Motor torque at 2000 rpm without loading
(PI Controller).
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Figure 7.24 : Motor torque at 2000 rpm without loading
(ANFIS Controller).
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Figure 7.29 : Stator start-up currents at 2000 rpm without loading Figure 7.30 : Stator start-up currents at 2000 rpm without loading
(P1 Controller). (ANFIS Controller).
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7.2.2 3000 rpm without the Loading

In the second scenario, the motor operates at a constant speed of 3000 rpm. The motor
speed, electromagnetic torque, stator currents, and d,g-axis currents and voltages of a
conventional PI controller and an ANFIS controller are illustrated. As observed, the

ANFIS speed controller allows to design more robust control.

60



SN 3000 "
3000
N
2500 / / Reference Speed | | 2500 / == Reference Speed
= / === Motor Speed E / = Motor Speed
E 2000 = 2000
& =3 /
:1500 - 1500
2 Eo ]
%1000 wn 1000 /
500 / 500
0 3100 9200 9300 9400 9500 9600
10300 10400 10500 10600 10700 10800 _ Time [m‘-;]
Offsated Time [ms] Offset=0 :
. . . . Figure 7.33 : Speed tracking at 3000 rpm without loading
Figure 7.31 : Speed tracking at 3000 rpm without loading
(ANFIS Controller).
(PI Controller).
0.08 0.08
0.07 0.07
F . = Motor Torque L == Motor Torque
0.06 / 1 _ 0.06
— 0.05 =}
g / \ 7 0.05
Z 004 =
Py I \ = 0.04
2 003 \ =
= < 0.03
S o | Fﬁw =
0.01 o 0.02
0 0.01
-0.01 0
9100 9150 9200 9250 9300 9350 9400 9450
10250 10300 10350 10400 10450 10500 10550 10600 Time [m"‘,]
Offeat=0 Time [ms] Offset=0 ;
Figure 7.32 : Motor torque at 3000 rpm without loading Figure 7.34 : Motor torque at 3000 rpm without loading
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Figure 7.38 : d-g axis voltages at 3000 rpm without loading
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7.2.3  Speed Reversal for 3000 rpm without the Loading

The third scenario is related to obtain speed reversal characteristics of the PMSM. The
responses of motor speed, torque, stator currents and d-g-axis currents and voltages

during speed reversal operation are given.
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Figure 7.44 : Motor torque of speed reversal at 3000 rpm without

loading (ANFIS Controller).
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without loading (PI Controller).
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Figure 7.47 : d-g axis currents of speed reversal at 3000 rpm
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Figure 7.48 : d-q axis voltages of speed reversal at 3000 rpm
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7.2.4 2000 rpm Under the Load

In this scenario, the motor operates at constant speed of 2000 rpm under load. The
characteristics of motor speed, torque, stator currents and d-gq axis currents and
voltages are presented and examined. Loading of the motor is performed with an
appropriate testbench. The set-up is integrated with load cells to measure force applied
by the motor under load. To obtain motor torque in the test environment, the distance
of the motor shaft to reference load cells are considered and the length is multiplied
with force found via load cells.

Motor torque characteristic is observed utilizing PLC monitors. The figure is plotted

by extracting data using PLC.
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20
=, vd
o 10
[=T8)
E=I
(=) v—-\
>
.z -0
b
- -20
71800 72000 72200 72400 72600 72800 73000 73200
;25
E20 = Vq
Sh,s 7N
S/ N ——
210 ="
>
% 5
v
o
71800 72000 72200 72400 72600 72800 73000 73200

Jffset=0
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7.25 3000 rpm Under the Load

The final scenario describes how the PMSM performance changes under the load. In
this scenario, the motor operates at constant speed of 3000 rpm under the load. The
characteristics of motor speed, torque, stator currents and d-g-axis currents and
voltages are illustrated and compared. Loading of the motor requires an appropriate
testbench. The set-up is already given.

Obtaining the real-time motor torque characteristic is based on PLC set-up. The
dataset of the motor torque response is extracted and imported to Excel and the desired
motor response is plotted.

As can be seen from the figures, designed PI Controller is more susceptible to external
disturbances. The increased overshoot may cause the desired speed limit to be
exceeded or reach the saturation.Therefore, ANFIS provides more reliable operation.
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Real-time performance results are presented in Table 7.2.

Table 7.2 : Real-time performance results.

Controller Conditions
Type

Overshoot(%)

Settling
Time(s)

Steady State
Error (%)

3000 rpm
(No load)
2000 rpm
(No load)
Speed
Reversal
Pl (No load)
3000 rpm
(Under
load)
2000 rpm
(Under
load)
3000 rpm

(No load)
2000 rpm

(No load)
Speed
Reversal
ANFIS (No load)
3000 rpm
(Under
load)
2000 rpm
(Under
load)

6.17

7.48

11.2

18.9

36.3

1.57

1.75

2.79

6.9

6.25

0.211

0.208

0.38

0.65

0.77

0.136

0.135

0.36

0.36

0.31

0

0

0.27

0.35

0.33

0.39

0.38
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8. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, the dynamics of PMSM are modeled using mathematical expressions in
MATLAB/Simulink environment. The PMSM is driven with a conventional Pl
controller and ANFIS controller. The proposed ANFIS system requires the extraction
of the training data from a PMSM dynamic model with a conventional P1 controller to
achieve enhanced motor performance. Implementation of the drive system generally
requires intense coding ability and experience. Nevertheless, MATLAB/Simulink
supports to build and deploy code into microcontrollers by using Motor Control
Blockset and Embedded Coder to generate C code. The experimental results are

obtained with non-complex communication interface in Simulink.

Results of the Pl and ANFIS controllers are presented under the different speed and
loads conditions. The comparative performance analysis is conducted between the
ANFIS controller and the PI controller through simulations and testing. Table 8.1

shows Simulation vs. Real-Time performance results for both controllers.

Table 8.1 : Simulation vs. Real-Time performance comparison under no-load.

Type Condition Overshoot(%) Settling Time(s) Steady State Error (%)

Simulation Test Simulation Test Simulation Test

3000 rpm

(No load)
2000 rpm

PI (No load)
Speed
Reversal 6 11.2 0.24 0.38 0 0
(No load)

4.57 6.17 0.211 0.211 0 0

5.45 7.48 0.209 0.208 0 0

3000 rpm

(No load)
2000 rpm

ANFIS (No load)
Speed
Reversal 2.72 2.79 0.23 0.36 0.172 0.33
(No load)

1.6 1.57 0.1344 | 0.136 0.17 0.27

1.75 1.75 0.13 0.135 0.2 0.35

ANFIS method offers a more robust performance to overshoot in speed. The steady-

state error of ANFIS controller is about 0.30% despite the PI controller has no steady
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state error. Nonetheless, this insignificant error can be ignored as it is too small. In
addition, the results show ANFIS design has reduced a settling time compared to the
PI controller. However, the part of training data in ANFIS requires more time, and the
selection of the number and type of MFs affects the training error. To achieve a better
performance result in speed, the speed reference to be trained in ANFIS should cover
entire the speed range including motor and generator operation region. In addition, the
number of the samples collected should be as large as possible. Therefore, the

sampling time of the speed control can be taken in ps.

Table 8.1 indicates that the simulation results of the ANFIS controller are so close to
real-time performance results except the settling time of speed reversal characteristics
while as the simulation results of the PI controller differs in the overshoot and settling
time. The nonlinear system dynamics and the external disturbances lead the difference.
On the other hand, the ANFIS controller shows more robust performance as it is
adapted and learned the whole motor dynamics and removes the external effects.

Table 8.2 : Real-Time performance results with loading.

Controller Conditions  Overshoot(%) Settling Steady State
Type Time(s) Error (%)
3000 rpm

(Under 18.9 0.65 0
load)
2000 rpm
(Under 36.3 0.77 0
load)
3000 rpm
(Under 6.9 0.36 0.39
ANFIS — —02d)
2000 rpm
(Under 6.25 0.31 0.38
load)

Table 8.2 represents that the real-time performance results with loading. As it is seen

Pl

obviously, the ANFIS controller has drastically reduced the overshoot (in 2% error
band). Moreover, unlike the P1 controller the ANFIS controller considerably shortens
the settling time Beside the steady-state error, one of the drawbacks of the ANFIS

controller in real-time testing is increased torque ripples compared to the PI controller.

In the literature comparison of the performance responses of the proposed ANFIS
controller with its counterparts, the similar results are obtained such as reduced settling

time and less peak overshoot [11,14].
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In the future work, the battery and the Battery Management System ensuring a State
of the Charge(SoC) Estimation will be used instead of DC power supply. Kalman filter
study for SoC estimation will be applied and this study will be extended in terms of
the electrical power generation units. Furthermore, considering the cost the hardware
selection will be stand-alone components and coding ability will be improved in case

Mathworks modeling interface is insufficient.
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APPENDIX A

HIGH POWER DENSITY

Telmic’s mdnstial-grade NEMA 23
miotor: ares more powerfal than simdlary
sized motors because of the combination
of filly zmrered high temperatare
MNeodyminm-Iron-Boron marmess and
an optimized statce design This means
thar you can march existing performance
specifications with soaller (and  less
eEpensite| mOtor: OF FET mOrE PoTer

GREATER CONTINUOQUS CAPACITY

The rbbed motor housing and ntermal
corstruction prowade 2 bester thermal
path from the stator to free-air and the
front mouwnting face, resulfing o
FEA-optimized electromasmetic design
enzures dhat this motor i= 2 more efScient
cooverter of elecidcal to  mechanical
power (Le, hizgh motor consmns) which
mean: that les: motor power = lost to
extranecus heating.

LOW DETENT = SMOOTHER MOTION
interaction of the rotors magnetic feld
with the smwors tooth design with regard.
©o detent (or copFing| torque. Low detent
torgue enables the moothest motion
pastible—which minimizes motor heatng
and improves the motor's contnmouns
capacity. The mognede desigm  also
assures 2 sinmsoidal torgue eonstant for
minimization of torque Spple when nsing
zinn=oida] vector dove

FEA DESIGHED SHAFTS

Finite alemant analysis 1 nsed to redoes
stres: comcentration: on mochined arsas
of the shaft (such as the Gllet wheee the
shaft exits the bearing amemblr]. This
allows the use of overtized bearngs
without reducing shaft soength The
resuls is mapged, load-beaning capabilicy.
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“L” Dimension

M-231x 70.94 mm 2791
M-232x 59.92 mm 3.54in
M-233x 108.97 mm 4.29in
M-234x 128.02 mm 504 in

Figure A.1: Teknic 2310P motor size.
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Molex® Mini-Fir Jr.™

Mfacing (hals} Conmet /I

Crmp

I1HEHEBBRAHE
FAENEEERE

(Wire Eniry View)
Mating Housimg F/I:  38-01-2161

Tool /M 11-01-0193

JB-00-0049 (24 ATWG) 3P-00-D0E2 (16 AWG)

Pin | Color Sigmal Pin | Color Signal
1 | DEADN =3 P DRAIN 9 16AWG ELE. | PHASER
2 N/A N/A 10 | 16AWG FED | PFHASE S
3 | GEM COMM S-T 11 | 16AWG WHT | FHASET
4 | GEN/WHT | COMM R-3 12 | RED +EVDHC I
5 GEY/WHT | COMMT-R | 13 | BEN EMNCI
5 DRATN x1 E DRATN 14 | ORN ENC B
7 BLE GND 13 | BLU EMNC A

8* | BIU/WHT | EMC A~ 16* | ORN/WHT EMNCE~

* Aldeuph ol reowonals v e comwecior are pobwiated, thi cymal compilrment i availably enby o

wvaror mrodelr somftmared 2 o diferewsial meoder

Figure A.2: Molex-Mini-Fit connector pins.

SPECIFICATIONS
GENERAL Insulation Rating:  Class H, 180°C
Motor Poles: 8
Standard Shaft Diameter: 037310, 9.5 mm
Motor Pigtall Type:  Space saving, single-exit, DualShield™
Motor Pigtail Length:  16in T 1in_ 431 8 mm T 254 mm
ENVIRONMENTAL Shock 20G
Vibration: 055G
Max External Deceleration: 230,000 rad /<"
Max Case Temperatre:  85°C
Max Winding Temperatuge:  155°C
Storage Temperature:  -20 to 85°C
Humudity, non-condensing:  0-95%
Operating Conditions:  No direct fhud wash-down or submerged use
ENCODER Type:  Floating optical disk; single-ended or differential signals
Resclution(s): 2000, 4000, 8000, 16000 counts/rev (post-quad)
Index Pulse Repeatability: T 1 count for reschitions = 4 000 connts /rev*
Current Draw, Loaded:  180mA (@ SVDC, all signals loaded with 20002 load
Current Draw, Unloaded:  125mA @ 5VDC
COMMUTATION Commutation Type: 1207 spaced, optical commmitation sensors

MECHANICAL LOADING

Bearing Type:

Bearing Life vs. Load:

Orersized, single-row, deep groove, radial with non-
contacting Inbrieation seals.

Depending on the specific motor model, typical beanng
life is apprommately 3.2 =10° to 5.0 x10° revolutions
(based on 3 1b amial and 25 b radial loads, centered 1.0
iach from front bearing surface). For more detailed
loading information, contact Teknic.

Figure A.3: Industrial-Grade NEMA 23 Motor family specifications.
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APPENDIX B

HALF-BRIDGES & BACK-EMF SENSE

Figure B.1: BOOSTXL-DRV8305EVM schematic.
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APPENDIX C

XDS100v2 On-Board

Debug Probe

Enables JTAG debugging’
programming as well as provides serial
communication back to the PC. The
XDS100 can also provide power to the

Electrically Isolated PC Interface
When power to the F2B3780 device
supplied externally through the
BoosterPack headers, JP1, JP2, and JP3
may be removad to enable electrical
isolation of the board from the PC.

s Power & User LEDs

40-pin BoosterPack (D1, D9, and D10}

Connectors

Boot Configuration
{44, J2, J3, and J4) ~— Switches

51)

ADC-D Differential Pair Inputs
L21) y A—I— 1T

(s3)

Optional SMA Jacks e TMS320F28379D

119 and J20 )
¢ ) Microcontroller

Power Jumpers 22 (u)
{JP4 and JPE5)

High Density EMIF Connector
(Bottom)
49)

40-pin BoosterPack Connectors
(U5, J6, J7, and J8)

On-Board 5V Enable Jumper
(JP3)

] =

CAN Interface w/ Transceiver Dual 5V Quadrature Interfaces
W12) {J14 and J15)

Figure C.1: LaunchXL-F28379D overview.
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