ABSTRACT

LEE, KIBOK. UniversalFlying Restart Strategy for Asynchronous and SyaobusMotors.
(Under the directiof Dr. Srdjan Lukic)

This research focuses on tlievelopment of universdlying restart strategy for
asynchronous and synchronous motoostrolled by scalar controlln many industrial
settings, momentary power digtions commonly occur, resulting in tripping of large
electric machines, which then have to be brought to zero speed before the machine can be
restarted. This approach can result in frequent interruptions in an industrial process, which
can have negativeffects on productivity. A more practical control implementation would
restart the machine back to the original speed as soon as power is restored, not having to wait
for the machine to be at a standstill. This concept is known as flying réstadditian, this
method can bepplied in areas such as pumps or fans which are initially rotating without
being fed by an inverterThis dissertation presesnthe needof a method to achievitying
restart andproposesnovel restart strategies for induction moféivl), permanent magnet
synchronous motqiPMSM) and synchronous reluctance mo8ynRM).

As the first topi¢ the basicprinciple of scalar control methad introducedfor IM
and PMSM. In case of PMSM, the scalar control may have an instability isswexteynal
disturbanceTo deal with this problem, a stabilizing loop is adopted from the literature that is
capable of emulating thdamping effectthus stabilizing the machin€he stabilityof system
is comparedn two cases which are with the stabiligitoop and without the stabilizing loop
Simulation andexperimental testgsalidate the results.

Secondly the novel restart method for induction motor is presented. blygest

challenge is talevelopa restartalgorithm suitable for any induction machirregardless of



motor parameter andatings. To implement thatthis proposed methodsesonly motor
parameterson the machinenameplate which must be available fomotor control
implementation Our approach is texcite the machine at descending freques), starting
with the rated value, and determine the synchronous speed by calcti&tingut power
and the input power perturbatioxperimental results validate the performance of the
proposedlgorithm

The third contribution of this work is r@ovd restart method for synchronous motors
which includes the?MSM and SynRM Unlike the induction motomwhich needs only the
synchronous speedPMSM and SynRM requirethe rotor speed angosition for
implementing a flying restariThe pulse method using zevoltage vectoiis suggestedor
PMSM, where both the speed and the position can be extracted from the resulting burrent.
case of SynRM, thene active voltage vector instead of the zero voltage vector is used for
rotor speed and position estimati@uath proposed methaduseonly motor parametergiven
by the nameplatso that the universal application can be implemertéd. performances
verified through simulations arekperimental tests

In summarytheflying restart methods for the induction mgtthe permanent magnet
synchronous motor and the synchronous reluctance motor are developed with the aim of
universal application andshow the good performance. The detailed procedure for

implementing the proposed algorithm have been described.
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CHAPTER1: INTRODUCTION

1.1. Electric Motos andDrives Systems

Electric motors are widelyisedin many applicationdor preciseposition control and variable speed
control, andin very wide power range from several watts to several of megawatts. In getecaic motors
are used t@onvert electric energy into mechanical eneiggctric motorshave beenwidely used in industrial
applications.Industry is consuming merthan 40% of total world electricity and about 70% of the electricity
consumed by industry is being used by mojbr<].

The physicaloperatingprinciple of electric motors igo produe the mechantal force by the interactions
betweena magneticfield and winding currens. Energy conversion byelectromagnetic inductiorwas
demonstratedby the British scientist Michael Faraday 1821 The first commutator DC electric motor was
invented by the Britis scientisWilliam Sturgeonin 1832.Several inventors followeWilliam Sturgeonin the
development of DC motomshich can generate useful torque using DC electric power.

In 1888 Nikola Tesla invented thirst practicable AC motasuch as synchronous motor, reluctance motor and
wound type induction motd3]. Soon after, thelevelopment of three phase power, distributed wirslargl
squirrel cage type induction motéwllowed. The efficiency of electridC motor is increas#during the 19
century and these kind of mosdrave beenwidely usedn both industry and residential applicatidds.

In recent timesDC motors are generally used for speed or fsitontrol purposedue to the precise torque
control capability.AC induction motors are the most widelyused in industry because of robust and simple
structureandlow price. Electric mdors are classified mainly as DC motors and AC motorsesponding on
the input power typas shown irrablel.

About 80% of electric motors used in industry is induction motors which can be directly connettiedtial.
However, theenergy saving has become an increased comeénadustrial applicationgecause of the increase
of oil price and the issue of environment conservation. As a result, interest is rising in high efficiency electric

motor drives, and &tient machine designs.


http://en.wikipedia.org/wiki/William_Sturgeon

Tablel. Classification of the electric motors

Electric Motors

DC Motors AC Motors
. Permanent Asynchronous
Wound Field Magnet BLDC Synchronous (InductionMotor)
Permanent| Wound Reluctance Single Three
Magne Field Phase Phase
1 Compound
1 Series - - 1 SynRM
1 Shunt PMSM |l SinRM—PM | 1 wound
1 SPMSM 1 SRM 1 Squirrel

Abbreviations: BLDC (Brushless DC), IPMSM (Interior permanent magnet synchronous motor), SPMSM
(Surface permanent magnet synchronous motor), SynRMclBynous reluctance motorSynRM-PM
(Synchronous reluctance mofpermanent magnetpyRM (Switched reluctance motor)

Nowadays, eldcc motordrives enable the motors to operate at higfffeciency and performanc&he power
switchesof motor drivesare controlled usually by a microprocessor or D@Rjital signal processar)hese
motor drives enable to usemplexcontrol method for electric motors so thaight motion control anénergy

effi ciencycan beachieved.

1.2. Control Method for Electric Mdors

Fig. 1 shows the motor drive system which corsaft AC/DC rectifier andDC/AC inverter. The electric
motors can be controlled in differemiays depending on the applicatian§his section introduces the saal
control and the vector controfhe scalar control is divided in the open loop control and closed loop control,
which is determined by the use of feedback sagthe phase curren¥ector contromethodwhich is suited for
the higter performance applatiors is divided in the field oriented contr@#OC)and the direct torque control

(DTC).
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Fig. 1. Motor drive system

1.2.1. Scalar Control

One control method of AC motors for variable speed applicatitimeiscalar control which is simple and
needsa relativelylow costdrive. Thescalar control is a googbntrol methodn many applicationsuch as fans,
pumps, blowers and so amhere high dynamic performance is not requiréthe performance of the scalar
control method depesdn motor parameters and the applied load condifibe.feedbackof the position and
speed of the rotor are not required in the scalar control. In addition, scalar control does not need the high
performance DSP as in the case oftaetor control.

The principle of the scalar control is to maintain the constitt of the magnitudandthe frequencyof supply
voltagein wholeoperatingspeed rangeBy controllingthe v/f ratio as constant, the stator flux of the motors can

be maitained as constant in the steady state condition. Tthenmotor is neither ovexcited nor under
excited and the motocan produce the same torque in whole operating speed range. This is the basic principle
of the scalar control. The/f ratio is detemined by the information of the motor nameplateh aghe rated
voltage and the rated spedad general, the stator resistance voltage drop is compensated at low speed range.
This scalar control is used mainly for induction motd#eawever, PMSMdrives that do not require fast
dynamic performance can be atsmntrolled inv/f mode to ensure easier commissimnby the endiser. Qily a

few parameters about the machine meededsuch as the/f ratio and machine ratingdny speed or position

feedbacks not neededor the operation of these schemes.



1.2.2. Vector Control

Another control method of AC motors for variable speed application is the vector cavitichh hasthe
fast response arttie precise position and speed regulatiire vectorcontrolis usedn manyapplicationssuch
asa robot, a crane,in automotive industry and so avhenhigh dynamic performancend high efficiencyare
required Unlike the scalar control, veataontrol requires the feedbaokthe position and speed of the rotor. It
canbe obtained by using the mechanical semadnich increases the system cost and has the reliability issues
Therefore manyspeed estimation algorithnso called, sensorless algoritheredevelopedo remove the use
of the mechanical sensofor theseeason, the higér performance DSRor the complex calculatiois required
compared to those which are useddoalar control.
The \ector control method is to control the magnitude, the frequency and the angle of supply \Watage.
control enables torge and flux of the motor to be controlled independerithe torque current component and
the flux component always have ®fegree spatiallywhich is similar tothe DC motor.Therefore, the
instantaneous torque control is possible by using the severi@tgiand the information of rotor positioro
implementvector control, thed-q transformation is requiredhe speed and posinh estimation of the vector
control is based on the baelknf and motor parameters including the inductance of thermot
Although the vector contrahethodhas many advantagesuch as the high performance and the fast response

the vector control algorithm is more complicatauithe system cost is moexpensivethan the scalar control.

1.3. Needs of thé-lying RestartAlgorithm

In many industrial settings, momentary power disruptions commonly occur, resulting in tripping of large
electric machines, which then have to be brought to zero speed before the machine can be restarted. This
approach can result in frequent interruptionsan industrial process, which can have negative effects on
productivity. Flying restart iso start the machine back to the original speed as soon as power is restored, not
having to wait for the machine to be at a standstill. In addition, this metodbe applied in areas such as

pumps or fans which are initially rotatimag low speedvithout béng fed by an inverter.



Momentary powedisruptionscan happen by many causes in an electricity network. It will cause a problem on
electric equipment. It wildepend on the magnitude and duration of the voltage drop and on the sensitivity of
equipment. In general, many types of electric equipment which include the variable frequency drive for
operatingmachines are sensitive to voltage drdp. face of suchmonmentary powerdisruptions the variable
frequency drive for operatingachine cangenerate the error, and then will stop feedimachinas. Once the
variable frequency drives stopped, it haso restart machirefrom zero speedThis issue is especially
problematic in applications with a large shaft inertia where it may take minutes for the machine shaft to reach
standstill.It can result in frequent interruptions in an industrial process, which can have negative effects on
productivity. In such applicatios, it would be beneficial to resume the machine operation as soon as power is
restored.The flying restarthat is capable of restartirig rotating condition can be one of solutions for these
issues.The next section introduces thiassificationof momenary power disruptionln general, tiis related to

the duration and magnitude of voltage drop.

1.3.1. Momentary Power Interruption§]

Table2. Classification of voltage disruptions

Voltage disruptions

Category Blackout Momentary interrupt Voltage sagor Brownout

3~10 cyclegvoltage sag)

Duration Few minutes ~ few weeks Fewseconds Fewminutes(Brown ou)
d\g\)/lig?oen 100% 100% 10 ~ 90%
vl y .
Waveform

Timer Time Time




Momentary power interruptions are brief disruptions in electric netwddmentarypowerinterruptions
area complete loss of voltage andually kstsno longer than a few secondsis caused by a tempasafault
on a power line. Thdaults can be cleared by relay reclosing and the power can be restored dqtickly.

different with a blackout that is the total loss of power and requires the repairs to restore power.

1.3.2. Voltage Sag

The vol t ageereadesmvgltage tobetwaeend0% and 90% of nominal voltage fdvatfingycle
to one minutg6]. Most voltage sags last from 50 to 170 milliseconds or from 3 to 10 cycles, and those sags
does not drohelow 50% of nominal voltagg7]. If it lasts for minutes or hours, it is called as brownout.
Brownouts can cause issues with electric equipment that require certain voltage levels to fliatiieB.

shows the number of voltage incidents per y8hr

Table3. Typical number of voltage incidents per year

The duration
Voltage Deviation
< 0.02 Seconds Up to 3 Seconds
1107 120% > 700 01 6
Voltage Swell
1067 110% > 700 0-200
Normal Voltage 871 106% - -
7071 87% > 240 207 140
Voltage Sag
2571 87 % > 240 0-16

There are several factors to cause a voltage sag. The exiausak of a sag alightning, animal and human
activity, and normal and abnormal utility equipment operatidre internal causes of a sag are starting large

electric loads such as motors which generate the large inrush current fg] start



1.4. Research Objectives

The main objective of this thesis is to develop theiversalflying restart algorithmwhich has the good
performanceThe universal flying restart algorithm means that it can be used in ator drive systems such
as a scalar control or a vector control. In addition, although a motor is replaced mésaets thatmotor
parameters is changetie universaalgorithm will not require additional tuning procedsire
The conventional restart algthims need theadditional hardware omotor parameters suchs the stator
inductance.The use of additional hardware will limit the universal application. And several conventional
methodsuse the motor parameters such as the stator inductance.alf@stams can be implementexhly in
motor drive systems usingvector controlwhich generally requisethe motor parametenformationfor the
controller designln case of the vector control, the parameter information is obtained by@setfissioning
or uer measurement. On the other hand, motor drive systems using a scalar control method do not have motor
parameters such as the stator inductance. Therefore, those conventional restart algorithms cannot be used in
motor drive systems using a scalar contretimod.
This thesiswill focus on the development of restart algorithm for rtfetor drive system usingcalar control
method whichusegustthe nameplate motor informati@uchasthe raed power, current, voltage, speed and so
on. Then, hedevelopedalgorithm can be applied to motordrive systenusing the scalar control as well as the
vector control methodn addition, the developedalgorithm doesnot require additional hardwal&sides the
equipment installed in commercial invertefgd this algoribhm includes the method to eliminate the need of

additioral tuning procedureTherefore, the developed restart algorithm can be used in universal applications.

1.5. Outline of Dissertation

This thesigpresentghe development ofestart algorithms fosynchonous and asynchronous motors. The
developedestart algorithraare to usenly the nameplate informatigothat resuk in a universal application
To verify the performance of the proposed algorithng modeling and the simulations are performed with

MATLAB and Simulink. The experimental tests are implemented with-@pal



The dissertation is organized in the following manner:

Chapter 1 provides background and motivation of dbgelopment of universal restart aliom for
motors using variabirequercy drive.

Chapter 2introducesthe scalar control method for induction motdM{ and permanent magnet
synchronous motoiPMSM) which areused to implement the proposed restart metNect, equations for the
stability analysis of PMSM are derived and #tability analysis is implemented with simulatidn.addition,
the need of stabilizing loop for PMSM is explained and the damping effect of the stabilizing loop is
investigatedTo verify theresult ofstability analysisand the damping effect of stakilig loop thesimulation
andexperimental tests are implemented.

Chapter3 presentghe novel restart algorithm fdM which uses the input power and the input power
perturbation for searching the rotor speed. The relation between the rotor speediapdtthewer and input
power perturbation is investigated in detail. And the important featafg@roposedrestartalgorithm are
explained such like using only thmotor nameplaténformation and no requirement of any tuning wofke
performance of propedrestartmethod is verified with simuletn and experimental results.

Chapter4 describes thauniversalrestart algorithm for PMSM. The conventional restart methods are
explained and the disadvantage of the conventional methods is discussed. Thehapgtéssuggestswo
effective restart algorithenminimizing the estimation error and eliminagirthe need of stator inductance
information that result in a universal application for PMSMe simulation and experimental results verifies
the performance dhe proposed restart method.

Chapter Joresents the restart algorithm for synchronous reluctance motor (SymRisthapteproposs
an effective restart algorithm that resuft a universal application for SynRMhis method can eliminate the
need of &tor inductance information without installing the additional hardware equipment. And this method
uses the simple method to estimate the rotor speed and position. In addition, the algorithm to minimize the
speed estimation error is also suggestd peformance of proposed restart method is verified with simulation
and experimental results.

Chapter6 summarizeghesis and concludabe major contributios of this research andliscusgn for

futurework.



CHAPTER2: IMPLEMENTATION OF SCALAR CONTROL

This dhapter introduces the scalar control method forlkhand PMSM which will be used to implement
the proposed restart method. It also includes stability analysis of the PMSM and presents the stabilizing loop to
implement the frequency modulation method. W®ieulation and experimental results verify the stability
analysis results and the damping effect of the stabilizing fooPMSM. In this chapter, thecalar control
method for SynRM is not included because it is almost similamto of PMSM. And the sabilizing loop of

PMSM can be applied to the scalar control of SynRM.

2.1. Scalar Control for the Induction motors

The operation of induction motor using the scalar conwbinjode) is a popular method in variable speed
drives.By controlling thev/f ratio as constant, the stator flux of the motors can be maintained as constant in the
steady stat¢9-12]. Then,the motor is neither overxcited nor undeexcited and the motor can produce the
same torque in whole operating speed range. This is the basic principle of the scalarkignahows he

equivalent circuit of induction motat steady staterl he statorflux linkage is expressed as:

/= (1)

a is thestatorflux linkageandf is the stator frequencys the speed islanged by the stator frequency control,
the voltage should be adjusted in proportional to the stator frequency in order to maintain the constant flux.
Then, the generateglectrictorque andherotor current can be maintained as constant in whole opgisiEed

range.
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Fig. 2. (a) The steady state equieat circuit of induction motor(b) phasorvectordiagram

The electric torque can be simply calculated asriggahe voltage drop by the stator leakage inductance

T ~ Esz & iE_s 6 Rr'/l/sl (2)
(RIS +(%) m ¢w IR/ {ug 1)
The rotor current is also determined as
| E, _A&E, © w, 3
P e o—
(R/I9+(X%) " R {n )’

From the above equations, the toque and the rotor cuwiinbe independent to the stator frequenay

controlling thev/f ratio as constanfo maintain thenagnitude oftator flux linkage(a) be constant, a simple
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stator voltage drop compensation method is required due to the voltage drop by the stator reSit&nce.

applying voltagéeVs to the stator terminal idetermined af9-13]:

o 2,
V, = R I cosf JrJSEEM 8 (RIcosF (RJ) @
G 'rated -
whereRs is the stator resistanch,is stator currentg is the power factor angl&aed is the magnitude dfs at
the rated frequencifaes andf' is the reference frequencit. requires only the motor rating information, the
stator resistance value and the measured phase cuikthtsigh the curreniagitudels and the power factor
cos of (4) are steadgtate quantities, the instantaneous measured values can be used during the calculation of

the voltage rierence magnitudeVg) [10]. The stator current magnitude can be obtained by measuring two

phase currents as assuming the balanced system.

is: _(ias +bs)2 i%s (5)

Theiscos can be calculatetly transforming the measure two phase currents to the stator voltage reference

frameas:

wl%’
1-0O:Ot

iscos.fzggas cosq +,, cogeg (-5 | o COS iqz—p+ (6)
38 ¢ : ¢ 3

The angle @) of the stator voltage vector in the stationary reference frame is the known Wadwefore the

stator voltage can be calculateyg using(4)-(6).

In addition, the scalar control method for induction motor can also use a slip compensation tisthedd to

compensate the differenbetween e actual speed arde reference s§®d caused by a load dependefid),

14, 15] However, the slip compensation method is not explained in this dissertation bedaunse itsedn the

implemenation ofrestart method for induction motor next chapter
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2.2. Scalar Control of Permanent Magnet Synchronous Motor

Permanent magnet synchronoustor (PMSM) in many industrial applications has replaced an induction
motor due to their higher efficiency and power dens[y6, 171 In many applications that high dynamic
performance is not requirg8-20], thePMSM is controlled inv/f mode to ensure easier commissi@nby the
enduser. Qly a few parameters about the machineracgiiredsuchlike the v/f ratio and machine ratingédny

speed or position feedbackrist neededor the operation of thee schemes.

2.2.1. Electrical and Mechanical Equations of the PMSM

In general, the electrical equation of the intetigtre PMSM (IPMSM) is expressed in thikq rotor

reference framdrig. 3 shows the equivalent cir¢wf the IPMSM in the rotor reference frame.
e R =+ Lis

U

+ 'x~r %

Va o Limg @m D

¥, &

o

(b)

Fig. 3. The equivalent circuit of the interitype PMSM in the rotor reference franfa) d-axis circuit (b)g-
axis crcuit.
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Thed-axis andg-axis stator voltages are obtained respective[(t@sl17, 2125]:

d T
™)
R VS
Vv, = Iy +d— w, /,

Wherevy andvy ared-axis andg-axis statowoltages respectivelyrs is the stator resistanck.andiq are d-axis
andg-axis statorcurrent, respectivelysy anda, ared-axis andg-axis stator linkage flux, respectively amdis
the electrical speed of the motor. The stator linkage Bwarfda,) areexpressed as the following equations.

/, =L, +1/

m

, ®
/q = quq

Wherely and Ly are d-axis andg-axis statorinductancerespectively.<n is the flux linkage generated by the

permanent magnet. The electromagnetic torque can be derittedhes input power of the motor. The input

power of the motor in the synchronous reference frame can be expressed as:

l:i)n = g(vd id -Nqiq)

)
Substituting(7) and(8) into (9) results in

R =

N | w

a. ., e d,  d, e . .
éﬁrs(lﬁ +§) ﬁgdd_td Iq+d_tq gwrglrlnq (L G U) ig o € (10)

The firstterm is the stator copper lossgteecondermis the loss ofthe change in electromagnetic energy

storage and the final term is the mechanical output. As dividiagnput power o{10) with the mechanical

rotor speed,ite electromagnetic torque equation can be obtained as:
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3., . .
Te:g‘zglm'q (Ld Eq)léq (11

wheren is the number of the pol@he surface mounted permanent motor (SMPM) does not have the saliency
so thatd-axis andg-axis statofinductance are equalherefore, the torque equation of SMPM can be obtained
as eliminating second tarof (11).

SometimesPMSMs having the damper winding in the ro@reused to assurthe synchronizationf the rotor

with the stator voltage frequencis considering the damper windinthe stator flux equations B) are
replaced as:

ly=Liy todo ¥

ST (12
/q:Lqu -LmJQ

WherelLn and Ly ared-axis andg-axis magnetizinginductanceyespectivelyip andig ared-axis andg-axis
damper windingcurrent, respectively. The electromagnetic torque candeeived with the above same

procedure.
_Nn3,, . i i ki
Te_EEg/m'q -(Ld I:q)IJq L¥hboLl ko (19

Third and fourthterms in bracket are generated by the existaricthe damper winding. As known in the
principle of the induction motor, the damper winding current is determined by the slip of the stator voltage

frequency and the rotor spedd.addition,the mechanical equatidar motorscan be expressed as:

o
X

(14

o
—
s i
[}

2|
SN

2.2.2. Closed Loop Scalar Contridr PMSM

There are two differergcalarcontrol method of an open loop24, 26, 27]and a closed loof28-32]. The

open loopcontrol method is simpler because any feedlmskch like phaseurrent and aotor speedare not
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required tothe controller. However, it needs low startup frequency and a voltageosting for lowspeed
operatia. In general, the open loop control method can feal yigst for induction motor. On the other hatie
closel loop controlmethodcan implement &igher control performanddan an open loop control method and
it can be used for driving PMSM as well as IM. In addition, it can proaidgher accuracy fatetermining the
voltage reference with the phase current feedback to the contholthis chapter, the closed loop scalar control

method is only considered because it is more conventional method and one used in the proposed restart method.

2.2.2.1Voltage Reérence Calculation

The constantv/f controlmethod used in the proposed restart algorithm maintaesonstant flux linkage
in order to avoid stator flux linkage saturatibmaddition, the motor can produce the constant torque regardless
of the appliedstator frequency as maintaining the constant flux linjage 33] Fig. 4 shows the voltage vector

diagram at steady state condition.

S d

Fig. 4. The voltagesectordiagram at steady state condition.

The magnitude of voltage vector can be calculated with the resistance voltage drop compengajon as
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V,=Rl.cos 4B (RI.cos} (RJI) (15

Wheree is the phase angle between the stator voltage and current &étthe voltageinduced by the stator
flux and set equal t&em:in order tomakethe low stator voltage requirement and to minimize the no load

current.Then,Es can bedeterminedas:

Es = Eemf :2p fe /rr (16)

wheref. is the applied stator voltage frequendhe current magnitudl and the power factocos can ke
obtained through the same equasiamsed to determine the stator voltage of the induction mdtbe
instantaneous stator current magnitugean be obtained by measuring two phase currents as assuming the

balanced system.

is: _(ias +bs)2 i%s (17)

By transforming the measure two phase currents to the stator voltage reference franmmsthean be

calculated as:

ool%’

The angle @) of the stator voltage vector in the stationary reference framhe iknown valueBy substituting

(16)-(18) into (15), the magnitude of thetatorvoltage reference can lsalculated
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2.3. Stability Analysis ofv/f Control

This sectiorpresentghe stabilityanalysis of interior p@nanent synchronous motor (IPMSM$ed in the
next chapter 4[23, 27, 28, 3385]. The linearized moddk used to analyze the stability of the IPMSM. The
stability of the IPMSM can be evaluated by checking the eigenvalues of the linearized model. To simplify the
stability analysis, this section considers only the IPMSM not including the damper windingvétowhe
analysis of motor having the damper winding can be done using the same procedure and the derivation is
explained in detail in appendix B.
The electrical and mechanical equations were obtain€d),irf11) and(14). The load angle shown frig. 4,

which is the angle between the applied voltage anBabkemf voltage, can be expressed as:

p(d)= w- o (19)

wherep is a differential symbol, ¢ is the angular speed of the applied voltage ani$ the rotor speeddith

those equations, the following differential equations of IPMSM are written as:

di 1 r. . 1 )
—==V.cosd —=i, — i [ L,
dt L, L, ¢ L
di: _1VSS|nd _3|d _].'|. léqu
tob x (20)
dw 3 an 1 n
L= /i L, L) 2-—B —T
dt ZJEEE%M{" q)‘“UJ n 25
da_ ., .
at e ~W

These equations are nonlinear and can be solved only with the aid of a computer. Therefore, the linearized
equations of the nonlinear system are required to analyze the stability of the machine.Ta bbéair model,
a smalisignal model which is linearized about a quiescent operating point is used. Taelnearized

differentialequationan be expressed in this stamace form.
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p(x) = Ax +BL (22

In here,Ais the state matrix8 is the input matrixx is the state vector andis the input vector. The state vector
and the input vector include both the steady statee and the small signal value as shown in the following

equation:

el, oeli, o 0o @
é ué u ér U £
2| g Y 0 < A
x=X +p € 0P u u:u4§DU:(g (22
€y, Uépw U €[ u D
e’ ué " u “ Y &
&, ueéb dy €0 ¢

wherenx is the perturbations for seavariablexa n duis the input perturbationg, lq4, ¥, andl, are the steady

state valus at the operating poinfl; andnT, is the load torque and the torque perturbation, respectively. In

here, /s and g . are considexd as zero. If the small signal components are much small compared to the
steady state values, the machine can be treated as linear systems with regard to small signal model. Then, the
behavior for small variations around the quiescent operating poiriecanalyzed. fie steady state values can

be calculatedby using DC equationsith the given operating speed and torque

D

= ivs COSdO S
L L, q

q

1 . r 1
0= —V;sing, L—SId I+ nel
d d

d (23
_3an e 1 n

0_55 %/mlq (Ld I:q)lolq ﬁa‘BmW Z]_TIO

O=w, -w

As mentioned beforehé magnitude of the stator flux vector is selected to be equtidatoof the rotor

permanenmmagnet flux

L) A0 L) W Y @)
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This equation can be expressed again with the function & trellq as:

(0= (Ldy ) 2/ ,Ld

q LqZ (25)
To find thelq andlq value,the torque equation ¢23) is rewritten as:
e4d s 2 2
G (2B +nm) L) (4 (L L)1) (26)
By substituting(25) into (26), thefollowing equation is obtained as:
4 N ' 3
Ly(Ly- L)?(15) €2/ oLy * 2¢,/[L, L}R")
2 (27)

X By . LS a4(2B,w, +nT) 0
+g4/m(|_d ‘L) by A @d) 2+ 11", Tq%'Tl 6 0
d (; -
By solving the éurth order equation(27), the steady state value bf at the given speed and load toque

condition is obtained. Then, the steady state valug @irresponuhg to thelg value can be calculated by using

(25). Thed-axis andg-axisvoltages can be calculated usii2g) as:

vV, =V,cosd, =, #{ [ L4")
(28)
V)" =V,sing, =l we ',

With the known steady state values, the smalhai model can bexpressed in this stagpace form. When
deriving a small signal model as substitut{@g) into (20), second order terms which is the products of small
signals can be neglected because it is assumed that the small signals are much smaller than the DC steady state

values.
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£ f A Wttdy  Vesin(a) o

Eé Lq Lq Lq Lq gDi

|é r q
&dDi, oié L, o Lylg v, cos(q,) oD,
E— uié L L L f
ed(g)t UIe ) d ) d d d g:)Wf
¢dDi;, 0Té3 an & 3 nd o 1 Dd
: 1T B mt(Le Lo)lh B (L kg -8B 0 §
e ute m d d Q m
g dt g{észQ & ( @t Upy Ve Tda J N 29
¢dDw uig 0 0 -1 0 i
€ dt Ui | 0
e uj e 7]
¢dDd e o U
gdt ui € u

ité n UM

T €57 U

: éZJ 5

T 60 g

The final termnT, of (29) is the u vector which represents the forcing functionulfs set equal to zero, the

general solution of the linear differential equation become as:

x=e&%K (30)

The exponentiaé™ represents the response of the system. If all roots of the characteristic equatibavef
negative real parts, the stability of the small signal model is assured. The characteristic eqéaisotefihed

as:

det(A- /1) =0 (31

The stability analysis for the motor used in the restart test is done with the alpdemexk procedure. The
machine parameters for the simulation are givehable7. Fig. 5 showsthe stability test results under different

load conditiongno load, half lad and full load)
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Fig. 5. Theloci of the poles corresponding to the rotor speed under different load conditions (a) no load
cordition (b) half load condition [12Nm] (c) full load condition [24Nm].
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In these plots, thg-axis is the real part and tlyeaxis is the imaginary part. The stator poles of the PMSM are
located on the left side of the plots. The rotor poles are locatédeatight side of the plots. It is because the
electrical dynamics of machine are much faster than the mechanical dynamicsnothé. simulation, he

applied stator voltage frequency is changed frontDto 15z [elec.]. As increasing the applied va&a
frequency, the rotor pole migrates to the positive plane under all load conditions. As a result, the simulation
results show that the closed loafb control method for the PMSM, which is used in the restart test afdgke
chapter 4, will be unstabkndlose synchronism withispecifc speed range&or these reasons, the damping is

added to improve the stability of the system. One solution is the damper winding in the rotor as mentioned



22

before. However, it requires the physical modification in therrarherefore, a more general solution is to add

the damping to the system by using a stabilizing algorithm in the closed/faamtrol[18, 2833, 36]

2.3.1. Improvement of System Stability by Using Frequency Modulation

In this section, the stabilizing loop which generates the frequency modulation signal is derived for PMSM
notincluding the damper windindrhe stability problem can be solved by introducing a frequency modulation
method to increase the system stabi[B, 2833, 36] The derivation of the stabilizing loop for PMSM
including the damper winding is included in appendi¥A8 considering the small signal model of the PMSM,
it is noticedle thatthe rotor speed perturbation generates the input power perturbation at the operation point
[28, 31, 33] If the copper loss and the electromagnetic energy storaggreored, the input power perturbation

can be written as:

0P T Mg ¥ 2 @By BT (32

Therefore the frequency modulatiom( ¢) of the stabilizing loop can be determined in proportional to the input

perturbation. It can be expressed as:
D% = Kp le‘l: (33)

whereK, is the proportional gaimpin can be extracted by using a high pass filter from the calculated input

power through15) and(18). It can be written as:

Il)ln :—1 P (34)
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wherelJ is the time constant of a Higpass filter. To analyze the stability of the machine with the stabilizing

loop, the differential form about the frequency modulation varighle)(should be derived. The differential

form of the following equation can be generated as substit(8#)dnto (33).

dDwy, 1 dp
e = = K- —n 3
t R 5 dt (39

dt

The input power of the machine can be written as:

3. . . 3., .. -
o = 58410 Mely 3V oS igsin (39

The differentiation o{36) results in

dn, cosd -, smeg— —sm d, cos—ed (37)

dt

D
Qj S

=3y
2"

By substituting(20) into (37), the differential terms can be eliminated as:

A o]
gVCOSd——I —m,(n( b o) 8OS d{ . w) sin
dp, _3 & < (38)
a2 6 & 1 A 1 0,
é-aeTVSS'nd =i, = e, 8in diy(- .w )wos d
e ¢ L d d

By substititing (38) into (35), the final differential form of the fipuency modulation can be obtained as

G Vecost- (i, 1wl ) )% af . w) s
.co ——| — i) gos @ . w) sin
aow _ Dy 3\,53 - (39
dt t &a 1 r,
e'aeTVSW‘d L—Id l{.quq §|n aiy(- .w )wos d
e ¢ ™ d d
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However, it stillincludesboth the steady state and the smalhalg/alues. By usin2?2), the small signal of the

frequency modulation can be derived as:

e Ar L o & L 0
1Di,ggscosd, +2—=sing g+,D a& sin,d—* cos, d § ‘
: qéﬁ_: > 6718 d g oL 0 8 .
1 o - i
7 a/ +Lgly Lly , 0 i
1+ m/rﬁcosq’ -l-L—sm od 15 sing d -cos, 87’ i
dDWe:k §V: ¢ q d + i
dt 25 &4 a 5 : 6 & LI!, &C
2 . . w(f,+Lglg) O B 1 08 A& wyLyl, o€
1+ D'asin I, = V. $in 2 —- Hae =1, +—— ot
¢ 1 q s 0 & d o)
PE g{? L, L, 8 B, R T %

o 4,008 o —2— §

} Weg%esm g #,cos Tk 26 ‘

(40)

As a result, the stability of closed loefi control including the stabilizing loop can be analyzed using all the
differential equations obtained {89) and(40). Fig. 6 shows the resultsf the stability analysis. The rotor poles
under all different load conditions are located in the negative plane at all frequency range. It means that the

operation of the PMSM becomes stable by adding the frequency modulation control.
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Fig. 6. Theloci of the poles corresponding to the rotor speed under different load conditions (a) no load
condition (b) half load condition [12Nm] (c) full load condition [24Nm].

However,the poles of the system can bevad to the negative planghenthe proportional gairkK, of the
stabilizing loop is selected properly. To investigate the effect oKgHer the system stability, the closed loop
transfer function of the small signal model is derived. The charactegigtiation of the system including the

stabilizing loop can be expressed28]:

aB 2k wmK, o & 38 § a
SZ+§J_ % ? ;k%gn gjﬁ %K)Wo 2‘%% 80 (41

Wherek is the slope of the load angterque curve at the operating point. The rootgldf are obtained as:
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kewK,” & & 28 a
Bk uK, --g-%én a8 E&Kpm) 27T, K+ (42

aB p R
s= O
QEJ n 9J E? n chn
From (42), if the K, is inversely poportional to the rotor speed, the poles of the system will be almost

independent on the rotor speed. Therefigegain can be selected as the following equation.

43

~
1
X|o

Where C is the constant valuko find the proper gain value, the stability of the system is again investigated as

changing the constant C of the stabilizing loop ghkig. 7 shows the analysis result under the rated speed and

load torque.
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Fig. 7. Theloci of the poles corresponding to the stabilizing gain under the fixed speed and load conditions
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The simulation result shows that the system becomes unstable from the above 2.5 gain value. As considering
additional stability tests under the different conditions, the stabilizing loop gain is selected as 0.8 value. To
verify the stability analysis result ¢ie small signal model, the step load test at the rated speed is done with the
Simulink of MATLAB. Fig. 8 shows the result of the step load test, which the full rated load is applied at the
rated speed. Althougthe step load is applied, the systemaintainsthe stable conditiofike the resulbbtained

in Fig. 6.

@
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Fig. 8. Thestep load testesult with the stabilizing Iqoat the rated speed

The additional test is done to verify the resafltFig. 7 as changing the stabilizing loop gain under the rated
speed and load condition. When the stabilizing gain is selected as zere doaltlis applied, the system starts
having the mechanical and electrical oscillation. After the gain is changed to 0.8, the system become stable.

When the stabilizing gain is increased to 3, the system loses synchronism.



28

Unstable Stable Stalling

. ey e - __ rle---»
b= 400 T 1 | T 1 [ T
T 1 I | |
| I l | | ]
I I I | I
£ 0 ] 1y 1 ] I ]
Z 0 1 .Ji : 4 i d i 8 9 10

I I I

f ]

|
Al
|
|
}
|
|
z T T 1
S f .
S ' |
5 ]
= 1
oun I
0 1 2
|
|
W I 1 |
O |
g 0F B | o
£ : i
(= |
iy L 1 |
‘nn 1 2 ‘
|
aIJd !
T T T
-
3 |
-:_,:|._ I
by i :
ﬂ(‘l 1 3 1
|
|
. I T f
é‘:?‘» |
= |
B 1
g
Uﬂ i ]

Control gain: 0 0.8 2.5 0.8 3

Fig. 9. Thestability result corresponding to the stabilizing gain under the rated speed and load condition.

2.4. Experimental Results

To verify the simulation results dfig. 5 and Fig. 6, the experimental test are done under the no load
condition. As showrin the simulation result dFig. 5 (a), the experimental test &fg. 10 (a) shows the same
result that the rotor loses synchronism at high speed. In coritigst0 (b) shows the stable operation in case

of using the stabilizing loop, which is matched with the redukig. 6 (a).
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Fig. 10. The stabilityresult corresponding tile rotor speed (a) without the stabilizing loop (b) with the
stabilizingloop; CH1: thephase currentLOA/div), CH2: therotor speed400 rpridiv).

The testesultof Fig. 11 verifies the simulation results &ig. 7 andFig. 9. The test is implemented as changing
the stabilizing loop gain during operating at the fixed speed. The rotor is rotating at 1200rpm with the
stabilizing loop having 0.8 gain. Suddenly, the stabilizing loop gain is changedf8ota 0. The result shows

that the rotor loses synchronism when the stabilizing loop gain becomes zero.
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The additional tests are implemented to show the system stability corresponding to thevdoation at
differentfixed speedsThe step load is applied to the motor at each speechanddtor maintains synchronism

at every condition. These results also verifies with the simulation resuitg. &
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Fig. 12. The stabilityresultwith the step load tes€H1: theload torqug5Nnvdiv), CH2:the rotor speed (600
rpm/div.), CH3: thephase curren20 A/div).
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2.5. Conclusion

This chapterexplained the basiprinciple of scalar control methedor IM and PMSMwhich will be used
to drive the machine when testing theirfly restart algorithmsit also presemtd the stability analysisnethod
for PMSM. In addition, the stabilizing loop to genezdhe frequency modulation signal was deriteadd he
damping effect to the systerithe stability of the PMSM was analyzed in two cases which are with the
stabilizing loop and without the stabilizing lod@mulation andexperimentatestshave conductdto verify the

stability analysis results and the damping effect of the stabilizing loop
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CHAPTER3: A UNIVERSAL RESTARTSTRATEGY FORINDUCTION MACHINES

3.1. Introduction

In this chapter,we propose an approach to implement thénfyrestart for Inductio motor through a
searchalgorithm which determines thretatingspeed so that the correct voltage vector can be applied and thus
minimize the inrush current during the restart. Beyond the development of the algorithm, implementation issues
will be consideed to provide general guideline for the application of the developed algorithm.

The goal of this work is to develop aiftg restart controller that is capable of restarting an induction machine
driving a high inertia load such as a fan or turbine. pitogposed approach borrows concepts from similar work
done on induction maching37-40]. However,[37, 38] methods make use of the current controller to maintain
the constantphasecurrent during the rotor speed search, which requires a controller gain tuning depending on
machine parametersuch like the inductance and the resistannemany applications whereigh dynamic
performance is not required, the induction machine is controlledf imode[9-13, 15, 4046] instead of the
complex vecto17, 21, 22, 25, 4Bb5] and DTC method56-59] to ensure easier commissioning by the-end
user.This vif control method uses only a few parameters about the machine suchvigdkie and machine
ratings.As a resit, restart methods suggestad37, 38]cannot be used in théf control modeThe approach
described if39] uses theDC current sensor which is not essentiatliiving an induction motor. In addition,

the flow of DC current will be very small during the rotor speed estimation beitasiggoportional to the total
power consumptiomrandwill thereforecause the estimation errdrhe approach described [40] is based on
finding the phase angle between the stator current vector and the stator linkage voltagé&hisatwagthod will

be very sensitive to the current sensing ethus requiiing alarge current to ensure mise estimationin
addition the rotor speed searching tinfier thesemethods will depend on the controller gain and motor
parametes. Therefore, these approaches may require algorithm tuning that is specific to the machine operating
conditions.

In this chapterwe propose an effective restart algorithm minimizing a stator current during the rotor speed

estimation and eliminating theeedto know themachine parameters and additionedasurementsuch as a DC
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current, which results in a universastart &orithm for induction motorsin addition, the proposed restart
method does not requisny tuning work and the rotospeedsearching time will béndependent of machine
parangters The challenges in implementing the approach for IM stems from the fact(th theresidual
magnetizing flux is not present after a power interruption lasts several hundreds of milliseconds and (2) error in
identifying the rotor speed can cause large inrush currents at the beginning of the restart process, and when the

negatie slip is applied to the motor, the braking torque is generated.

3.2. Proposed Restart Method for Induction Machine

As described earlier, the goal of this work is to develop an algorithm suitable for scalar control of IM that
allows the machine to continoperating after a short power outagbis proposed restart method uses only the
parameters known with the nameplate. It means that additional parameters information and the tuning procedure
are not required for applying the restart algorithm. The propos#tod to search the rotor speed requires just
the applied stator voltage and the measured stator currents.

In developing the restart algorithm we have made the following assumptions: (1) during the outage, the drive
loses power, but the controller hasokvledge of thev/f ratio; (2) the controller recognizes the speed command
prior to and after the fault and (3) the controller monitors the input power (i.e. recognizes when powest was |
and when power was restojed

In this section e complete schenmfer searching the rotor speed described To implement the proposed
method, the input power and the input power perturbation are used and the calculstiesecfuantitiets

derived using the stator voltage and currents. To verifyviliglity of the proposed algorithinthe relation

between the rotor speed and the input power and the input power pertuibatiatyzed.

3.2.1. Rotor Speed Search Using the Input Power

The basicconcept proposed herein is to excite the machine with a small constant \aithgariable

frequency, starting from the rated and reducing at a constant rate towards zero, and to meesssukinbe
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machine currest By using the applied voltage and the measured cgrrimt input power of machine can be
calculated. When the aligd voltage and the rotor speed at¢he same frequency which means the zero slip, it
will correspond to a neateroinput power.It means that the rotor speed can be simply detected by monitoring
the input power.

In this section, the relation of theotor variable parameters (ex. the impedance, the current and the torque) and
the slip is investigated and the derivation of the input power is explained in detailth&anachine equivalent

circuit shown inFig. 2, the input impedance can be represented as:
. e. a . 0o

Z,=R +X, X lps %, o|Zf 1 (44)
e ¢S gy

wheres denotes the slipgs & X is the leakage reactamof the stator and the rotoX, is the mutual reactance

and= is the input power factor. The stator current is determined as:

V.
=25 4 |+ 4
> A, (45)

The stator current is the sum of theagnetizinginductance current and the rotor currevithen theslip
becoms zero &0), the rotor current will be zero due to the infnibtor impedance.Then, he input
impedance 4s) will be only expressed as the function of stator paramekégs.13 shows the stator current
corresponding to the stator frequency and the rotor speed. The stator current will be minimizéukstigis

zero.
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Fig. 13. The stator current corresponding to the stator frequency and the rotor speed.

The rotor current can be obtained using the simplified equivalent circuito€tion motor shown iifrig. 14.

The rotor current is calculated as:

_ V.

| s 46
TRTRIY (%K) “9

It is noticed that the leakage reactant€46) is proportional to the frequency and becomes very small in low
frequency area so that the larger rotor current can flow in that area. In a neljptamea which the stator

voltage frequency is slower than the rotor frequency, the rotor current becomes much larger than that of the
positive slip area. This is because the real part of the impedance is cancelled out due to the negative rotor
resistancen the negative slip. Thereforas is clear froniig. 13, in case the rotor is rotating at the low speed,

the negative slip area should be avoided to prevent the overcurrent problem during the rotor speegl searchin
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Fig. 14. The simplified equivalent circuit of induction motor.

In addition, the airgap power and the mechanical power can be calculated by using the rotor current and
resistance. The mechanical pavean be obtained by subtiiagtthe rotor power loss from the airgap power

-2 R.
rS’

pairgap

(47)
2 (1' S) R
Prmech = I r -
S
The airgap power and the of@nical power will be zerin the zero slipregion because the rotor current

became zero. The input power consists of the motor losseshdhge of thelectromagnetic stored energy and

the mechanical output power as expressed in the following equation.

plnput = ploss +pstored :Fe w (48)

The power lossRi.s9 and the change of the stored enefysgd can be negligible around the zefip $ecause
the rotor current is almost zero and the stator current is minimized as sh@in 13. Therefore, the input
power will be proportional to the mechanical power. The mechanical power becomes zefioebid€47)
when the slip is zero. As a result, the input power will be almostat¢he zero slip. Therefore, the rotor speed
can be searchduy detectirg the zero input power.

The torque can be obtained by dividing the mechanical power with the rotor speas: (
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T, =then L2 Ryp g (49
S
By substituting(46) into (49), the torque can be defined again as:

v 5(1 -s) (50

T:i S
w (R+R/9 {X %) s

e

If the rotor speed is assumed as the constant value, the torque is only the function of Big $bshows the
stator current anthe torquecorresponding to the stator frequency chamgease aotor speeds constantin

the areawherethe slip is low, the torque is proportional to the slip. On the contrary, the torque is ipverse
proportional to the slip in the high slip area. The input poweve corresponding to the slip will be almost

similar to the torque curve @fig. 15if the variation of the rotor speed is nary large
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Fig. 15. Torquecurve corresponding to the slip.
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The basic concept of the proposed method for the rotor sgmsdhis derived from thisnvestigation.The

input power required fdiinding therotor speeds calculated as:

3
plnput = EVSI sCOSf

(59)

In here,ls can be obtained by measuring two phase currents of statot.@ost can be calculated by

transforming currents to the stator voltage reference frame.

2e . 5 20
| .cosf == cosg +.. co -
. 3du 005G Fo é%aeq S

-O: Ot

(i o cos g Ls
¢ 3

(52

whered: is the agle of the stator voltage vector in the stationary reference frame. The instantaneous input

power can be calculated usiffl) and(52), and theVs is a stator voltage used during searching the rotor speed.

It is chosen as a small value considering the rated current for the machine to avoid the overcurrent.

Fig. 16 shows the rotor speed searching scheme using the input jdwestator frequency is initially satthe

rated frequency, and the output of controller is added to the rated freqiidecyput feedback of thiategral

controller is the input power calculatég (51). The stator frequency can be automatically adgidy using a

simple integrakontrollerso that tle input power can reach to zero poit that time, the stator frequency will

settle in the rotor speed. As a result, the rotor speed can be detected using this method.

Vs*

PWM
VSI

-

\

y

0 Controller |2 e»(; - >@—<—e>
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Fig. 16. The rotor speedearcing scheme using the input power
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However, the goal of the proposed methotbidevelop the universal restart algorithm for the induction nsotor

If the controllerof the above scheme uses the fixed gain vahefrequency searching time will dependtioa
amount of input power which is the function of the slip, the applied voltage, motor parameters, the controller
gain and the rotor speett. means that the controller gain should be tuned every time depending on the
conditions. It will restrict the unirsal application of the restart algorithm.

In addition, the controllecanbe unstable on rightd# of the torque curve &fig. 15 because it has the positive
closedloop feedback. Therefore, the additional monitg parameter excepting the input power is requiced
resolve these issues. Then, the proposed method can banisedaly to the restart of the induction motors

The next section suggests to use the ipputer perturbation and explaitie derivatn of that.

3.2.2. Needof Input Power Perturbation for Rotor Speed Search

As mentioned earlier, it is assumed that paverloss andhe change athe stored energy are negligible
andthe rotor speed is constant due to a high inertia of the machine. Theth®irput power curve will be

proportional tathe torque curve correspondito the slip as shown Fig. 15.

Prput = T @ (53)

e r

Further, theperturbation of the input power is expressed as:

Do = RWOT, + (54)

In here,n. ( is almost zero because the rotor speed is assumed as constant during the rotor speed searching.
Therefore, the second term(&#) can beneglected and thgerturbation of the torquenTe) will be proportional

to the perturbation of the input poweipf).

DT, = k OpR,, (59
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When the input power perturbation is zero, the tongilieoe the maximum As a result, the input power will be
also the maximum when the input power perturbation is zemin,u:can be extracted by passing the input

power through a first oet high pass filter.

S
Il)lnput = 1 plnput (56)

S+—
h
Where _; is the time constant of theigh pass filter. The max torque can be detedtby monitoring the input
power perturbatioms shown irFig. 17. The simulation shows the input power, the input power perturbation

and the torque corresponding to the slipe parameters of induction motor imsilations is listed in appendix

E.
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Fig.17. The torque and the input power at the zero input power perturbation
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The simulation result verifies that the torque and the input power are aheasaximumat zero input power
perturbation pointTherefore, the stable ardar the integral controllerwhich has the negative clostmbp
feedback,can be also found as monitoring the input power perturbafionresolve the above mentioned
stability issue, thetator frequency is reduced with the constant slope in the unstable area and it is reduced with
the integrator controller in the stable area.

The maximum torque of the conventional induction motor for fan or pump drive applications is generally
generated @ar zero slig22]. The classification of the induction motors was listed able 4 and the torque

speed curve of different type of induction motors is plotteBign 18. The slip value generating the maximum

torque can be obtained as differentiat{f@) with slip.

R
&2 +( Xls +Xlr)2

Sy = (57)

From thisinvestigation, it is known that the rotor speed searching spends most time with the constant slope and
spends just # short time with the integral controller. It means that the searching time can be less dependent
the motor parameters and it will depend on mostly the constant slope. The proposed algorithm used the
60Hz/secconstant slope considering the electric tioomstant and the firsirder filter time delay used for the
calculation of the input power and the input power perturbafiorery largeconstant slope makes the detection

of the zero input power perturbatidifficult due to calculation delays

In summnary, the proposed method uses the input power and the input power perturBatibe.start of the
procedurethe stator frequency is reduced with constantesfopm the rated frequency. After the input power
perturbation crosses the zero pothg integral controller starts to adjuttie stator frequencylhe rotor speed
searching time will be almost similar in all different conditions as using the constant slope. In addition, the
integral controller will be used only for the short time in the stalda ao that the controller gain wilbt affect

greatly thespeed searching time and the stability of the systdm.proposed method used the fixed small gain

(0.1) of integral controller in all test conditior&herefore, the proposed method will not riequain tuningor
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a wide range of induction machine&s a result, the proposed restart method can be usegrsally for

induction motor restart.

3.2.2.3.NEMA Classification of Induction Motors

This section introduces the NEMA classification of inductionar&{The induction motors are classified
into four different categories as listed Fable 4. The fourNEMA (National Electrical Manufacturers
Association) desigs have unique speddrque relationshipsuitable tadifferent type of applications. The most
important factors to classify the type are the rotor resistance and leakage induEignds. showsthe
characteristic by torquspeed curve in each type.
As mentioned bere, a flying restartalgorithmis the most necessary faestarting an inductiomotorsdriving
a high inertia load such as a fan or turbi@onventional induction motors designed for fan or pump
applications belongs to class A or B, and have the pmajki¢ near zero slif22]. As a resultthe proposed
restart algorithm spends most tiinethe constant slopareato detect the peak torqaad short timen the area

using theintegral controlleto determine the for speed

Table4. NEMA classification of induction motors.

Types Characteristics Applications
Low starting torqueHigh starting Low starting torque load,
Class A current, low operation slip Fars or pumps,
(s=0.005~0.015), High efficiency Suitable to operate with inverter

Low starting torque, Low starting
Class B current (75% of design A), low
operation slip

Suitable for constant speed
Fans, blowers and pumps

Higher starting torque, Low starting

Class C .
current, low efficiency

Compressors, Conveyors

Highest starting torque, low starting
Class D current, high operation slip, low
efficiency

Cranes, hoists, punch press
High-impact load
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Fig. 18 NEMA classification of inductio motors.

3.3. Implementation of the Proposed Restart Method

The key performance criteria of thioposedrestartmethod for an induction motds to successfully
estimate the rotor speed witinly motor parametergiven by the nameplatend restart thenotars without
causing the overcurrerand the braking torquésig. 19 shows the complete scheme for searching the rotor
speedusing the input power and the input power perturbatidre procedurdor searching the rot speeds

explained as following steps.

1 Step 1i The frequency obtator voltagds set as the rated frequendyhe applied stator voltage is
increased gradually from zerdhe voltage increase is stopped when the stator current reaches about
10% of therated current.

1 Step 27 The stator fequency is reduced with the constatape while applying thefixed small

voltage.
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1 Step3 1 Monitoring the input power perturbation (it can be obtained by passing the input power
through the high pass filter). Findet zero crossing point of the input power perturbation.

1 Step4 i When the input power perturbation is zero, the stator frequency is adjusted by using the
integral controller instead of using the constant slope. Start to monitor the input power (it can be
calculatedby using the referencstatorvoltage & phase currents).

1 Step51 After the input powereacheshe zeropoint corresponding to almost zero slifhe integral
controller will make the stator frequensgttle at theotor speed

1 Step 60 After fixing the stator frequencynérease the stator voltage up to the ratédhtio.

1 Step7i If the stator voltage is increased upthe rated//f ratio, increaséoththe stator frequency and

the statowoltage togethekeepingthe v/f ratio, to bring themachine back to the reference speed

In step3, the zero crossing poinff the input power perturbationill indicate themax torque and input power

as shown irFig. 17. In step4, theinput reference value ohtintegralcontroller is zero. It will make the input

power beomezero as the controller generates a proper output value. |6 gtegpshortsettling time is required
because amtegralcontroller generally has the oscillation aroundgbarched rotospeediIt will depend on the

integral controller gain. In step 6he ratedv/f ratio is already the known valueith the nameplate of the
machine. In stef, the stator frequency is increasguito theprevious speedommand value. It is assumed that

the controlleris recognizinghe speed command prior to and after the fault.

Fig. 19 shows the complete scheme fteterminingthe rotor speed. It imonitoringboth the input power and

the input power perturbatioitVhen the input power perturbation is the positive, the switdrigpfl9 turns on

the upper side so that the stator frequency is decreased with constant slope. When the input power perturbation
crosses the zeraopt, the switch moves to the lower side. The integral controller will start to adjust the stator
frequency. While searching the rotor speed, the stator voltage command for the inverter uses the value
calculated in step 1. After the input power approacte®, the stator voltage command will increase as

considering the ratedf ratio.
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Fig. 19. Complete scheme for searching the rotor speed

3.4. Issue of the Residual Stator Voltage

Sometimesa short powe supply interruption from the distribution network can ocdarthis casethe
inverterpowerwill be restored in shdst after the loss of powekVhen the rotor speed searching is started, the
induction motor can be still energized because the resgtatdr voltage is not disappeared. If the inverter
switching is startedn this condition, it can cause inrush current. The inrush current will depend on the
motor parameters and the power interruption timehis section we investigate thisrush airrent due to the

residual stator voltage and the time the residual stator vakag@ns

s R Lis I, L
——AAN A Y
+ I,
En Ly R/ Sg

Fig. 20. The equivalent circuit of the induction motor with the zero input voltage.
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Fig. 20 shows the equivalent circuit when the zero stator voltage is applied. As mentioned before, the restart
method is started the rotor speed searching with the rated frequency and the zero magnitude of the applied

voltage.En of Fig. 20is the voltage across the mutual inductance and it is determined as:

d/

=—m 4
Emdt m

d(i; +i,)

o (598

In general, the stator current become zero very fast because the stator current is freewheeled through the anti
parallel diodes of inverter and the Bi@k capacitor while the inverter loses the power. Thus, the stator current
is assumed as zerdhen, the mutual inductance voltage is mostly generated by the rotor current. The rotor

current seefrom the stator sidwill be defined as:
i, =1, cos(mt +q) (59

Whenthe rotor current is sedrom the stator side, thfieequency ofrotor current will beapproximately similar
to the electric rotor speef ). dy is the arbitrary initial rotor current angle when applying the stator voltage. By

substituting(59) into (58), Em can be expressed again as:

E, = Lm% =w,L,l . sin( it @ (60)

When the zero Jtage is applied to the stator, the stator inrush current is calculated as:

di g (62)

O:&is -H‘Is dt m

The equation of61) can be solved using the Laplace transform as:

el (62)

i5(t)=

@?B& Qo
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In here, it is assumed that the rotor speed and the magnitude of rotor current are constant because it is
considering the short instants which the zero stator voltage is applied. Because the peak inrush current is

generatedn the very short time, it is mostly determined by the stator leakage inductance as:

(63

In general, the ldage inductance value of the induction motor is very small. Therefore, if the residual voltage

is remained, the inrush current will be huge.

In addition, this section investigates the relation between the remained time of the residual statorBegltage (

and the motor parameteifsig. 21 shows the vector diagram of the rotor flux in the rotor flux reference frame.

The rotating speed of the rotor flux is same with the stator voltage frequency.

A b-axis
g-axis
®
d-axis
o 4
oH(=aur) .-
\\ A Ye
'\‘ Sbr
=0 ™,
‘\ aj’) - ->
U-axis

Fig. 21. Vector diagram of theotor flux in the rotor flux reference frame

The electrical equation of the induction motor can be expressed thghetor flux reference frame rotating
with the. «speed17, 21, 22, 25, 4B5].
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. d/y,
Vdr:0 :th -'.Cﬁ (H{e W) l{f
(64)
. d/,
qu :0 :R 'qr dt (Wé VV) Jr
Thed-q axis rotor flux equations are writias:
/dr = I‘ridr tml ds
—i . (65
T =Ly Hiig

As shown inFig. 21, the rotor flux is aligned id-axisso that theg-axis rotor flux &) is zero. Thel-axis rotor
voltage equation can be simplified aifie relation between the rotdraxis currentig) and rotor flux &) can

be obtained as:

idr l— (66)

By substituting(66) into thed-axis rotor flux equation df65), the relation between the statbaxis currentigs)

and rotor flux €r) can be obtained as:

L, .
/dr = 41 +Ir/ = II_T1 Ids (67)
1+—p
R

From(67), it can be known that the rotor flux has the relatiohpfain andL,/R: time constantT;) delay with

the d-axis stator current. Therefore, after the stator current become zero, it will take aboutBeiraeafor the

rotor flux to be almost zero. Typically, 10kW and 100kW induction motors take several hundreds of
milliseconds and few seconds for the rotor flux to disappear, resped8vel$9]

As a result, the ingh current can be easily occurred due to the small leakage inductance if the residual stator
voltage is remained. And the remained time of the mutual flux will be dependent on the rotor parameters. While

implementing the restart method for induction matdfr¢he inrush current is generated by the zero magnitude
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voltage in step 1, thetor speed searching should be stopped andditeng time will be required for the rotor
flux to disappear. That waiting time will laeterminedby the motorpower rating which is known from the

nameplate.

3.5. Simulation Results

In order to verify theestartalgorithms explained above, a Simulink model wagt, and some additional
features that cannot be easily measured on the experiniestbere investigatedThe neds for the correct
speed estimation are investigated drerésults for theSimulink simuldion tests are given below.
Fig. 22 showsthe restart simulation results that the rated stator voltage and frequeappbee to the motor at
the unknown rotor speed condition. This result shows that the huge overcurrent was occurred at the beginning
due to the higher magnitude voltage than what is expected and the high slip between the reference frequency

and the actuaiotor speed.
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Fig. 22. The restart method from the rated frequency.
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And Fig. 23 shows the restart simulation result that the reference frequency was startttbveigho frequency
and was increased gradually with constant slope up to the rated frequency. As showign 2Bethe huge
braking torque is generated at the beginning and it will have negative effects iolubgon motor and its

load. As a result, the rotor frequency searching algorithm is necessary for the induction motor to restart without
the inrush current or the overcurrent issues.
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05 1 1.5
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Fig. 23. The slowrestart methodrom the zero frequency

Fig. 24 shows a simulation result including thator speedsearchingthe applied stator voltagthe stator phase
currents,the input power the input power perturbatioma the electric torquelt is assumed that ault
occuredand it resukdin a temporary power los¥he motor is rotating due to a high inertia and gheed is
reduced depending on the inertia, the friction and the load conditiotx0s, the power isrestored, and the
frequency searching algorithm is started. Afsgproachingthe actual rotor speed, theapplied voltage is
adjusted tdhe ratedconstantv/f ratio, and the speed iscreased gradually to the reference speed. It was taken

about 1.5 seauls to settle back at the reference speed. In tiereptor speed searching time is just taken about
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200ms.If the increasing slopef frequencyis selected as larger value, the time to settle back will be shortened.

In the procedurgto settle back tohie reference speed,tife algorithmsareoptimized, the total restart time can

be minimized.
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Fig. 24. The proposedestart resultsvith induction motorPlots top to bottom: machine speed (green) and
speed estimate (blue); mackiptase current; input powenput powerperturbation electric torque.
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3.6. Experimental Results

~yCoupling,” "
|

M\
/

Dynamo bed ~

Fig. 25. The system configuration for the restart test with induction motor.

A set of experiments was aducted to validate performance of the proposed restart method. As shown in
Fig. 25, the dynamo test bed consists of a commercial induction motor manufactured by ABB for the test
purpose and an induction motor fapplying the load torque. The parameters for each motor are listabia
5andTable6, respectively. The&/f control and the proposed restart method are implementad tre OPAL
RT and the voltage source inverter (VSI). The inverter used is&®$120 having the rating of 1200V &
100A IGBT switches. The PWM switching and the current & voltage sensing frequency are set as 5 kHz. And
the DClink voltage of the inverteis fed by the DC power supply. The input DC voltage is 500V and is always
maintained as constant. For the proposed restart control, only two phase currents sensors-amdoEAge
sensor of the inverter are used. The load motor is fed by a comm&BBaloltage source inverter (VSI) and

the torque & the speed were monitored using the analog output of the ABB inverter.
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Table5. The parametsiof the induction motofor the test purpose

Parameter Unit Symbol Values
Rated Pwer [kW] Pout 7.5
Rated Speed [rpm] Nr 1745
Rated Torque [Nm] Te 47
Rated Voltage (lindine) V] Vs 220/ 440
Phase Current (RMS) [A] is 30.8/15.4
Pole - n 4
Stator Resistance [ a] Rs 0.608
Rotor Resistance [ a] R 0.535
Magnetizing Inductance [mH] Lm 151.897
Stator Leakage Inductance [mH] Lis 3.869
Rotor Leakage Inductance [mH] Lir 5.824
Inertia [Nm/rad-s?] J 0.054
Inverter DC Link Voltage V] Ve 500
PWM Switching Freq. [kHZz] fsw 5
Current Sampling Time [ €s] ts 200

Table6. The parametsiof the induction motor for supplying thead.

Parameter Unit Symbol Values
Rated Power [kW] Pout 7.5
Rated Speed [rpm] Nr 1760
Rated Torque [Nm] Te 40
Rated Voltage (lindine) V1 Vs 230/ 460
Phase Current (rms) [A] is 28.41/14.2
Pole - n 4
Stator Resisince [ a] Rs
Stator Inductance [mH] Lg
Inertia [Nm/rad-s? J

To verify the need of both the constant slope emegral controller of Fig. 19, the experimental tests were
implementedFig. 26 shows the results of the rotor frequency searching tests in case of only usimgdie
controller.First, the tesmotor was rotated at the fixed speed not fed by the inverter but used the speed control
of the load motor coupled with the test motor. In this condition, the rotor speed searching algorithm was
implemented. The purple line of plots is the actual spegleofmotor. The integral controller gain was selected

as 0.5. In first case (600 rpm) of three tests, the speed searching algorithm was failed due to the overcurrent. It
was caused by the use of too large gain in the integral controller. In generakg®a@aa of controller can

cause the overshoot from the set point value. As mentioned in s&#othe largenegative slip by the
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overshoot caused the large stator current. From these results, if the only integral cositnsker in the rotor

speed searching method, the integral controller gain selection will be very critical issue.
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Fig. 26. The experimental results with using the integral controller for rotor speed searchiig (pjr6(b) 900
rpm (c) 1200 rpm; CH1: the phase current (1A/1V), CH2: the input power (10W/1V), CH3: the actual rotor
speed (300rpm/1V), CH4: threferencespeed 300 rpm/1V).
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Fig. 27 shows the experimental resulising a different integral controller gain value of 0.5 and 0.1. In case of
using 0.1 gain, the rotor speed searching is succeed at 600 rpm condition unlike the 0.5 gain case. The small
gain (0.1) reduced the overshoot of the stator frequency belovotbespeed so that the overcurrent is not
generated. However, the problem is that the searching time of case using 0.1 gain is much longer than that of
0.5 gain case. These results know that the controller gain affects both the stability of the selyatithgha

and the searching time. Therefore, the speed searching algorithm using only the integral controller requires the
gain tuning as depending to the input power, the rotor speed and motor parameters. This restart method will not
be appropriate for theniversal application for induction motors. To resolve that, the proposed restart method
suggestdto combine the constant slope with the integral controller to search the rotor speed. It was mentioned

in detail in sectior8.2.2
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Fig. 27. The experimental results usiaglifferentintegral controlleigain(a) 0.5 gain(b) 0.1 gain CH1: the
phase current (1A/1V), CH2: the input pow&®W/1V), CH3: the actual rotor speed (300rpm/1V), CH4: the
reference speed (300 rpm/1V).

Fig. 28 showsthe result of the input powepd) and input power perturbatiomge) corresponding to the slip.
The purple line is the stator voltage frequency. It was decreased with a constant slope from the rated frequency
(60 H2) to theactualrotor speed. The test motor was rotating at the constant speed (900 rpm) by usingdhe spe
control of the load motor coupled with the test motor. The red line is the input power and the green line is the
input power perturbation. As explained in sect®.2 the input power) has almost the peak value, when

the input power perturbatiomge) was crossed the zero point. The slight difference between the peak input

power and the zero input power perturbation is present due to the delay of tbedférddbw pass filterused to
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eliminate the high frequency noise component of input poweunbation Nevertheless, this test result is

matched well with the analytical analysis result of secsi@?
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Fig. 28. The experimental resultd the input power and thaput powerperturbatiorcorresponding to the slip
(900 rpm); CH1: the phase current (1A/1V), CH2: the input power (10W/1V), Gk{RIt power perturbation
(LOW/1V), CHA4: thereferencespeed (300 rpm/1V).

Fig. 29 shows the results of the rotor frequency searching tests in case of using both the constant slope and the
integral controllerThe constant slope is 60Hz/seconds and the integral controller gain is 0.1. The gain used in
Fig. 26 tests was 0.5. The small gain made the rotor speed searching algorithm become less sensitive to the
integral controller. The test motor was rotating at the constant speed not fed by the inverter but used the speed
control of the load motor epled with the test motor The purple line is the actual speed of the motor. By using
the combined method of the constant slope andntiegral controller, the rotor speed search was also succeed

in 600 rpm condition and the speed searching time was alcoosttant(about 1 second) at every speed
conditions unlike cases using only the integral controller

As a result, the restart method using both the constant slope and the integral controller made it more stable than
case of using only integral controlldt is because the integral controller is used only in stable area and the
small gain of it does not generate large overshoot around the zero slip. The other important advantage is that the
searching time is almost constant in all different conditiongaulee it is mostly dependent on the constant

slope. Thereforehts restart method can be used for the universal application for induction motors.
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Fig. 29. The experimental results with usibgth the constant slope atie integral controller for rotor speed
searching (a) 600 rpm (b) 900 rpm (c) 1200 rpm; CH1: the phase current (1A/1V), CH2: the input power
(10W/1V), CH3: the actual rotspeed (300rpm/1V), CH4: threference spee@00 rpm/1V).
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Fig. 30 shows the test results of the complete restart algorithm. First, the motor is rotating at the reference
speed.The inverter feedingnductionmator is stopped by intentionally fdr.5 second. During that time, the

motor speed is reduced depending on the inertia, the friction and the load conditionl.®&econd, the

speed searching algorithm is started. The stator voltage frequency i® satetth frequency (60Hz) and the
magnitude of that is increased gradually from zero while monitoring the stator current. Next, the stator voltage
frequency is reduced by using both the constant slope and integral controller mentioned before. Once the stato
voltage frequency is approached to the rotor speed, which means that the input power becomes almost zero, the
magnitude of the stator voltage is increased gradually to meet the watetio. And the stator voltage
frequency will go back to the formeeference speed maintaining the ratédatio. The test results verify that

the proposed restart method can implement without causing any inrush current. In addition, the estimated speed

(green line) is matched well with the actual speed (purple line).
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Fig. 30. The experimental results with using both the constanesiog the integral controller for rotor speed
searchinga) 900 rpm (b)1200 rpm (c) 500 rpm CH1: the phasewrent (1A/1V), CH2: the magnitude of the
stator voltage (10V/1V), CH3: the actual rotor speed (300rpm/MH: thereference spee@00 rpm/1V).
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Fig. 31 shows the effect of the residual statoitage.The inveter feedinginduction motor is stopped by
intentionally for 0.5 second and 1.5 seconds. In the first case (0.5s), there is the inrush current due to the
residual stator voltage. Sometimes, the huge inrush current can be occurred depending on theameterpa
Therefore, the restart method will need the inrush current protection logic. When the overcurrent is measured at
the beginning of the speed searching, the inverter will automatically stop and spend the additional waiting time.
As mentioned in sdion 3.4, the additional waiting time will be determined by the inverter rating or the motor
rating power. In general, the nameplate gives the rating power of the machineglayhefseveral hundred of

millisecondsis used ér 10kW andhe delay of few seconds usedfor 100 kWinduction machinef37, 39]
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Fig. 31. Theexperimentatestresultsfor the residual stator voltage (a) @&conds (b) 1.0 second3H1: the
phase current (1A/1V), CH thestator voltagg10V/1V), CH3: the actual rotor speed (300rpm/1&};4: the
reference spee@00 rpm/1V).
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3.7. Conclusion

This chapter described the proposeflying restart algorithmfor inducion motors in detail. The
experimental results have conducted/atidate the performance of tippoposednethod.The goal ofproposed
restartmethodwas to develop the universal algorithm for induction motors. First of all, this proposed method
uses onlymotor parameters known by the nameplate. In gendgralpnameplate includes the machine rating
information such as the power, the current, the speed and the v@tgmndly this restart method does not
require any tuning worland the rotor speesdearchig time will be almost constanalthough the motor is
replacedIn addition, he proposed restart methddesigned to be less sensitive to the motor parameters and
other conditions (such as rotor speed, input power and sasamnitoring the input poweperturbation as well
asthe input power. Finally, this restart method does not require the additional hardware such as the speed

sensors, phase voltage sensors;liDiCcurrent sensor which are not installed in general commercial inverters.
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CHAPTER4: A UNIVERSAL RESTARTSTRATEGY FORPERMANENT MAGNET SYNCHRONOUS

MACHINES

4.1. Introduction

Another emerging trend in industrial applications is the replacement of induction machines with
permanent magnet synchronous machines (PMSM), due to their highermeffi and power densif¢7, 60] In
many applications that high dynamic performance is not required, the machine is controlled in V/Hz mode to
ensure easier commissioning by the-eisdr[17-20, 2633, 35, 6166]. As a result only a few parameters about
the machine are known, such as thél¥/ ratio and machine ratings
The goal of this work is to develop a universal restart method that is capable of restarting a PMSM driving a
high inertia load. The proposed approach borrows concepts from similar work done on induction njaéhines
39, 67, 68Jand more recently PMSNB9-72]. However, themethod suitable for PMSM and presenteda®-
72] makes use of thd-g transform and requires the knowledge of machine parameters, which can cause an
estimaton error due to a variation by temperature and current, to estimate speed and position information.
addition to those methods, high frequency injection methods can be used for a restart [§tBat&gyIn
general, high frequency injection methods have been proposed for sensorless vector control and estimate the
rotor speed and position even at zero speed. However, those methods aedpinedulation process and an
observer or a state filter so that it increases the complexity of restart algdrfierahallenges in implementing
the approach for PMSM stems from the fact that (1) the magnetizing flux is always present in PM machines, (2)
absence of damper windings can cause machine to lose synchronism, (3) slight error in idehtfying
speed/position of the baanf can cause large inrush currents at the beginning of the restart process and (4)
when a scalar control is used, machineapaater information is typically not knowmlthough machine
parameters can be identified through ®elinmissioning 78], this is not done because scalar control does not

require motor parameters.
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In this chapterwe popose an effective restart algorithm minimizing the estimation error and elingjrtagn
need of stator inductanéeformationsothat result in a universal application for PMSM. The remainder of this

chapterexplains the basic concept existing restarthoeé and describes the proposed restart algorithm in detail.

4.2. Basic Principle of Restart Methddr PMSM

This section describabke basic concepif conventionakestart methoslto obtain the speed and position
information used in restart algorithfhe concept of restart methedor PMSMis to excite the machine with a
zerovoltagevector and measerthe resulting machine currg9-72]. The speed and thmosition of rotor are

estimated by using the resulted current and motor parameter.

+ Sﬂ:} %ﬂ;} SHI:} V=[L0101D
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Fig. 32. Applying zero voltage vector to motor.

4.2.1. ConventionaRotor Speed Estimation Method

To estimate the rotor spd, he zero voltage vectojl 0 1 0 1 0] isapplied to thenotoras shown irFig.

32. The other zero voltage vector [0 1 0 1 0 1] can be also used for that. Two zero voltage vectors are applied to
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the motorfor tpuse time with the short delay time_) between two pulseas showrin Fig. 33 (a). Fig. 33 (b)

shows the current vectors generated by two zero voltage vectors.

A Swithching
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Fig. 33. (a) Two zero voltage pulses and tbg current vectors generated by two voltage vectors.

>
t

While applying the zero voltage vector to the motag phase currents@measured with current sensorke

resulting stator phase currents are transformeldetatationary reference frame as:

e .1 1
el, g2¢ 2 2 ¥°
¢ G5 (68
& 03 RERNERY
2 2 B

The angle(d) of each current vectan the stationary referenceaimeis calculated by using the following

equation.

G =tan’ = (69)

The first and second current vector asgleed: andd,, respectivelylf the delay time between two pulses is
short enough, the rotor speed can be assumed as the constant. Therefore, the speed of the rotomedeche esti

by using two zero voltage vector pulses. The rotor speed can be defined as:
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W:Q|2' a

+t (70

pulse

wheretpuseis the time which the zero vector is applied to the stator winditig,the delay time between two
pulsesand,i s t he electrical angul ar frequency of the rotec
of the rotor should be considered because the interval time should be shorter than the time which islspent for

rotor to rotate one timg'1]. In other word, if the second pulse is applied after the rotor rotates the electric angle

2" [rad], the rotating speed of the rotor can be esti

é 2

:I: M/I’ea| = (‘7' 2 t p_:_\? : ﬁ (ACtuaI)

i . ;ulse (71)
1 2" ; ;

} W = Y (Estimatior)

pulse

whereN is the rotor rotation number between two pulses, is an actual speed ands:is the estimated speed
using two pises. The estimation speed will be just same with the actual sgestN is zero.Therefore, the

following equation should be satisfied to prevér@wrongspeedestimation.

G.- A4 = OR< (72)

Incasearotordiet i on i nf or mat i ooh(72) ssh oaull sdo bree gru@ham, ealfbpagi?tievi t h

rotor is rotating imnopposite direction, the rotor angle ahe rotation direction can be estimatadrectly

4.2.2. ConventionaRotor Position Estimation Method

Analyzing the machine equivalent circuit, the resulting equation describing the PM machine operation in

rotor reference frame can be representdd&sl17, 2125]:

&, @ Ret pL, wl, lLeoe @&
-~ e N r/\, (73)
o8 BL Resh i
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where p denotes the derivative operatdt is the winding resistancey & vy are thed-q axis stator input
voltage,iqd & iq are thed-g axis stator current,q & L4 are thed-q axis stator iductanceer is the magnet flux
linkage, andr, is the electrical angular frequency of the rotor. When applying a zero vegtod (v4= 0), it is
assumed that theppliedtime (tousd is much smaller than the stator time constaldts [«/Rs, § = L¢/Rs). Then

the stator resistance can be negleetedthe equatior{73) can be simplified as the following:

0 ﬂépLd -M/qu g-d@pulse) 2 0¢
< §é y BT vk (74)
& géM/rLd p laq@pulse) l] ' 1(65
As solving the equatiofv4) using Laplace transform, the resuftiourrents can be calculated[@e-72]:
e/
~ —|1 -coswt
. e r Lpulse
ed (t pulse) 9 é Ld ( ™ )
e' (t ulsg a é /f (75)
P . é - _Sinw/rtpulse
e L

The derivatioris explaired in detail in appendix An (75), the rotor speed was already estimated by two pulses
using the equation(70) and tyuseis the time which applies the zero voltage vector. Ahd axis stator
inductance ane; are alreadyhe knownmotor parametersrhus,d-q axis rotorreference stator current & iq)

can be calculated throudfi5). With those information, an angle differen(®) between the stator current
vector angled) and the rotod axisanglecan be derived as:

[
:tan'la 3
qo &

(76)
¢la

By using the angle information obtained frqf®) and (76), the rotor angle in the stationary reference frame

can e estimated as:

q=8a +*, @n
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As using this two pulses method, the rotor speed and position can be estimated thecalgbveh explained
procedure However, these conventional restart methods have some issues to use as the universal application
method for PMSM using scalar control method. First of all, those methods need the knouflebgexis
stator inductanceln geneal, the inductance values are metjuiredin a scalar contromethodand the motor
nameplatealso does notsupportthose informationSecondly, the conventional methods are usingRW&v
switchingtime as the duty of zero voltage vector. Sometimes,uheldity of zero voltage vector can cause the
overcurrent problem in case ladiving a very higtB-emf due to a highotor speed or &ig magnet flux constant
and having a small stator impedanEaally, the dy angle estimation of conventional methodsessitive to the
motor parameter variation at&l coupled withthe estimated rotor speed. Tihg axis inductance can be easily
variedby the temperature anthe statorcurrent And the estimated rotor speed can have some errotocihe
current sensing esr. Fom these reams, the rotor anglél) canhavethe estimation error which can cause the
failure at the restart instant. Therefore, conventiorstart methodsre notavailable for the universal

application of PMSMand the other restart method should be considered.

4.3. Proposed Restart Neod

As described earlier, the goal of this work is to develop an algorithm suitable for scalar control of PMSM
that allows the machine to continue operating after a short power outage. In developing the algorithm we have
made the following assumptions:) (during the outage, the drive loses power, but the controller does not and
(2) the controller has knowledge of ti# ratio, and any stabilization loop gains that were in effect during the
machine operation prior to the fault; (3) the controller recamihe speed command prior to and after the fault
and (4) the controller monitors the input power (i.e. recognizes when power was lost and when power was
restored).

In this section, we present an implementation of restart method for universal appliehiindoes not require
the additionalinformation exceptingmotor parametergiven by the nameplatén addition, this method can

automatically determine the duty of zero vector pulse considering the ratedtcar prevent an oveurrent
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and the delayimne between two pulses considering the rated rotor speed and the acceptable estimation error.
And the proposed method is developed to be less sensitive to the motor parameter variation and the rotor speed
estimation errorWe will also discuss the speeddatherotor angleestimation error by the current sensing error

and the motor parameter variation.

4.3.1. RotorSpeecEstimation of the Proposed Method

Similar to conventional methodthe rotor speed can be easily estimated by ugB®) and(70). And the
time delay(_) between two pulses can belectedo satisfy(72). In addition, thigoroposed methoduggests the
minimum delay timeébetween two pulses to limit the speed estimation error. Hiestspeed estimation usthe
angle of two current vectors generated by two zero voltage vettmsefore, he cause of the speed estimation
error is come from the estimation erafrcurrent vector anglél) by the current sensing error. To calculate the
speed estimation error, the maximum estimation efaurrent vector anglehould be calculated in advance.
The maximumcurrent vector anglerror is calculated as considering the current measurement &riis

assumed the worst case that the current sensor has the 1% sensing error and 1% offset of rated current.

i.?.iamzia +i|:gerror l -Ezoffset I m:él k )a$0$l I ratJﬁ+7a>ffse (78)

Tibm :i b +iD_berror I -'_-ﬁbffset I mél k )?Inql I rat(!§+_ difse
where im & ipmis the measuredtba x i S C iy dioF & Meflhrror is W axis current errorm is the magnitude
of current vectorKy & K is the error % of current sensor akd o 1 & sKet_ o 1i6 ke DC offset % of current
sensor.In general, the DC ftset of current sensor is compensated before the motor is fed by the inverter.
Therefore, the DC offset errors can be ignorefrB). The angle differencedbween the real current vector and

the measured current vector is expressqdd s

é Lai, o

1g =tan’z"

1 Cla +

! i, &1 (1+k, )sing, (79
1Gm = tan —tan

i
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Fig. 34 shows theestimation erroof current vector angla case the current sensing has 1Bgerror of rated

current The maximum angle error @6° [deg]in the worst ctrent sensing errazondition.

ATheta [deq]

i i i i i i
o &0 100 180 200 250 300 350
theta [deqg]

Fig. 34. Theestimation erropf current vector angldue to the current sensing error.

With this result, the maximum speed estimation error can be expressed as:

[ = qs- q G2~ -Q Q\g w 2 Pag (80)
Ndelay O-sw N delay -Qw N delay T s‘

Where Ngelay is the number which divides the delay tir@ by the switching period timéTsy), R is
maximum angle error antkw is the switching period timef the voltage source inverter. The maximum speed
of the motor is known in the nameplatadif the maximum speed estimation erferrorspeeq is set, the range

of the numberNuelay) can be determined as:

20g,, Jrad]  _ 20

delay T

( M/maxerro rspeed) T sw WmaX sw (8 1)
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In this dissertationthe 5% errorérrorspyee) Of the rotor speeéstimationis considered as a reasonable valtie.
wasvalidated with the experimenttdst. The speed estimation error can be reduced as increldgiagn the

allowable rangeThe maximum number ¢B1) that is determined by usif@2).

4.3.2. RotorPositionEstimation of the Proposed Method

Similar to existing restart methodbe angle estimation between the current vector and the rotor position
is started from(75) and (76). As mentioned before, the gatresistance in the process derivifth) was
neglected and it will be validated with the simulation res@it. substituting(75) into (76), the following

equation can be obtained as:

&i, & aL, sinwt .
g, =tan'gzl Ftanlggd ——Pbe (82
Qld - Cra 1- COSM/rt pulse

It is noticeable that82) is expresseds a function of two variables. Ottgngis the inductance ratid.¢/L,) and
the otheroneis the rotor speed multiply the zero vector time-{usd. The angle between the current vector

andtherotor position can be pltedas shown irFig. 35.
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Fig. 35. The rotor angle as a function of two variables.

In general, the ratio af-axis andg-axis inductancef PMSM is under 5. lf¢-tpuiseis limited as a smidr value
than 0.035, the angle betwete current vector anthe rotor position will be always above 8sleg] for any
PMSM. Thereforealthoughthe angle between a current vector and a rotor posgioonsidered as 9(deq],
the rotor position estintisn error will be always below°5[deg]. The basic concept of the rotoogition
estimation in the proposed method is come from this assumtimrefore (77) of the conventional restart

method can be replaced as:

Qw= @ +/P (83

In here, the current vector anglé,] is cdculatedby sensing two phase currenthen the second zero voltage
vector is appliedThe reason why 0.035 is selected is bec#usgosition estimation error of less tharideqg]

is considered as a reasonable value. This assumption is validatedengttptirimental test.
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4.3.3. Comparison of Rotor Position Estimation Error with Conventional Methods

As mentioned beforghe conventionaimethod[69-72] suitablefor PMSM makes use of thieq transform
and requires the knowledge of machine parameters, whichecaariedby a temperature and statorcurrent
The theta estimation error by thg inductance variation is investigated with the simulation. In gentral,q
variation is more critical than tHey variation in the interior permanent motor (IPMSM). And the conventional
method and the proposed method are compared with respect to the theta estimation error. The worst variation of

Lqis assumed as 100% oftimitial value[72]. First, the error of conventional method can be calculated as:

/
. - - _f (1 -COSM/rtpulse)
e Id (t pulse) Ld

gq_real (t pulse) (84)

m sin M/rtpulse

=N
(- (P~ (D~ (D~ (D~ (D

whereiq_rea iS the g-axis current changed by thg inductance variatiomLq is the inductance variation. This
one will be a reatl-q axis current value considering the parameter variation. {8}y the angle between the

rotor ard the current vector can be calculated as:

o

al real
qo_real =tan ! an_l (85)
G d

The obtained real thetaf (85) will be compared with thaof (76). The theta 0f{76) was obtainedin ideal
conditionnot considering théq variation. Then, the estimation theta error bylthenductance variation can be

expressed as:

DqO _error = g_real ) (86)

Fig. 36 showsthe rotor position estimation error by thg variationin conventional methodsThe erroris

increased as thie, variation increases. The maximum error of the conventional method is al¢degOwhen
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the nominal value is 0.5 or 2. This maximum error can cause the failure by the overcurrent at the restarting

instants. It will be verified withihe experimental test in the next section.

Estimation Error [deq]

20 i
il 1 15 2

LgM [nominal value]

Fig. 36. Rotor position estimation error by thgvariationin conventional methods

In addition, the conventional method will also have the additional error source. As mentiones] tefor

estimated rotor speed () can get the errdsy the current sensing errdrhereforejt will also affect to the rotor

position angle estimation.

(4
~

e iy
éd_error pulsg g: Ld (1 Coi(w/r + Vr@tpulse)) (87)
)

(t
cherror(tplJIS -:_—fsin((l/l/r + m’)tpulse)
q

@

M- D~ D~ D

Nn- ris thespeedestimation erroby the current sensing errdrhe rotor angle estimation errwill be dependent

on thespeed estimation error as:

r+ D4/)tpulse) (88)
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By the inductance variation and the speed estimation error, the conventitimgbosition estimation method
cancause the errabove 29[deg]in worst casavhich can cause the failure at the restart instant

On the contrarythe proposed method assumed that the a¢j)ebetween the rotor position and the zero
current vector is always 9deg]. Fig. 35 depictsthe angle between the rotor position and the zero current
vector as changing the ratio bf and Lq. The ratio ofLq and Lq in PMSM is generally under 5. Although
considering the worst case which the variatiohpf 100%, the ratio ofq andLgy will be under 10. Then, the
angle is always above 8[ileg] becausehe ¥ tpuse is limited as a smaller value than 0.03%erefore, the
maximum error of the propodenethod will be under PJdeg]. In addition, the proposed method does not use
the estimated speed to calculate the afdfe Thus, the error of speed estimation will not affect to the angle
calculation.As a reslt, the proposed method is more robtstthe Ly inductance variatiorand the speed

estimation errothan the conventional methed

4.4. Implementation of the Proposed Restart Method

The proposed restart method sigetal fourzero voltagepulses to estimtethe speed andhe position of
rotor. Fig. 37 shows the overall estimation procedure udimgr zero voltage vector pulses. The procedure is

explained as followingdn addition,Fig. 38 shows the flowchart of the proposed restart method.

LN -
A Switching | Switching |
_Period | Period _|
o P T
o e TR
7] D, 777,

t, 1,

Fig. 37. The overall logic of the proposed restart method.



75

Step 1i Applying the first zero vector pulse having a small duty vélue (ex. 10% duty). Adjusting

the duty by checkinthe resultecurrent (puise-

Step 2i Utime is spent to wait for thpulsecurrent to be attenuated to zero. The second zero vector
pulse is applied with an adjusted d(iBs). Then, the stator phase currents are measurtetirae. The
angle(d1) of the current vector is calculated by s{69).

Step 31 After _/2 time is spent, the third zero pulse is applied with a half ddg2) to check a
rotation direction. In here, thetime is alreagl determined using81) with the rated speed and the
switching frequency.

Step 4i _/2 time is again spent from the third zero vector for applying a fourthwator pulse. The
duty is theD: which is used in the second vector. In this step, the speed and the position of the rotor
are estimated wit(i70) and(83).

Step 5i The validation of the estimation is checked in this step.thuseis a lager value than 0.035,
the estimation is repeated from the step 2 with an adjusted Dksty0.035/(¢tsw)).

Step 6i In the step 5,fi¥-tpuse iS a Smallervalue than 0.035the restart is started after the stator
current is attenuetl to zero. The command voltage is calculated by usiegnBconstant. After the
voltage is applied to the motor, the stabilizing Id@g] of the v/f control is started from the next

switching step with the cumé feedback.
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Fig. 38. The flowchart of the proposed method.

In the step 1, the purpose sxnhall dutypulse is only to determine the next pulse dbty The reason using a
small duty is to prevent the awirrent during applying a zero voltage vector. The duty for next pulse can be

adjusted by detecting the current increasing slopecilifrentslope is derived as:

Eemf Dl pulse

K e
( :D inithw)

(89

I =

oo I‘q I]pulse
In here Ksiopeis the slope of current variatioBensis backemfindue d by t he magn elfusid | uXx
the variation of current magnitude during applying a zero voltage vector. The slope of current variation

assumed as a constant vaherause the zero vector pulse time is short enough to neglect the sistance.
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Therefore, it is assumed that the current variation is linear amulitsecurrent is proportional to the duty. The

new duty is derived to make theagnitude ofcurrentvector be about ondifth of the rated current. It can

prevent fronthe big braking torqueand the overcurreity too large current anthe current sensing error by too

small currentompare to the current sensor rating. the step 3, when checking the rotation directionvery

precise position information is not required.eféfore, a half dutpf D, is used. In the step 4, the switching

period delay and the current sampling delay are compensated to the rotor position estimation. The compensated

position (omp can be obtained as:

Wl o
qcomp: q'st % +g S\ (90)

The first term on the right side is the estimated rotor positaednulated in(83). The second term is for a
switching period delay compensatioRig. 39 shows the compensated and uncompensated cdst®e
switching period delayThe blue line is the estimatedeta of the rotor and the green line is the actual theta of
the rotor.The estimated position of the rotor is updated at every switching period. Therefore, the estimated rotor
position is delayed than the actual position of the rotor. To compensate thys tthel half of the switching

period should be added to the rotor theta like the second tg@0)of
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Fig. 39. Switching period delay compensation (a) without compensation (b) with compensation.

The third term is for a current sampling delay compensakimn 40 includes the zero voltage vector pulse, the
actual current ahthe sampled current by the Offil. As shown in thd-ig. 40, the sampled current of the
controller (OpalRT) has the delay of one switching period than the actual current. After the controller generates
the PWM,the current occurred by PWM is measured by current sensors and the values of that are reflected to
the controller on next switching period. Therefore, the current sampling delay time shaddpensated to

the rotor theta like the third term ¢80).
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Fig. 40. The current sampling delay.

This proposed methodan beavailable for universal application folMSM because that does n@&quirethe
additionalinformationexceptingmotor parametergiven by the nameplatnd the duty of zero voltage vector
pulses is automatically determined considering the rated aent to prevent an oveurrent In addition, he
positon estimation error of the proposed method is less than that of the existing method[t&kdlinough

the variation of inductance and the rotor speed estimation error by the current sensing erfidreesiaiximum
estimation error will be under 1[dleg] as shown iifrig. 35 because the product of the rotor speed and the zero
vector time €,-tyusd IS always smaller than 0.03B addition, this method can autoneatily determine the

delay time between two pulses considering the rated rotor speed and the acceptable estimation error.

4.5. Simulation Results

In order to verify therestartalgorithms explained above, a Simulink model was derived, and some
additional featires that cannot be easily measured on the experimental setup were inveSityateeed for
the correct position and speed estimatéwainvestigated And the results for these two important Simulink
simuldion tests are given below, the verificati@st for the assumptiomhich neglected the resistanice(74)

and theauto duty adjustment test
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4.5.1. Needs of th€orrectPosition andSpeedEstimation.

Thefirst simulation is done to investigate thffect of the wrong estimatiofrig. 41 shows the worst case
which the applied voltage is in opposite direction with therf vector. It will caus@ huge inrush current ia
stator winding. The current will determined by the following equation.

di,

V, - Ri, t—= 91
s Eemf s's sdt ( )

In (91), the appliedstator voltages added with the B2mf voltagegenerated by the rotor rotating flukhe huge
overcurrent can beasily generated at thkigh speedcondition because theapplied voltage and Bemf is

proportional to the rotor speed.

A

Eemf

o

Worst
Case
Vs

Fig. 41. Worst case inrush current due to imprecise deterinimaf the position of the baetmf vector.

Fig. 42 shows theestartsimulation results inwo casesFig. 42 (a) is thesimulationresulthavingthe wrong
position estimation. The simulation includes the actaedr speedandthe applied voltageeferencespeed, the
phase current, the actual theta of the rotor and the estimated theta. In this simulatiagetheush current is
generatedalthough the speed estimation was cotré@g. 42 (b) shows the ase which the speed aride
positionof rotorare estimated correctly. Unlike a resultFaf. 42 (a), the overcurrent and the speed oscillation

are not generated at the restart instant.
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Fig. 42. Restartsimulationwaveform (a)with wrongrotor position estimation & witkkorrectspeed estimation
(b) with thecorrectposition and speed estimatjd@H1: the actual speed and tlpphed voltage speedCH2:
thephase currentCH3: theactualthetaof the rotor, CH4the estimated thetaf the rotor
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4.5.2. Verification of theAssumption Rsis ignored in the derivation for the position

estimation)

When the rotor position is estimated the proposed restart method, there is one assumptiorarhat
applied zero vector puldeme (pusd is much smaller than the stator time constaMish that assumptiarthe
stator resistance is neglected ). It is verified by using simulation resulfEhe simulation is implementeat
rated speed conditiowith real parametersf PM motor usedor the experimental test.able7 shows thePM

motor parameters.

Table7. The tesPM motor parameters

Parameter Unit Symbol Values
Rated Power [kwW] Pout 12
Rated Speed [rpm] Ny 3000
Rated Torque [Nm] Te 24
Phase CurrenRMS) [A] is 23.4
Pole - n 6
Stator Resisince [m 6 Rs 0.12
Stator daxis Inductance [mH] Lg 1.04
Stator gaxis Inductance [mH] Lq 1.50
Magnet Flux [vs/rad] am 0.29
Inertia [Nm/rad-s?] J 0.059
Bemf (lineline) V] Eemt 336
Inverter DC Link Voltage V] Ve 500
PWM Switching Freq. [kHZ] fsw 5
Current Sampling Time [>s] ts 200

In the below simulation, the blue line is the resul{#8) which the stator resistance is not neglected. The green
line is the result which the resistance is neglected like the assumption of the proposed thétkeabplied

time of zero voltage vectois set under 5% relative to theatortime constantthe green line are almost
consistent with the blue line. In genertile stator time constant is several tens of millisecond and the inverter
PWM switching time is shorter than a millisecofithe stator time constant of test PM motor and the inverter
switching time have 12.5ms and 0.2ms, respectivEherefore, the assuystion of (74) is available andhe

stator winding resistance can be neglected when calculatimgitbecurrent and rotor position.
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Fig. 43. The verification of the assumption neglecting the stator resistance.

4.5.3. Duty Adjustment of th&ZeroVoltage \ectorPulses.

The proposed restart method is including the duty adjustment function ofalexgevector puse. The
purpose othe first pulse is onlysed to calculatthe next pulse dutylhe duty for next pulse can be adjusted
by detecting thelope of thancreasingcurrentas discussed in sectidd. The reason using a smalltglun the
first dutyis to prevent the overcurrent during applying a zero voltage végtgppid4 shows the simulation result
of the duty adjustment of zero voltage vector. The rotor speed is set apB0@Michis the rated speed of test
motor. The first zero voltage vector is applied with the 10% duty and the magnitude of current vector
corresponding the zero vector was 3.6A. This magnitude of current vector was matched well with the

calculation by(89). With the measured magnitude value, the duty of next zero voltage veetstoisatically
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changed as 18% in order to make the current vector magnitude Hitfoié the rated current. As mentioned
in section4.4, the duty of third zero vector is the half of second zero vector. And the duturtf fero vector
is again 18%With these four zero vectors, the speed and the position ofamaalculated and the motor can
be restarted.

The main advantage stiggestediuty adjustmenalgorithmis to preventhe overcurrentiue to the large duty
during applying the zero voltage vectors. And the magnitude of current vector canttmledas areasonable
constant valuewith the adjusted dutyat all different conditions. do small magnitude of current vector
compared to the current sensor ratoay causehe angleestimation error of current vectodue to the current

sensing erront will be againdiscussed with experimental test results.
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Fig. 44. The duty adjustment of the zero voltage vector pulse.
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4.6. Experimental Resust

A set of experiments was conducted to validate performance pfapesed restart methogig. 45 shows
thatthe dynamo test bed consists of a permanent magnet synchronous motor for the test purpose, an induction
motor for supplying the load torque, a voltage source invert8t)(&d torque & speed transducer which is just
for monitoring a real speed and load torqliee test PM motor parameters are already giverale7 and the
load IM motorparameters are given fable8. The inverter used is ARB00T120 havingthe rating of1200V
& 100A IGBT switchesThe v/f control and the proposed restart method are implemented using the-RPAL

For these control, only two phase currents sermmlsDClink voltage sensor of invertare used

;-CSI?C]UG‘& Speed

Transducer

(4 has e -
-
»
.!f%k\

Fig. 45. The dynamo set configuratidor the experimental test.




Table8. Theloadmotor & systemparameters
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Parameter Unit Symbol Values
Rated Power [kW] Pout 11.2
Rated Speed [rpm] Nr 1730
Rated Voltage (lindine) V1 Vs 95
Rated Torque [Nm] Te 62
Phase CurrenRMS) [A] is 80
Pole - n 4
Systeminertia(coupled condition) [Nm/rads? J 0.059

4.6.1. DC Offset Compensatiomf CurrentSensors

If the current sensor is not ideal, several types of deviations can be ocEimsedf all, when the current

of the stator winding is zero, the output of therentsensos should be zerdf it is not compensated propeyly

it can causehe estimation error of theurrent vector angled(). Therefore, the DC offsetf sensorshould be

compensated before applying the zero voltage véotdherotor speed anghositionestimation It can be easily

implemented by adding the DC offset compation loopto the restart algorithmFig. 46 shows the

experimental result applying the zero voltage vector without the DC offset compen3aigotest is done by

applying the zero voltage vector to the test onat every switching frequency while remaining a constant

speed using the speed control of the load mdtoe. blue wavefornon Fig. 46 is the magnitude of the current

vector. The reason why the DC offset and thecillation are generatechn beexplained with the following

equation.

a 20 &

mag Cosaé”/rt _3 0 H-offset ’
g —
a 20 0

Imag COS?Vrt -'? 9 H;Jﬁset’

(92

In (92), the 3phase DC offsets are assumed as the same \fal the simplification ofcalculation. The

magnitude of the current vectfig) can be derived as:
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12=12 +2b I_r121ag 3+c2>ffset oﬁsepOWr 2p - (93)

Second and third terms on the right side(®8) are generatedlue to theDC offset of current sensors
Specifically, third term generates the oscillation corresponding to the rotor speisdanalysisresult is

consistent with the experimental resadt shown in thé&ig. 46. The blue waveform has the DC offset and the

oscillation corresponding to thietor speed
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Fig. 46. The current sensing & the estimated rotor thdthout the current offset compensati@til1: the zero
vector current magnitude (2A/div), CH2: the stator phase cuafet A/D conversiorf5A/div), CH3: the
estimatedhetaof the rotor, CH4therealstator phase currerbA/div).

In addition, theestimation erroof current vector angldue to the DC offet is investigated with the simulation.
It is assumed that the DC offset has the 1% of the current sensor B laxis set as 5A which is about
onefifth of the rated currentrig. 47 shows the simulatioresult of the worst DC offset casghe first row of
simulation show$oththe idealcaseand the actuatasehaving the DC offset of current sensoksd the theta

difference between the actual and the ideal one are platthd second rowlhe maximuntheta error is about

8° [deq].



88

Actual Theta
. Ideal Theta
=] - -
i) :
=, :
@ DF b Py
@ :
oy
Eoamn b e L e ]
i
ns 1
! !
= i :
i) :
= :
E :
@ 5
o :
@ )
= :
A0 i i i i i i i i i

0.1 02 03 0.4 05 06 07 08 0s 1
t [time]

Fig. 47. The rotor position estimation error due to the DC offset of current sensors.

Fig. 48is the experimental result of the cabatDC offset are poperly compensated for tipgecise rotor theta
estimation.Test results ofig. 46 - Fig. 48 show that DC offset can affect to the estimation of current vector

angle.As aresult, the proper DC offset compensation is required for the precise position and speed estimation.
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Fig. 48. The current sensing & the estimated rotor théth the current offset compensatjd@dH1:the zero
vector current mgnitude(2A/div), CH2: thestator phase curreafter A/D conversiorf5A/div), CH3: the
estimatedhetaof the rotor, CH4therealstator phase currerb4/div).
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4.6.2. CurrentSensorResolutionissue

In order toinvestigatethe issue of sensing erroby the current sensoresolution explained above,
experimental testwereimplemented with two current sensors having a different rafihg. speed of the test
motor is maintained at 120Pm using the speed controller of the load maimupled with the test matoThe

test results are given below, ttest witha 100A LEM sensor and thest witha 50A LEM sensor.

[[EIEE T | ik ol Tek Frevu e —{ — 11.0MHz_Noise Fitter
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Fig. 49. The effect by the current sensor resolution (a) 100#entsensor (b) 50&urrentsensoy CH1: the
zero vector current magnitud®A/V), CH2: thestator phase curreafter A/D conversiori5A/div), CH3: the
estimatedhetaof the rotor, CH4therealstator phase currerb4A/div).

The test usinga 50A sensorhas betteraccuracyin the theta estinieon thanthe test using a 100A sensor
However, the case usiragb0A sensor has still a theta estimation probbmnausédhe increaimg slopeof theta
in Fig. 49(b) is not constantt means that the current semgivalue is including a significant error because the
stator current magnitude is too small compared to the current sensor lratgeneral, a current sensor has a
maximum 1% error of the rating according to the specificafldrat is the reason why thest using a 50A
sensor also has the significant estimation error. Therefore, a larger duty to increase the stator current is required
for the precise theta estimatidrig. 50 shows the additional test resultsverify the above analysig.he used
duties are 10, 15, 30 and 50% of a PWM switching frequeksyhe stator curreris increased by adjustirey
zero voltage vectoduty, the theta estimatiobecome more precisebnd the increasing slope of theta become
constant However, the duty selectionequires a tradeoff betweeturrent measurement accuradheta
estimation accuragyandovercurrent The small current causes a current measurement error. In contrast, the
large current causes the overcurr@mta bg braking torqueand the estimation erraf rotor positionas shown

in Fig. 35. Consequently, thproposed restart method uses an autondatig adjustment algorithm tmake the
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pulse current be about oriEth of the ratedstator current. The automaticduty adjustment algorithm was

explained asectiond.4.
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Fig. 50. The effect by the current sensing error (5&rentsensor)a) 10%zero vectoduty (b) 15%zero
vectorduty (c) 30%zero vectoduty (d) 50%zero vectoduty at 1200rpmCH1: the zero vector current
magnitudg(1A/V), CH2: thestator phase curreafter A/D conversiorf1A/V), CH3: the estimatetthetaof the
rotor, CH4:therealstator phase currentA/V).

4.6.3. SpeedEstimationAccuracyCheckCorresponding to thBelay Time betweerthe
AppliedZeroVoltageVectors

In order toinvestigatethe speed estimatioaccuracycorresponding to delay time between tpplaed zero
voltage vectorexplained abovegxperimental testaereimplemented with two different delay tim&he speed
of the test motor is maintained at 1200 rpm. The test results are given below, the test With (R\WM
switching time) and the testith 20 Tsw In here, 20T,y is selected to a value within the range whadftained

by substituting the paramesagiven inTable7 into (81).



91

Tek prettu —— 150KHz_ Moise Filter Tek prevu = 4 150MHz Moise Filter
T T T T T T T T T T T T T T T T

l"[][[[ﬁ‘?'lllIu'l'l”fli]|[ili""ll“uIL"'Wﬂ]ﬁ"”ﬂjH'UL'?fI“][I"“’j];mul""lluill"‘ilmh;"’"l]|]|l"?’lluuu"'l

200 | 1 i i i i 200 T ; i i i i
& oy so04 Jinams & nov <10Hfie2r0r | © 2y sooh [inoms J&m omov <0H[141648 |

(@) (b)

Fig. 51. The speed estimation corresponding to the zero pulse delafl@®@ rpm)(a) 4 Tsw(b) 20 Tsw.
CH1.:the estimated spegd00 rpnidiv), CH2: thestator phase curreafter A/D conversion5A/div), CH3: the
estimatedhetaof the rotor, CH4therealstator phase currerb4/div).

As known in(80), the speed estimationerr@ari i hver se proporti oRi@37 Theobluga he del
line and the purple line df¥ig. 51 are the rotor speed estimated uging and the estimatecurrent vector angle

in the stationaryrme, respectivelyThe theta and speed estimationFad. 51 (a) has a short updatirtgme

than one®f Fig. 51 (b). However, the speed estimation of (a) has much bigger error than one op(b)iEsed

by (80). On the other hand, the speed estimation of (b) is almost constant. As a result, the proposed restart
method used the 2Dy, delay time between the applied zero voltage vector to estimate the rotor Bpedest

method to implemerfig. 51 (b) is described well ifrig. 52. As metioned before, the secosmhall duty vector

is just for detecting the rotating direction and is not used for the speed estimation.

o ___20Tsw__ ___ ___________
o )
A switching, 10Tsw o 10TSW_ e 10Tsw _ _ _ ___
Freq A B
e
Dut
P
(XX J (XX J (X X J
<« > Al <+« ) <>
Tshort Tshort Tshort Tshort

Fig. 52. The description of 204}, delay time between the applied zero vectors.
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4.6.4. Implementation of theroposedRestartAlgorithm

Fig. 53 shows experimental resslincluding the estimated speed and positon of the rotor, the stator
current and the actual speed of the transducer when the mechanical rotor speed1i2060A800and
2400rpm. The restart tests are implemented as the following steps. First, thesnomerating at the reference
speed. The inverter feeding PM motor is stopped by intentionally for 2 sedoadng that time, the motor
speed is reduced depending on the inertia, the friction and the load condition. After Zstwsgeed and
positionestimation of the rotor is implemented and the motor is again fed by the inverter. Thehgctmdrol
is stared with the stabilizing loof28] and the rotor speed is increased to the previous reference spesbd
before thetemporary powefailure occurs The test resultsf Fig. 53 verify that the restart using the proposed
method can implement without causing any inrush curdentddition, the estimated speed (cyame) is
matched well with the real speed (blue line) at the restart isstant
Fig. 54 showsrestartexperimental resultdone withthree different load condition®, 5 and L0Nm)The restart
tests are implemerdeas the following steps. First, the motor is operating al 2@® rpm with a constant load
torque The inverter feeding PM motor is stopped by intentionallye motor speed is reduced depending on
the inertia, the friction and the load conditidrest esults ofFig. 54 verify that the proposed method can be

implementedn highload conditions.
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transducer (400rpm/div), CH2: the estimated rotor speed (400rpm/div), CH3: the estimated positiootof,the
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4.6.5. Need of Stabilizing Loop in Restart Algorithm

A set of experimentsvere conducted to validatehe needof stabilizing loop in the PMSM restart
algorithm.The need of stabiling loop is explained in sectidh3. The experimental results are suntiped in
Fig. 55 andFig. 56. The restart algorithm is again testedwo cases which are without the stabilizing loop and
with the stabilizing loopFig. 55 shows the test resultdne without the stabilizing loop at three different speed
conditions (600, 1200 and 1800 rpm). Althbutlpe motor does not lose synchronism, there are the oscillation

and the overcurrent problems at the restart instant.
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On the other handhe results ofFig. 56, which is the case including the stabilizing loop, show the good
performance at restart instant. These results verified that the restart algorithm should include the stabilizing loop

from the restart instant.

4.6.6. Investigation abat theAcceptableEstimationError

Experimental ésts to evaluate how mudstimationerror is acceptablavere implemented at 1200rpm
because the analytical approach is not edge overcurrent is set as 35A considering the rated current. The
error is inentionally added to the estimated position and speed value. Although these tests cannot be
generalized for all motor, the restart tests are succeeded up posiion error and 5% speed error. In worse
conditions, the restart is failed due to the overentrcaused by the estimation errdfar a more precise
evaluationanalyticalderivationswill be required. However, it will be out of range of tdissertation
Fig. 57 depictsthe current vector depending dmetestimated theta and speed erfdre magnitude of current
vector will increase as thiheta or the speedrror increasedrig. 58 shows thetest resultsdone with three
different theta error conditions (10, 18ca20C [deq]). Fig. 59 shows the test results implemented with three
different speed error condition8, (5 and 10% error of the rotor spee#l$. a result, the estimation error should

be minimized to prevent the ercurrent.
A g-axis

3 A

Eemf

. P d-axis

Fig. 57. The vector diagram showirige stator current vector caused by the magnitude and phase angle
difference betweethe B-emf(induced voltage from the stator fluahdthe applied voltag vector
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4.7. Second Proposed Method by EstimatinglL 4 Inductance

In previous section, the restart method for PM motor is developed without using the motor inductance
information. Therefore this proposedmethod always has theta estimatierror because thangle between the
rotor and the current vector is assumed &fd@g.]. To minimize the estimation errohjg section suggesthe
method using théq & Lq inductance information which is estimated during the restart prothessproposed
method useshreezero voltage pulseand one active voltage pulge the restart process to estimate& L.
This method is different with the conventional methttht uses the inductanealue measuredy additional
procedure before running motofhis section describes the method to estimateLth& L, inductance and

explains the implementation method. And the inductance estimation error is analyzed by simulation.

4.7.1. Overview ofSecondProposed Method

Fig. 60 shows the overall estimation procedure udmg voltage vector pulsed.he first pulse is used to
adjust the next pulse duty. Bypplyingsecond pulse, the rotor direction is detected and the current vector angle
is estimatedn stationary referencame And as applying third pulsehe rotor speed and position can be
estimated. It is almost same with the previous proposed method in dkigwB7. However, this method
includes thdorth nonzero voltageulse to estimate thie; inductance. And.q inductance is estimated by using

the resulted current by second or third pafter knowing the rotor speed

A Switching L_ _______ 2 *L_ _________________ | S
‘__PS"_C@;: u-----»: n—————>'<—————>|<————D—t>|
o puty )
Dm& Dl DZ

4

t; % t3 t Time

Fig. 60. The overall logic of the second proposed restart method.
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‘ Second V, apply
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‘ Current measurement

!

Rotor direction
& 6,y estimation

I

| Third V; apply

!

‘ Current measurement

Speed + 0, estimation,
Oost = B2 + /2

.

| Lq estimation

'

Duty adjustment ‘

'

Fourth voltage vector
(Vi ~ V)

| Current measurement ‘

'

| Ld estimation ‘

!

6, calculation
Oesto = 12+ O

End

Fig. 61. Flowchart of the second proposed method.

Fig. 61 shows the flowchart of the proposed restart methibe. highlighted part is for thieg & Lq inductance

estimation.And this part also includes thietor position estimation. The rotor positon isastimated with the

estimated inductance.

4.7.2. LqInductanceEstimation Method

In section4.2.2 the resulted current by zero voltage vector wadyaed. Thed-q axis current was

expressed as:

1 -coawyt

r pulse)

(94
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If it is assumed that the pulse time is shembugh cosfr tpusd and sing tousd of (94) can be considered as 1

and~¥ touse Then, thed-q axis current can be simplified as:

e 0

' . / (95
gq(t pulse) [:I e_ _fWJ: pulse

The errorpercentageénduced bythis assumptioris plotted inFig. 62. In the proposed method, astpuise iS

limited by 0.035, the errds very smallas shown irFig. 62. Therefore this assumption is reasonable.

007 i ‘ i I i
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) Errar [%]

T pulse
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sinfe t

002

-0.025 ' ' i ' '

u] 0.005 0.01 0.015 0.02 0.025 0.03 0.035

mrl

(b)

Fig. 62. The error causkby assuming (a) cos(tousd = 1, (b)SIN(¥ rtpusd = ¥ rtpuise

pulse
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By measuring the resulted current by the zero voltage vegixis current can bebtainedbecause mosif
resultedcurrent is aligned witlg-axis as shown in(95). Then, Ly inductance value can hmalculatedusingthe

estimatedspeedoy three zero voltage pulseFig. 63 shows the test resuth verify thelq inductance estimation

In both ests (30%, 50% duty at 1,200 rpm), thagnitude ofesulted current is measured and the inductance is

estimated usin@5). It results in the estimation vawof 1.56mH and 1.46mH. It is almost matched with tgal

inductance value of 1.50mH.

Tek prevu ————— 11.0MHz_Moise Filter Tek prevu —w—— 11.0MHz_aise Filter
T T T T T T T T T T T T T T T T

L i

.--||III‘||||||| il
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Shye! : : _ 5
v .;nu.u.r“"",...nu.nyf,.“["m.umjjl - ﬂm i ﬂ,“m;gum.. Dulllﬂlf kg - I‘,ﬂllﬂh.,]I‘.__|J||||l| |l||||h],|]“"r i
Egg : 5004 HMS 213 EPRME 363V 125744 ggg: 5004 HMS a2 | 3 IGM 393
@ (b)

Fig. 63. Verificationtest resulbf Lq inductance estimatioat 1,200 rpm (a) 30% duty (b) 50% duGH1:the
resulted curnet magnitudg1A/V), CH2: thestator phase curreafter A/D conversior{5A/div), CH3: the
estimatedhetaof the rotor, CH4therealstator phase currerb4A/div).

4.7.3. LgInductanceEstimation Method

To estimatel 4 inductance, forth noaero voltage pulsés applied as shown iRig. 60. Before applying

forth nonzero voltage vector (active voltage vector), the rotor position and speed is already esdintated

through applying three zero voltage vector. Thereffogh active voltage vectofV) can be applied to the-

axis in rotor reference franas shown irFig. 64.

Aj

Eemf d
\Y

est ) h

Fig. 64. Active voltage vector to estimalg inductnce value.
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The active voltage vector can be expressed as:
V=V, 4V, [¥codq.) i sin g) (96)

If active voltagerector (= "V, vq= 0)is goplied ind-axis the equation for PM motor can be obtained as:

‘Rs + pLd 'M/r Lq idd@,pulse) 'Mg/, OG

: : 9
rLd &4_ qu quépulsg |:| 12 ( 7)

ESRS

cais

O D
S

whereV is the magnitude of the appliedltage vectorAs assumindhat theappliedpulsetime (pusd iS much
shorterthan the stator time constantd € Lo/Rs, § = L¢/Ry), the stator resistance can be negleciad the

equation(97) can be simplified as the following:

(D

X

ol Ly ¢ o5
N (98

ES RS
AR

As solving the equatio(®8) using Laplace transform, the resulting currents can be calculated as:

sint e
W,

r

/f (COS Wpulse_ ]) v

L, (99
V(coswtpulse ) {w{)sin .
é w L,

é-d (t pulsg
elq (t pulse)

D> D~ (D~ D~ (D~ (D

-
&
a

When derivingd-q axis current, the initial condition of those current was assumed as zermeAtioned
before, cos tpuisd and sing tousd 0f (99) can be considered as 1 andpuise SO that he equatior(99) can be

simplified as:
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é, thulse g eV pulse
- e ug ——
gd (t Pulsg g é Ld l;]:é Ld (100)
é'q(t puise/ (] g- (M/r /f )tpulse 3 ?_ Eemftpulse

g L He L

When applying the active voltage vectordiaxis, the resulted-q axis current is derived i(l00). Thed-axis
current includeshe Ly inductance value. By measuritige resultedd-axis current,Lq inductance value can be
extracted. To obtainl-axis current, two methods areggestedFi r st met hod i s using

After measuring two phase current, phase cuiisetiansformedo d-q axis as:

e 3 0 a 2 20
2 écos(qest) CO%QS(@ g Cos ﬁ-'hp 90 Ia
ély QZé ¢ 3 = ¢ 3 &
& 43¢ _ A2 B 2 2p Bo " (oD
& sin(gy) -singg, = g sin % 4 g—gla +,)
e c 3 = c 3 0=
And then, the_q inductance can be calculated usinglq currentas:
thulse
Ly=—— (102

The second method is more precise methodLfpestimationthan the first methadThe first method uses the
estimated thetad{s) that may have the estimation err@m the other handhé second method uses just the
magnitude information of thmeasured cuent. However, this method requires more complex calculation. The

magnitude of the measured current can be calculated as:

|32(tpu|59=|i(t puls) %(l g pulge 2- (: pull)z (103)

In here,Is is the magnitude of the resulted current vedtowill be same with one derived fro@00 and it is

expressed as:

Par
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3 2 o 2y
av 6 a w4 O

I:(t Dulse) =1 2d(t pulS) + 2(([ pul; t= pul 0 g : 8 (104)
c d + ¢ Lq -

In (104), b-emf ard L4 inductanceis already estimated valu&hen, |4 current can be calculated amdg

inductance can be obtained as:

\%
Ly = - = — (109
als(tpulse) 0 M@/f
(; tpulse g q

4.7.3.1.Realistic Issue for Implementation

In previous section, we discussed aboutrttehod forl4 estimation. The proposed method is applydng
active voltage ind-axis in rotor reference frame. Howevar,orderto apply the voltage exactly w-axis, it
requiresat leastwo active vector at one switching period because VSI only can make eight voltage Veetor (
V7) with combinations of six switches status. To make all active veghase0 ~ 360[deg.]) in one switching
period SVPWM or anotler general PWMmethod should beused Fig. 65 shows switches status during

applying the zero voltage pulses and SVPWM.

1 Estimation Normal
mode SVPWM mode
Sy eoe
Sy eee
Sw eoe
All switch 2 All switch v, Vo Vo V5 Voo Vg i
open vector open vector \Z Vi

Fig. 65. Switching condition at estimath and normal SVPWM mode.
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In the figure,S,, S, Sy are the switching condition. B,wis high, upper switches of the inverter each legs are
turned on. On the other hand, the low statue indicates that switches are turladS&fPWM mode, it is
applying four voltage vector including two zero voltage vecfus & V;) and two active vectorAs shown in
(94), the current is always generated by the zero voltageor if PM motor is rotatingThe current will not be
zero before two active voltage vector is appli€tierefore, the equations fro(87) to (100 derivedfor Lg
estimationare not correct any more because &ssuminghataninitial statorcurrent is zeroAs a result, this

switching method cannot be usext £ estimation. The alternative method is suggested in next section.

4.7.3.2.Alternative SwitchingMethodby Realistic Issue

As mentioned in previous section, the active voltage vector should be applied in the condition that all
switched are opened. Thus, thi®thod suggests using one of six active vectérs-(Vs) generated bySI for
Lq estimation Fig. 66 shows switches status at each mode. First of all, to estimate the speed and position of
rotor, the zero voltageector is applied. And one active voltage vector is appliedLfoestimation. After

estimating the rotor speed and position again, the motor is restarted with a normal SVPWM mode.

1 Speed & position Ld Normal
Estimation mode estimation SVPWM mode
Sy eee
Sy eee
Sw eee
All switch Vo All switch Vo Al switch  Active Vy, Vo, V; V, Vg -
open vector open vector open vector Vi V4

Fig. 66. Switching codition of active voltage vector fdry estimation
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By using this switching scheme, the equations derived ft@m to (100) can be used foty estimation.

However, the applied active voltage cannot be aligneddwvétkisas shown irFig. 67.

)h

Fig. 67. Angle between thepplied active voltage vector atide rotor position.

Thus, the resulted current is derived adayrthe following procedureFirst, becausehe applied voltage is not

aligned withd-axis it hasd-q commnents and98) is replacedwith the following equatioras:

&v/cos(q, 4) geply -wl, 6,@us) g, &
&sin(g, o) Tl pL SGwo 9'& (409

wheredy.q is the angle between the applied voltage and the rotor posk#osolving the equatioflL06) using

Laplace transform, the resulting currents can be calculated as:

e(Vsin(q,.,)- w/)(1-cos ty..) ¥ sin ty cos .
Avsin(q. ) W e OB v

éd (tpulse) gé M/rLd (107)
St o) gg\/cos(q,_d)(cos Moo L +sin [V osi ) - 9

é

é wl,

When derivingd-q axis currentthe initial condition of those current was assumed as zero. As mentioned

before, cosf tpusd and sing tpusd of (107) can be considered as 1 andyuse SO that the equatiofi07) can be

simplified as:
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thulse COSqV— d
éd (t pulse) A Ld

; _ (108
gq(tpulse) uz w ht thulseSIFI dq

f |
r pulse |

L L

q q

S@D&m (4

@ P~ (D

In (108), only Lg is unknown value anid can be calculated e same procedure used(it01)-(105).

4.7.3.3.Selection of Applied Active Voltage Vector
When selecting the active voltage vectds~Vs), the closest active voltage vector wittaxis is chosen.

In Fig. 60, the speed and rotor position is estimated by three zero voltage vector before applying forth active
voltage vector. Thus, the active voltage vector can be applied to the closest positiakaxighanddy.q is
always smaller than 3(Qdeg.] as shown ifrig. 68.
| -axis d-axis

A
f V> (1,1,0)

Vo (0,0,0)

V5(0,0,1) )
¥ Vs (1,0,1)
CS

Fig. 68. Selection of active voltage vector usedlfgestimation.

The reason selecting the closesltage vector is explained with the following equation and figure.
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o

o 2,., . "~
V co 0

12 =15 pd 7 tfw%e% : 300 g (109
c d g ¢ q q =

The current magnitude can be obtd by usingl-q axis current 0{108) and it is the function offy.q. Fig. 69

I-O: O
'Epr
-

shows the current magnitude correspondindo

.
o

— B [ul [aa} [ai}
o [} (a5} [} o

Mag. of current {1s) [&]

[}

m

] ] ] ] ] ]
0 20 40 G0 a0 100 120 140 160 180
Y [deg.]

Fig. 69. Is Current magnitude correspondingdoy.

The simulation result shows that the clodgg is zero, the smadt the resulted current magnitude is. Therefore,
the active voltage vector is selected as the closest onedveidis of rotor reference frame to prevent the

overcurrent and the large braking torgby. 70 showsthe simulation result folq inductance estimation while

motor is running at 1,200 rpm.
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Fig. 70. Simulation result foLy inductance estimation.

In the simulationthe active voltage vector is applied to the closest positiondaétkis at every two switching
period The sector number indicates the number of active voltage v&Gtelsf and the range ak.q is from -

3(° to 3¢ [deg.]. The simulatioralsoincludes the phase amtq axis current. They inductance is estimated
with d-g axis current and the estimated value is BB It is matched well with the redly value (1.0H)

listed in Table 7. It verifies that the analytical analysis derived in this section is matched well with the

simulation result.
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4.7.3.4.Duty Selection of Applied Active Voltage Vector

This section explains the method htmselecta duty of forth applied voltage pulse. The pulse duty should
be selected properly to prevent the overcuragnt the big braking torqu&he duty selection of forth voltage is
related with the duty of second and third voltage and it is derived with the following procAduggplained
before the duty of second and third pulses is adjustedhe current magnitude to be ofith of the motor
rating current. The following equation is the resulted current by second and third zero voltage pulse and it is
simplified from(75).
. e o0
gt BE w4 (110

gq (t puise/ (] S- L

q

The adjusted pulsme (pusd Mmakes the current magnitude to be aboutfdtteof the motor rating current.

f “pulse _1 |

|iq (t puIsQ _'E_) rating (111)

w it
L

q

Similarly to this concept, the duty of forth pulse is seledtedhe current magnitude to be about difin of

themotor rating current. Frorfl08), |4 current generated by the forth active voltage pulse is expressed as:

H Vt ulse newcow
Id (t pulse_ nev) = poe. L - (112)
d

If we want to makey current to be onéfth of the rating current, it can be expressed as:

thulse_ newcosqv d — El _ W 4 pulse

‘ 11
I—d 5 rating L ( 3)

q

In (113), touise_newcan be calculated as:
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L M/I’ / t ulse
tpulse_ new— L_dV _— (114)
q Cosq,._ 4

When calculatingpuise_newthe ratio ofLq and L4 was assumedas 1 because it is not known in this step. If the
actual ratio olq andL, is 5, the new pulse duty will cause 5 times larger current than the expected one (1/5 of
rating current). However, it is still smaller than the rating current. In additidm current Iq current is also
generated by forth voltage vector and thagnitude of it is investigatetl, currentis derived in(108) andit is

given by

. -w /ft Ise_ new Vit Ise n \§In q .
Iq(t pulse_ nev) = LDU T e Le (115
q q

Theabsolute valuef |4 current ismaximumwhendy.q is 0° or 3®°[deg.] because the sign of the first and second

term is differentThe following equation shows the boundaryti#|, current.

- M/r /ftpulse_ new<i (t e nev) - Wft/pulse_ new \4/_t pulse ne
L, o puise- L, 2L,

(119

The left boundary of116) includes the femf term fr,<) and it is always smaller thahof 14 current in(112).
In addition,Lq is larger tharLy. Therefore, the absolute value of left boundary is smaller ohe ofly current.
Although the right boundary ¢fL16) has the positive value, éannot be larger tha current.As a result, the
resulted currenfls) will not exceed the rating current in most conditiotyike newOf forth active voltage pulse

is selected with the above explained method.

Is :\/id(t pulse_ ne\t)2 "'4 pulse ng/f ’EI @ pulse r)e (117)
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4.7.4. LqEstimation Error Caused WRotor PositiorEstimation Error

In sectiond.7.3 Lq inductance is estimated by applying one of active voltage vectors. During calculating
Lq inductance, ta angle @v.q) between the active voltage vector and the rotor position is used. It is noticeable
that the angledy.q) can have the error because the rotor position is the estimated one. Therefdre, the
inductance estimation can also have the error. In thigosethel 4 estimation error igalculated and the effect

is investigated.

.

>
S

c

Fig. 71. Theapplied active voltage vectdhe actual rotod-q axisand the estimatestoro-i. a x i s

InFig.7,dgaxi s is the actual -Ur atxors 1 ef @rhen ece tfi rmaxtse damdt o
is aligned withthe rotor positior(des) estimated by three zero voltage pulses of proposed method and it always

has snall error withthe actual rotor positio(dac) because the proposed method assumes the @ggtetween

the rotor and current vectangle ¢i) as 90[deg.]. The error angle between the real and the estimated rotor

position isgiven by

qu'I'OI' = gt - ag (118)
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While calculatingLq inductancethe measured phase current is transformedtdaxis. Actually, it is notd-q
axiscur ent blwutaxih®e ourrent bec ausestimatbdeangtedisp Pheréfavertimat i on

equation shown i108) used for 4 inductance estinteon should be replaced as:

_ thulse COSqV» d

L =
et ig (t pulse)

(119

If the estimated theta has some ertgcurrent hashe differencewith 14 currentandit will causelLq estimation
error. To find the difference between two valué® d-q current of(108)ist r ans f o€imad&i so and

obtaned as:

ulse) ga:os(qerror) _Slr( gror) Iq pulsg

g, e
g ( ulse) ggSin(qermr) CO% er q@ pulsg (120)

The difference betweethq axis currenando-i  a x i sis exprasseds the function ofl-q axis currenas

é ( ulse) g Id@ pulsg %qurror) _l Slr( gror) ‘I @ pgsl :é' Og -Qerror g G pul)eg (121)
g ( U|Se) U IG@ PUlSg Q.]Sin(qerror) COS( gror)_ 1E &‘- Pés)e gqerr{d 0 H (I pul)eé
From(121), the difference betweahaxis current and-axis current can be calculated as:
: : e-w ht Vit eSin @
g(t pulse) -1 d(t pulsg = q errér g pulsl = qerroé s EHlse ‘ (123
L, L
e q q
By using(119) and(122), thelLq estimation error is expressed as:
L, .- Ly ¥t _,.LCO0Sq a 1 ! (123
oet ‘ P Y (% pulsg qerro! (t pulsg I rﬁ puls)e

t
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With the above equatiohy estimation error is plotted iRig. 72. In the simulationderoris calculated at every
rotor speed aassuminghe worst theta estimation condition. The simulation result showghbagstimation
error of Ly inductanceestimated by forth active voltage vectsrsmall althoughhe forth active voltage vector
is applied to the rotor position estimatbg three zero voltage vector of the proposed methada result,
although the proposed method always causesotioe positionestimation errorlq inductance estimation error

is small enough to ignore. TEhestimded Lq inductance can be used fiimal rotor positionestimationin the

next step

Ld est. error [%]

30

1o

o, [rpm] 8, [deg]

Fig. 72. L4 inductance estimation error by theta estimation error.

4.7.5. RotorPosition Estimation Usingstimated_q & L q Information

In sectiond.7.2and4.7.3 L4 & Lq inductancewas estimated. Therit is not necessary to assurtatthe
angle () between the rotor and the current vector i%[8@g.] The accurateangle(do) can be calculked by

using the estimatetly & L4 inductance To find the angle,he d-q axis currentis calculatedby using the

following equation.
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e /—f(l -Co L,
ed (t pulse) g g_ Ld e
St €/ (124
e u é - L_fSinVVrtpulse
g q
With those informationtheangle ¢b) can be derived as:
— -1 3 iq
g, =tan & (125
¢la

With the angle(dy) between the rotor and current vector obtained 186 and the current vector angld)

obtained by(69), the rotor ang in the stationary reference frame can be estimated as:

qg=a *o (126

whered; is the rotor angleThe angle @) andangle €) wasplotted inFig. 33(b). The method to calculate the

rotor angled; is exactly same with conventional method. However, this proposed method includes the procedure
for Lg andL, inductance estimatiowhile motor is running. Ad this estimated inductance value is used for the
rotor position estimatiorOn the other handhe conventional methods uses the inductance value measured by

additional procedure before running motor.

4.8. Conclusion

This chapterexplained the basic concepf existing restart meth@dand described the proposed restart
methodsin detail. The goal ofproposedestartmethodwas to develop the universal algorithm for PM motors.
First of all, this proposed methogsesonly motor paramets known by the nameplate. In general, the
nameplate does not include the information such-gsaxis stator inductance which the conventional restart

methods usedn addition,this proposed methgdan automatically determirtbe duty of zero voltageector
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pulsesas considering the rated aent to prevent anwercurrent andthe delay time between two pulses
considering the rated rotor speed and the acceptable estimationAsreoresultthis proposedestartmethod
can beusedfor universal applicgon of PMSM. The maximum rotorpositon estimation error of the proposed
method is less than that of the existing method usédlihalthoughthe variation of inductance and the rotor
speed estimation error by therent sensing error existhe maximum estimation error will be under Jfeg]
becausehe ¥ -tyuseis alwayslimited as a smaller value than 0.03%e experimental results have conducted to
validate the performance of tipgoposedestartmethod.Moreover, &perimentalresult includs the restarttest

in bothcaseswvhich arewith the sabilizing loop and without thaind it verifiedthe need of stabilizing loop at
the restart instantn addition, this chapter suggests the method_fo% L4 estimation while implementing the
flying restart.This estimated inductance value is used for rotaitjpm estimationThis proposed method is

verified with the simulation and the resulés matched well with the analytical analysis result.
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CHAPTERS: A UNIVERSAL RESTARTSTRATEGY FORSYNCHRONOUSRELUCTANCE MACHINES

5.1. Introduction

The goal of this workd to develop a universal restart methiodt is capable of restarting SynRiving
a high inertia loadThe proposed approach borrows concepts from similar work done on induwitines
[37-39, 67, 68]and more recently PMSN69-72]. However, these methods are not suitable for SynRM due to
thefollowing facts.
1) The absence ob-emf voltagemakes it difficult to use thezero voltagepulse method used in PMSM
Unlikely PMSM, SynRM does not have the permanent magnet in the antbit uses only the reluctance
torque Thed-gq equation of SynRM is giveby:

W (0+1) 3,(n) Cavy(n) rig(n) wii(n)

(127)

I (n+1) 3,(n) +=gva(n) rign) wikiq(n) ¢

— — ———> (:
o
NeENE

During the free running mod&(n) andiq(n) current of(127) can be assumed as zefderefore, although the

zero voltage\(n) = vg(n) = 0) is applied, the current(n+1) & ig(n+1)) will not be generated in the stator.

2) No current condu@n in therotor makes it impossible to use the searching method used in induction motor
Fig. 73 shows the simulation result as changing the applied stator voltage frequency at the fixed rotor speed.

Although the stator antor speed are matchedtigte is no special features in the phase current and the power.
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Fig. 73. Simulation result of the searching methinGynRM.

3) Motor parameter information such like an inductance value is limited. Biigeevhen a scalar control
method is used, those information is not required to operate the motor. Thus, the proposedmoetidodt

use any motor parameter informatitm estimate theotor speed and positioexcepting the motor rating
information listed in motor nameplate.

In this chapterwe propose an effective restart algorittmat result in a universal application for SynRMis

method can eliminate the need of stator inductance information without installing the additional hardware
equipmentAnd this method used the simple method to estimate the rotor speed and ploséidtition, the
algorithmto minimizethe speed estimation error is almagestedThe remainder of thishapterdescribes the

proposed restarhethodin detail.
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5.2. Principle of Synchronous Reluctance Motor

The electrical equation of the synchronous reluctance motor (SynRM) is expresseddiy tia¢or

reference framerig. 74 shows the equivalent circuit of the SynRM in the rotéemence frame.

R L
o ——(
_|_

¥, 3y
\ Lq
@
g R +  ~-
VYV U/
+ ¥, a
(b)

Fig. 74. The equivalent circuit of thBynRMin the rotor reference framéa) d-axis circuit (b)g-axis circuit

Thed-axis andg-axis stator voltges are obtained respectively as:

(128
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wherevy andvy ared-axis andg-axis statowoltages respectivelyrs is the stator resistanci.andiy ared-axis
andg-axis statorcurrent, respectivelyey anday ared-axis andg-axis stator linkage flux, respectively amdis

the electricalotor speed. The stator linkage flus @nday) areexpressed as the following equations.

(129
WherelLq andLq ared-axis andg-axis statoiinductancerespectively The electromagnetic torq@gjuationcan

be derived with the input power of the motor. The input powerefibtor in the synchronous reference frame

can be expressed as:

Pin = :_;(Vd id -Nqiq) (130)

Substituting(128) and(129) into (130) results in

34, o & d/,  d, @ .
Rn_zéﬁrs(ld +q) ggd_t Iq? HWr d Lq)"dq (131)

The first term is the stator copper loss #econddss is the change in electromagnetic energy storage and the
final term is the mechanical output. As dividinlge input powerwith the mechanicalrotor speed, he

electromagnetic torque equation can be obtained as:

T, :EE(Ld Ly)idg (132

Wheren is the number of the pole. The maximum torque per an(&F®A) in SynRM is generated when the
magnitude ofiq andiq is same which meansthat the current vector is located in 4fsleg] from the d-axis

frame.
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5.3. Proposed Restart Method for RM

In developing the restart algorithm we have made the following assumptions: (1) during the outage, the
drive loses power, but the controller hasowledge of thev/f ratio; (2) the controller recognizes the speed
command prior to and after the fault and (3) the controller monitors the input power (i.e. recognizes when
power was lost and when power was restored). In this section the complete sachseaedhing the rotor speed
and position is described.

Analyzing the machine equivalent circirit Fig. 74, the equation describing the SynRM machine operation in

rotor reference frame can be represented as:

é/d gRse'-pLd Wqu IdQ
A = 13
& % BL R+ i (1339

where p denotes the derivative operatdts is the winding resistancey & vy are thed-q axis stator input
voltage,iq & iq are thed-q axis stator current,q & Lq are thed-q axis stator inductances amd is the electrical

angular frequency of the rotor. The concept proposed herein is to excite the machine with one of six active
voltage V1 ~ V) every two svitching frequency. And the speed and position of rotor is extracted with the

resulting machine current. The following sections describes the proposed method in detail.

5.3.1. Applying Active Voltage Vector

3-phasevoltage source inverter (VSI) can generateheigltage vectors\p~ V7) by the switching state.
Fig. 75 shows the output voltage vector of VSI.Rig. 75. (S, S, &) represents the switoty state of each legs
of VSI. WhenSucis 1, the upper side switch of leg turns on. On the other hand, 0 indicates that the lower side

switch turns on. Upper and lower side switches of each legs are complementary.
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V7 (1,1,1)

V5(0,0,1) )
4 V6(1,0,1)
cs

Fig. 75. Output voltage vector of VSI in complex space plane

To simplify the implementation, the proposed method Msemltage vector. WheN'; voltage vector is applied

to the motor, the each phase voltage of motor is determined as:

Vas:%vdc Vs = }évdc Ves %_Vd( (134)

In here Vg is the DGIlink voltage of VSIViv o | t age Vv e ct o-axisinstatianary rgferende framet h U
The proposed metldouses thid/, vector to estimate the speed and position of rdtigy. 76 showsV; voltage
vectorand pulses applietb motor. While the rotor is rotating with, speed V1 vector is applied fotyusetime

and itis repeated every two switching period as showrign76 (b).

A Switching
_ Period
A -axis |
. i
d-axis |
. Current |
g-axis Sensing|
|
. |
r |
. |
r V1 h . | 2 -
> » N -axis t, ty
() (b)

Fig. 76. (a) ApplyingV1 voltage vector and (b1 voltage vector pulse and resulting current.
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When applyingvi voltage vector, it is assumed that the applied pulse time) (s muchshorterthan the stator

time constants(f = Ld/Rs, § = L¢/Ry). Then, the stator resistance can be neglected. Ther(f88rjs expressed

again as:

&y o pby -l e
s o 8 U (139
qu G ng'd qu gy ¢

By using this simplified equation, the resulted currenYbyoltage vector can be calculated.

5.3.2. Resulted Current by: Voltage Vector

To calculate th resultedd-q axis currentV; voltage vectomwf Fig. 76 (a) can be expressed in the rotor

reference frame as:

de = Vdc/3cosqr
|
Vg = 2V,./3sing,

q

(136

whered; is the actual rotor angle in stationary reference frame. By substi{i®@yinto (135), the resultedl-q

axis current by voltage vector can be obtainby solving (135 usingLaplacetransformas:

o) () 5H_t) cob - sh )

ed(t pulse) g%é l/Vrl‘d (137)
Satosd g 3 gcos(wrtpu,se) co g)- sif m,.) si6 J- cds )¢
g L,

When derivingd-q axis current, the initial condition of the current was assumed as z&wecausdpyiseis the

short time,cog¥ tpuisd andsin(¥touse can be considered as 1 awdpuse respectively. Then(137) can be

simplified as:
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¢ cog(q,)
. e———
@d (t PU|S€‘) ﬂ@2\/dct pulse @ Ld
gq(tpulse) u 3 ? Sln(qr)

Lq

(1398

@ P

From(1389, the resulted three phase current can be cal cul

Nytoeot181 1 01 2 1 00

i(t = TP +— g+co -

a( pulse) 3 é@érd I—q 8 2 S( 27r) E@ Lq 88
N, to.2 181 1 0 4 » 68 1 ¢

i (t - c puse%_ £ B0 B adi . 13

b( pulse) 3 ée 4é£_: I—q 82 Sémzyr 3 QEE:E Lq E ( 9)
2Vdct ulseé 1 3 1 1 6 1 5 27 %1 1 6(

t = P e— -+ g—€o0 —+ -— &
c( pulse) 3 ? 4€:£_: Lq 82 S%emf 3 éﬁ_: Lq 85

These three phase currents obtained consist of two terms. The first termoi§sBXCcurrent and the second

term is the portion oscillated by the rotor position. The rotor position can be estimated by extracting the AC
terms from three m@ses currentlt is noticeable that th&C current frequencys twice faster tharnthe rotor

electric speedln case ofapplying other active vectors (e¥s & Vs), the AC terms of resulted currents is
changed and it iderivedin Appendix F.

In Fig. 77, the simulation resulshows the resulteghasecurrent andthe generatedorque by applyingvi
voltage vector. The machine parameters are listefalie 9. While the rotor § rotating at1,200rpm the Vi

voltage pulse is applied and its duty is 50Pke top one is the actual dlec rotor angle, the middle one is the
phase current. The curremtagnitudeis matched well with the equation derived 189). The bottom one is the

generated torque by voltage pulse.
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Fig. 77. Three phase current and the generated electric torquevmjtage pulse correspoimd to the rotor
position.

The generated instantaneous torqu&/byoltage vector is derivelly substituting138) into (132 as:

N&Vtyee B1 1 O
T == plse ¢ = 14
e= s B, gn(27) (140

wheren is the pole number ofmachine.The magnitude of instantaneous torque is determined byirRC
voltage, the applied/: voltage pulse time and thé-g inductance.Most inverter systems use the PWM
switching frequency above kHz so thatthe applied voltage will be not too big atkde magnitude of
instantaneous torque will be not too big to worry about the speed fluctuatiaddition,the generated average
torque per one revolution is zerss a result, although the proposed method can generate the acoustic noisy, it

will rarelymake a mechanical issue in terms of the rotor speed.
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Table9. Thetestmotor parameter

Parameter Unit Symbol Values
Rated Power [kW] Pout 18.5
Rated Speed [rpm] Nr 1800
Rated Torque [Nm] Te 98
Rated Voltage (lindine) V] Vs 380
Phase Current (rms) [A] is 43
Pole - n 4
Stator Resistor [a] Rs 0.19
Statord-axis Inductance [mH] Lg 35
Statorg-axis Inductance [mH] Lq 17
Inertia [Nmrad-s? J 0.059
Inverter DC Link Voltage V] Ve 540
PWM Switching Freq. [kHZ fow 5

5.3.3. ProposedPositionEstimation Method

As mentioned in previous section, the resulted three phase curr¥atvbitage vector includes both the
DC-offset term and the AC oscillation term. In order to use three phase currents for the rotor position
estimdion, DCoffset terms in(139 should be eliminated properlfhe proposed method uses the averaging
method andhe DCoffsetis obtained by averaging theephase current for several revolutions of the rotor.
When selecting the method to obtain the-bi3et, the averaging methaths compared with the LPF method.

In case of the averaging method, the time to reach at the steady state value dependsiroentisampling

time (severalkH2) andthe currentfrequency(several tens oflz). On the other hands, LP&dwayscauses the
time delay determined by the filter time constdrite cutoff frequency of LPF cannot be set as a value which
exceeds the rotor minimunteetric frequency (ex.132). The time delay of LPF will be shown in the simulation
result ofFig. 78. In addition,if the current frequency is close with the cutoff frequency of LPF, the AC terms is
not eliminatedproperly.It will cause the D@ffset calculation errorf-ig. 78 shows the D&ffset value of the
aphase current obtained in (a) the averaging method and (b) the LPF mlethbd. simulation, the rotor
electric fequency is 48z and the current sampling frequency idHz. Unlikely the averaging method, the LPF

method cause much longer time delay and calculation error. Thereferesimulation result verifies the
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superiority of averaging methab that the propogemethod uses the averaging method to obtain thefxet

of phase current.

2 T T T T T
: Averaging Method

DC-offset Current [A]
1

1] 0.05 0.1 0.15 02 0.25 0.3 0.35 04 0.45 0.5
Time [sec]

(a)
2 T T T T T
- - |

DC-offset Current [A]

o 005 0.1 015 02 0.25 0.3 0.35 04 0.45 05
Time [sec]

(b)
Fig. 78. DC-offset ofa-phase current obtained by (a) Averaging method (b) LPF method.

In the average methothe DC-offset calculation errorcorrespondingo the averaging time is discussed. The
calculation error can be reduced as increasing the averagingHign&9 shows the D&ffset term and AC
term of the phase current. At every half period efthrrent, thé&C-offset calculation errois expressed ifig.

79. fis the frequency ophasecurrent The erroris calculated with the following equation as:

Error = — e = Bl (141
Acsum+ DCsum 1+ — P t

AT,
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In here, T is the periobf current.in (141), B is largerthanA because -@hasecurrentis always positiveralue

while applyingVi voltage vector. Thus, the minimum ratio®B&ndA can beassumed as For example, ithe

electricrotor speed is assumed adz the current frequency will be H2 as explainedin (139. Then,the

minimum averaging time is about @s&c] to make the D&ffset calculation error be below 10%.

A+S

-A+B

T T T T T T T

area: Af(id) . i,=A-sin(at)+B

V™t : - -

A

CErfar % =AC TACFDC) #2550 : y

PP VU N———...

v . :

5 . B :

1 ‘ Fose 3 ‘ .
BX 1 0 B3x 1 0 b} 1
42 A3 47

1!(120 " 3/('23 2/ 5féf)

Fig. 79. The DGCoffset calculation error corresponding to the averaging time.

The proposed method usdsetaphase current to calculaf@C-offset current in case of applying voltage

vector.WhenV; voltage is appliedthe magnitude oé-phasecurrent is biggesamong three phase curreftt

was already explained in previous sectto®.2andit will be verified with the experimental testherefore, as

calculating DCoffset with aphase current, the D@ffset calcuation error caused by the current sensing error

can be minimizedDC-offsets ofb & ¢ phase are a half ofghase D@offset and have the negative value. By

subtractingeachDC-offset from themeasurd three phase curremnly AC terms including the rotgposition

information can be obtained as:
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i .ft) K=cos ?qug’-'i (142
- ¢

1-Q: 0t

ia ac(t):KCOS( 27r); ib ac(t) X CO%ZQ %
. i ¢

In hereia_aa in_acandic_acare AC terms ofneasuredhreephase currenwvhich Dcoffset is eliminate@ndK is
Ve tousd3-(1Lg - 1/Lg). Actually, as measuring two phase current through two current sensors, three phase
current can be obtainedo extract the rotor position, Clarke transform is usEden, U-b axis currentin

stationary reference frame is obtained as:

. ]
éa a é.afac
&" §T (0) & 2 (143
s U z
gciac

1
Qost = —tan (144)
27 &,

In here destis theestimatedrotor angle.n propogd methogdthe rotor positions estimated by measurirtg/o
phase current resulted By voltage vectorln ideal case, the estimated theta and the actual theta will be same.
However,the measureghasecurrentmay have the error due to the current semregplution or external noise.

Theestimatiorerroris generated and the erramgle is expressed as:
qurror = gt -r (145)

di s the act ua ldeotisate errobedveegtheestimated angpand the actual anglemeror will

depend on the accuracy of current sensing.
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5.3.4. ProposedSpeecEstimation Method
While estimating the rotor speed and position, the voltagtowis appliedevery two switching period as
shown inFig. 76 (b). The rotor speed can be easily estimated by using two estimated theta oiotdiregl. If
the interval time between two estimated theta is short enough, the rotor speed can be assumed as the constant.

Therefore, the rotor speed can be calculated by using the following equation as:

w _Geso- G (146)

est —
tpulse +t

As shown inFig. 76(b), desu anddese are the theta estimatedtatndts, respetively. touseis the time which the
V; vector is applied to the stator windindjs the time between two voltage pulses ang is the estimated
electrical angular frequency of the rotor. As mentioned before, the estimated theta can have the edrbycaus

the current sensing error. [fis selected as long enough value, the speed estimation can be more precise as

shown in thefollowing equation.

- - 2
est:qesQ gsl — é] ﬂqz— Qorq w : erl;l?r (147)
tpulse+t tpulse +t tpulse +
However, when choosing the interval time (0), t he r

interval U is shorter than t[M]elndtherwerdstifdhele is calcaated o ne el ¢

after the rotor rotates dshcalculatéda tz, the iotor rotating speed @ah be[ r a d ]

estimated incorrectly.

é 8%

1 / - (qesa " p-:-\? eg (ACtual)

1 —_Yest = Ha1 ;

}West R (Estimated

pulse
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whereN is the rotor rotation number between two thatajs an actual speed ands: is the estimated speed.
The estimated speed will be the same with the acjpakéd only whemN is zero. Therefore, the following

equation should be satisfied to prevent the wrong speed estimation.

qr2_ q :r'/l(o tpulgé) (149)

During calculatingUin (149, ¥, and touse are selected asaed and 100% duty, respectivelythen the
difference between two estimated theta will not exceatl any speedondition. ¥ raeq IS the maximum speed

known by the motor nameplaten |l i kel y the restart met hod of PMSM,
i nstead of us i ngurrédtfrequendy ofiSynRM i twieedaster thantthe rotor electric speed
shown in(142).

When estimating the speed with46), the adlitional issue is happened in low speed condit®ecause the
difference between two estimated theta is too small in low speed conditanseshe speed estimation error.

Fig. 80 shows the speed estimationldaw speed conditionThe time interval used for the speed estimation was
50Tsw. It was calculatedby substitutingy raeq into ¥ of (149). During the estim&n mode, the estimated speed

is not constant. And the restart is failed due to the overcurrent. Therefore, additional compensation logic is

required.
Normal Inverter Estimation
mode i _Stop : mode

Tek prevu Moise Filter Off

w1 - Estimated theta

D-I -------- E-T--f----:---i-f-"'f"'Es'ti'ma’[edfspeed-:
NP

SENPET IR o et e e e e s i

N I T T T T I T T T T T B |
- Interval time:50Ts,

& v T N T N T N T
& S0 004 400w sy loatrsa )

Fig. 80. The speed estimation in low speed (ele@Hz speed)CH1: theestimated thetaCH2: theestimated
speed10HZdiv.], CH3:t he i nt e [260El/divi, CHAethe @ciupl phase curre@0p/div.].

t



135

Fig. 81 shows thetest result of the speed estimation and the restart in case the interval time is adjisted
speed conditionAt the beginning, the interval time is set as 50Tsw and the speed is estimated. With the
estimated speed, the new interval time is calculated. When calculating the new interval tin{@48ing; is
replaced withy et instead of¥aes In here as considering thates: hassome error, the new inteal time is

calculated as:

t. =09 & (150
w.

est

And the maximum new interval time is limited below 500Tsw because too low speed condition will require
very long interval timeFig. 81 shows that the interval time &itomaticallychanged from 50Tsw to 500Tsw at
5Hz speedin case ofusing 500Tswnterval time the speed estimation is much better than one of 5@dsWwat

the restart is succeéd low speed conditian

Normal Inverter Estimation Restart
mode ,:_Stop : mode ! mode .

Tek Prevu Maise Filter Off
k T I
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v
ke
T

........................................
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Fig. 81 Thespeed estimation in low spewith the interval time adjustmefglectric 5Hz speedCH1: the
estimated thetaCH2: theestimated spedd OHZdiv.], CH3:t he i nt e [26@.l/divi, CHdethe @ciunl
phase currenDA/div.].
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5.4. Implementation

of Pposed Restart Method
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The key performance criteria of the proposed restart method for SynRM motors is to successfully estimate

the rotor speed and position with only motor parameters given by the nameplate and restart the motors without

causing the overetent and thebig braking torque. The proposed complete scheme for estimating the rotor

speed and position is shownFig. 82. And the estimation procedure is explained as following steps.

* ref* —»O &

* est ,

Calculate Vs
Voltage Comman

ﬂ‘e*‘O ey

PWM
VSI

+A
est

LPH

ia_DC—offset
| v | Avg 4—|

.
+ est | est est

»i
<«
d
Y

Estimation| Estimation

Speed& Theta Estimation

Fig. 82. Complete scheme for estimating the rotor speed and position.

1 Step 1i Applying Vi voltagepulseswith the fixed duty.

1 Step 2i Measuing the resulted two phase current\hywoltagepulses

1 Step 3i Averaging the phascurrenti) and eliminating D&bffset from three phase current.

1 Step 4i Transformation to stationary reference framg: (acA v

1 Step 5 Estimate the rotor speed & position.

I Step 6 Calculation of new interval time and the estimation of the rotor speed and position.

1 Step7i Theta compensation.

1 Step8i The command voltage is calculated by using the rafeadtio.

1 Step9i Stator voltage is increased gradually from zentil reaching to the command voltage.

1 SteplOi Starting the stabilizing loof28] from the next switching step with the current feedback.
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In the step 1lthe intial duty of the applied voltage is set as 50%. In general, the inductance of SynRM is
relatively larger than other types of motors. If the minimum ofLih& L, inductance and the PWM switching
frequency are assumed as several tens of-h@tiry jnH] and severalkHz and the maximum of D@nk
voltage is assumed as smaller value than 1800the generated current will not exceed the rating current

excepting the extreme cases. The magnitude of generated current is determined by the following equation as

, Nt [cos(q )’ si g)° vt
— 2 2 <Ydc"pulse r oy (d pulse
| mag —x/id(t oisd F A 3 J L2 L 1, (151)

If the current exceeds the rating current during estimating the speed and position, the duty dstoetheckalf

of initial duty and the estimation is restarted ag&iig. 83 shows the switching condition duriragpplying V1

voltagepulses for the estimation.

Power
Fault recovery
) Normal Jl Inverter Estimation
SVPWM mode stop Mode
Switching Switching
Freq. Freq.

—r—r — P —>
Sy e eee
Sy (XX} eee
Sw eoe eee

v, All switch v, "
vector open vector

Fig. 83. The switching conition during applying the active voltage vector.

In the figure,S,, S, Sy are the switching condition. B.wis high, upper switches of the inverter each legs are

turned on. On the other hand, the low statue indicates that switches are turned off tlBefault is occurred,
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the inverter is using the normal SVPWM mode to run the motor. After the fault, all switches are opened. The
estimation mode is started after the power is recovered. In this Modeltage vector is applied with 50%

duty. And allswitches are opened in the next switching period. And themwltage vector is applied again with

the same duty. The reason remqgrall switches open condition is explained in the followiRgst, all switches

in proposed method are opened after apgly: voltage vector. While all switches are opened, the current is
flowed by the antparallel diodes. It is shown iRig. 84. During that time, the Ddink voltage is applied to
reduce the flowing phase currefitherefore, the phase currewill reach to zero before starting the next

switching period

HF HF SHE venooion HEF MR SHTE weproio
T — > { Motor ) ::Vdc i: (@
=3 o
(a (b)

Fig. 84. The current flow in the proposed methadcase ofa) applyingV: and(b) openingall switches

On the other hands, \f, zerovoltagepulseis applied instead of opening all switches a¥fgrvoltageapplied
the phase current does not go back to zero before applyingltage During applyingVo voltagepulse, the
phase current decreases depending osttterresistor dissipatiarWhenV; voltagepulseis appliedagain the
phase current is increasékhus, the phase current is continuously increasetthe inductor will be saturated.
Fig. 85 shows thea-phase current generated Wy and Vy voltage vectorTherefore, this switching method

cannot be used for the restart method for SynRM.
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Fig. 85. a-phase currdrgenerated by; andV, voltage vector.

Fig. 86 shows the current flow in the invertethenVi andV; voltage is appliedWhile applyingV: voltage
pulse, 2/¥yV] voltage is applied to-phase stator. In casd applying Vo voltage pulse, (f] is applied.

Therefore, the average of applied voltage is not zero sththstatorinductor will be saturated

[

S_K} 5”{} 3—{:} V;=[100101 S‘—E} %—K} &—K} Vo=[010101

T+ — M L —7
< otor -T- <
Vie ] Vi . < Motor

RIRTIE o} i

<l
-

(@ (b)

Fig. 86. The current flowin case ofapplying (a)Vi and (b)Vo voltage vector.

In the stepy, the estimated thetald) is aligned withd-axis of motor in the rotor reference franidwe estimated

theta is compensated and the compensated(tiietd is given by:

Gmp= @ 5 i . (152
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By adding” /2[rad.] to ds, the compensated thetddny can be aligned witlk-axis. Moreover the third term
(¥esiTsw) in (152 is to compensate the current sampling delay. It is also mentioned in PM restart wfethod

sectiord.4.

A
g-axis

A Applied voltage
V, 4 atrestart moment

S
™ d = dest
|q \
> >
lg d-axis

Fig. 87. Vector diagram of theteompensation.

Fig. 87 shows the applied voltage and tlesultedcurrentat the restart moment. The stator voltage is applied to
g axis to ensure a positive torque at the restart instans. the phase of motor impedanaed has a value
between 0 and 9fdleg.] because a motor is an inductive loBlden,d-q axis current and the generated torque

will be always positive value. The torque of SynRM is determined by the following equation as:

T, :E—(Ld Ly)idg (153

In the equation, the maximum torque will be generated whed-tfexis current have the same positiaue.

In other word, the torque will be maximum when the phadeisf43[deg.].

In the step9, the stator voltage frequency is set as the estimated frequency. The applied stator voltage is
increased gradually from zero. The voltage increase is stopped reaching the ratedf ratio. The purpose

increasing the voltage gradually is to prevent the inrush current which can be generated as applying the step
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voltage. In the proposed method, the slope of the voltage increase is selected &#s&@DEhEt is about twice
faster slope than the rated voltage slope of motor. The rated speed and voltage slope of motdizsechO [

and 360 Y/sec], respectively. Thus, 100¥[sec] is considered as the reasonable value and it was verified with

experimentatests.

5.5. Simulation Results

Simulation results are given Fig. 88. A fault occurs resulting in a temporary power losst AtO, power
is restoredand the speed and position estimation is staded.then,the machine settles back at its reference
speed abous00ms laterThe simulation shows the estimated speed and theta, the applied stator voltage and the

resulted phase current. With the proposed method, the speed and position estimation are good amtiftire rest

SynRM is succeed without any inrush current.
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Fig. 88. Flying restart simulation results. A fault occurs resulting in a temporary power lass.0Appower is

restored, and the machine settagk at its reference speed ab6@@ms later. Plots top to bottom: machine

speed (blue) and speed estimate Jredachine angle (blue) and estimated angdé)( applied stator voltage;
machine phase current.
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5.6. Experimental Results

A set of experiments wilbe conducted to validatihe performance of the proposed restart method. As
shown inFig. 89, the dynamo test bed consists of a synchronous reluctance motor for the test purpose and an

induction motor for supplying the load tare, The scalar control and the proposed restart method are

implemented using OPART.

Load
Motor

B e — — —
/7 4

N . o
\Coupling ~

=

|

Dynamo bed\- ¥

Fig. 89. The test motor parameters & dynamo set configuration.

First, the test motor was rotated at the fixed speed not fed by the invdrteseluthe speed control of the load
motor coupled with the test motoFig. 90 shows experimental results including thghase current, AC

oscillation term and D®@ffset term of the stator current when the medwmotor speed is 600rpm.

Tek prevu —— 75.00MHz_Noise Filter
T T T T T T T T

| AT s3azsakts | 11 A

EFreq 440,53 Hz
100 4 EBFreg G276 Hz [ 1 16

Fig. 90. The resulted current by applied voltage vector; CH1: the phase current sensed by A/D converter of DSP
[1A/div], CH2: the DGoffset of sensed phase current [1A/div], CH3: the phase current Diabffset is
eliminated (5 ad [LA/div], CH4: the actual phase currend (1LA/div].
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Fig. 91 shows the test results of the speed and position estimation by apgiyitiage vector. First, the test

motor wasrotated at the fixed speed by the load motor coupled with the test motor. In this condition, the rotor
speed and position estimation algorithm was implemented by applyingltage pulses. The speed condition

was 600rpm and 1200rpm. The pulse duty was ,50% DClink voltage was 300V and PWM switching
frequency was 5kHz. The blue line is the measured phase c{féntonverter outputand the cyan line is the

AC term ofa-phase current which D@ffset is eliminated. The estimated speed (green lineJatshed well

with the actual speed during the speed searching time. In addition, these result verifies that the resulted phase
current does not depend on the rotor speed. The phase current magnitude just depends on the applied voltage

magnitude and thstabr inductanceas shown ir{139).

Tek 5top T5.0MHz Maise Filter
T T T T T T

_____ S S S S

oy 20.0ms @y aav 46,5283 Ha) |
& S0y 200Y  |@EBFreq 1237k lozzan |
@)

Tek Prevu F5.0MHz Moise Filter
T T T T T

(X
oy 10.0ms @ amny 56,2543 Ha|
& ooy 200y [@BFreq G05dh: lozarn ]

(b)

Fig. 91. The estimated position and speed waveforms (a) 600rpm [20ms/div]0@)pb2 [LOms/div]; CH1: the
sensed phase currend) (1A/div], CH2: theAC term ofphase current which DGffset is eliminatedig 1)
[1LA/div], CH3: the estimated position of the rotor, CH4: the estimated speed of the rotor [600rpm/div].
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Fig. 92 shows the speed estimation eriorthe beginning due to usirthe averaging method. The inverter
feeding SynRM motor is stopped by intentionally. During that time, the motor speed is reduced depending on
the inertia, thefriction and the load condition. The purple line is the estimated spbtdned througtthe
measured phase current. As showRit 79, the DCoffset has the error in the beginning and it also causes the
speed dimation error. Therefore, the proposed method requires a little time for the error-off§2€Cto be

small enoughln Fig. 92, it took about 100rhsec] to get a correct value.
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Fig. 92. Initial speed estimation error caused by using the averaging methbdthe sensed phase currég (
[1A/div], CH2: theestimated thetaCH3: the estimaterbtor speed [600rpm/div.CH4: the stator phase current
(20A/div).

Fig. 93 shows experimental resulté the proposed restart methimdtluding the estimated speed and positon of

the rotor and the stator current when the mechanical rotor speed is 600, 900, 1200 and 1500rpnarfThe rest
tests are implemented as the following steps. First, the motor is operating at the reference speed. The inverter
feeding SynRM motor is stopped by intentionally 105 seconds. During that time, the motor speed is reduced
depending on the inertia, theiction and the load condition. After 1.5 seconds, the speed and position
estimation of the rotor is implemented and the motor is again fed by the inverter. Theéhctimrol is started

with the stabilizing loofd28]. The test results dfig. 93 verify that the performance of the proposed method is

good to estimate the rotor speed and position and the restart is implemented without causing any inrush current.



145

Tek prevu e -
i
[ "
I
: _ I : : :
o0y 1 i 1 ii i i i
& ooy onos JEEoms & ey |
(a)
Tek Prevu e p—
T T 4 T
: K
. |-
: I : : . : ]
: J‘J{ : Speeds Theta : : -
e e I EI i RO B I PR
. P - stimation : .k
. [ N - >
E B
Iz
.......... R T
[+ "
.......... O S
It : : : - :
CO0Y L. i T i I i i
& oy 2004 ][2nnms |@m 600y paezs |

A SheedkTheta T,
b Estimation
1 : : -
ED| '
..... S S-S
|
£ f
E T
L ! z ! ! .
500y L 1 i i i i
& oy 2000 ][200ms | ey logosos )
(c)
TBk Preiu e T | .

;
{0, SheedeTheta, I, 1,
P Estimation |
‘.‘ B B L
ED 3 1
3 i
..... R R N R T T
£
k ]
..... P P - S
I . z il . . .
& So0Y L i 1 il i i i
& Sy s Jauoms T Tognas |

(d)

Fig. 93. Restart waveforms of the complete proposed method (a) 600rpm (b) 900rpm (c) 1200rpr@r(oini50
CHZ1.: the estimated rotor position, CH2: #timated speed (600rpm/divQH3: the magnitude of stator
voltage (00V/div.), CH4: the stator phase current (20A/jiv
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Fig. 94 shows the test results with difemt voltage increase slope. As mentioned before, the voltage increase
slope in the proposed method is selected as 1000 [V/B&t.R4 shows the results when 3000 [V/sec.] slope is
selected. At slow speed coridit, the restart is failed due to the overcurrent. It means that too fast voltage

increase can cause the overcurrent issue.
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Fig. 94. Test results with 3000 [V/sec.] voltage change slope (a) 600rpm (b) 900rpm (c) 1200rpm (d) 1500rpm;
CHZ1.: the estimated rotor position, CH2: the Angle of applied stator voltage, CH3: the magnitude of stator
voltage (20V/1V), CH4: the stator phase current (20A/div).

The experimental test results feig. 95 verify that the stator voltagehould beapplied ing-axis at the restart
moment. The tests are dométh different stator voltage angle. The rotor speed condition was 900rpm. The
restart tests are failed at Gnd 43[deg.]. It is because these condition generates the negative torque at the
restart instant. On the other hand, the restart tests are succeédatl 9B5°[deg.]. As mentioned before, the

best performance is shown when applying the stator voltage[uefd.
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Fig. 95. Restart waveforms (af[deg.] (b) 43[deg.] (c) 90[deg.] (d) 135[deg.]; CH1: the estimated rotor
position, CH2: the Angle of applied stator voltage, CH3: the magnitude of stator voltage (20V/1V), CH4: the
stator phase crent (20A/div).

5.7. Conclusion

This chapterdescribed the proposed restart algorittemSynRMin detail. The goal of proposed restart
method was to develop the universal algorithm for SynRM moTdrerefore, his proposedmethod uses only
the measured pbka current and motor rating information known by the nameplate. In general, the nameplate
includes the machine rating information such as the power, the current, the speed and the voltage. In addition,
this method does not require the additional hardwacé as the speed sensors, phase voltage sensotisikDC
current sensor which are not installed in general commercial invdrieagldition, the algorithm to minimize
the speed estimation error is also suggedtbd.interval time for the speed estimatisrmutomatically adjusted
for the restart in low speed conditidhwas to minimize the speed estimation error at low spegrplerimental
results have conducted to validate the performance of the proposed mietlzocksult, this proposed methigd

avalable for the universal application of SynRM.
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CHAPTER6: SUMMARY AND FUTURE WORK

6.1. Major Contributions

The need oflying restart method in the industry fieisl explainedandthe novel universal flyingrestart
strategiedor asynchronous and synchronoustarsare developedMajor contributions of the research work

are as follows.

CHAPTER 1: INTRODUCTION
This chapter introduced the basic background and features of electric motor and drive system. And the

need of flying restart method in an industry fieddexplained.

CHAPTER 2: IMPLEMENTATION OF SCALAR CONTROL

This chapterexplained the basigrinciple of scalar control methedor IM and PMSMwhich were used to
drive the machine when testing the flying restart algoritHtrelso presented the stabilignalysis method for
PMSM. In addition, the stabilizing loop to generate the frequency modulation signal was deradd he
damping effect to the system. The stability of the PMSM was analyzed in two cases which are with the
stabilizing loop and withdithe stabilizing loop. fie simulation andexperimentatestshave conducted teerify

the stability analysis results and the damping effect of the stabilizing loop

CHAPTER 3: A UNIVERSAL RESTART STRATEGY FOR INDUCTION M ACHINES

This chapterdescribed the proposetying restart algorithmfor induction motorsin detail. The most
important aspectf the developd restart strategy is to realize the universal application for induction motors.
First of all, this proposed method dsenly motor paameters known by the nameplate. general, the
nameplate includes the machine rating information such as the power, the current, the speed and the voltage
addition, this restart method does not require any tuning work although the motor is replatebe rotor

speed searching time is almost constant at different conditions. The proposed restartisragkaphed to be
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less sensitive to the motor parameters and other conditions (such as rotor speed, input power aftdisso on)
implementecby montoring the input power perturbation as well as the input power. Finally, this restart method
does not require the additional hardware such as the speed sensors, phase voltage selirsorsyrbBat
sensor which are not installed in general commerciarievs.The performance of thproposedmethodwas

verified by the experimental tests

CHAPTER 4: A UNIVERSAL RESTART STRATEGY FOR PERMANENT M AGNET SYNCHRONOUS M ACHINES

This chapterexplained the basic concept existing restart methadand describedhe proposed restart
algorithm in detail The goal ofproposedestartmethodwas to develop the universal algorithm for PM motors.
First of all, this proposed method uses only motor parameters known by the nameplate. In general, the
nameplate does not inmle the information such abkq axis stator inductance which the conventional restart
methods usedn addition, this proposed methadn automatically determintbe duty of zero voltage vector
pulsesas considering the rated a@nt to prevent an overcemt andthe delay time between two pulses
considering the rated rotor speed and the acceptable estimationAsreoresultthis proposedestartmethod
can beusedfor universal applicatiomf PMSM. The maximum rotorpositon estimation error of the praged
method is less than that of the existing method usédlihalthoughthe variation of inductance and the rotor
speed estimation error by the current sensing error &kistmaximum estimation error will be umdE? [deg]
becausehe ¥ tpuseis alwayslimited as a smaller value than 0.03%he experimental results have conducted to
validate the performance of tipeoposed restarhethod.Moreover, &perimentalresult includes the restart test
in both cases which aseith the stabiliing loop and without that, and it verified the need of stabilizing loop at
the restart instant. In addition, this chapter suggests the methbg 8ot estimation while implementing the
flying restart. This estimated inductance value is used for rotitiguo estimation. This proposed method is

verified with the simulation and the result was matched well with the analytical analysis result.

CHAPTER 5: A UNIVERSAL RESTART STRATEGY FOR SYNCHRONOUS RELUCTANCE MACHINES
This chapter described the proposestad algorithm for SynRM in detail’he goal of proposed restart

method was to develop the universal algorithm for SynRM motors. Therefore, this proposed method uses only
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the measured phase current and motor rating information known by the nameplateens,ghe nameplate
includes the machine rating information such as the power, the current, the speed and the voltage. In addition,
this method does not require the additional hardware such as the speed sensors, phase voltage darisors, DC
current sesor which are not installed in general commercial invertaraddition, the algorithm to minimize

the speed estimation error is also suggedihd.interval time for the speed estimation is automatically adjusted

for the restart in low speed conditidhwas to minimize the speed estimation error at low spequerimental

results have conducted to validate the performance of the proposed metlorksult, this proposed methigd

available for the universal application of SynRM.

6.2. FutureWork

All proposed methods are tested with the motor drive system using a scalar control. For the verification of
universal application, proposed methods need to be tested with the motor drive system using a vector control. In
addition, gcond proposed method of PMSHI verified with only simulation. The performanoeeds tobe

verified with experimental testn addition,the restart method for SynRM using only i@k current sensor

was already developeahdlt will be published aftefiling patent.
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Appendix A: Derivation of the-q Axis Currents in the&Rotor Reference-ramelnduced by
ZeroVoltageVector

In this section, thelerivationomittedin section4.2.2is explainedin detail As mentioned in sectiof.2,

the stator resistan@an beneglectecbecause short timetnor) is mud smaller than the stator time constants.

€ ge pLd - Lq dd @short) 2 O¢
. 6 3 G o 15
8) H gM/r Ld qu Hq @short) -Mg ' 1 E ( 4)

And the zero voltage vector is applied to the stator whestttier current is zero so that initial value of Laplace

transform is zeroOncetheseequatios areLaplace transformed, the following equation can be obtained as:

0=slyly(s) W Li(9;

(159
0=wLyly(s) sslyly(s) W {

By using the first equation dfL55), the relation between the &iad-axis currentig(s)) and the statog-axis

current {4(s)) in sdomaincan be obtained as:

l,(s) =22 (s) (159

/ w
1, (s) =~ (157)
The inverse Laplace transform @f7) results in the statar-axis current in time domain.

. le .
Iq (tshort) = TfSIn( W; short) (158)
q
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And substituting157) into (156) results in thestatord-axis current in €lomain.

Wk w W kL s
I = ! = 5 15
d(s) SLU (SZ+W2) I—d g_s SZ+M/rZ ( 9)

The inverse Laplace transform @59 results in the statai-axis current in time domain.

/s
id (tshort) = Td(l GO# WII shon)) (160)

From(158) and(160), thed-q axiscurrentsarerewrittenas:

/. (161
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AppendixB: Derivation of theSmall Signal Model of PMSMHaving he DamperWinding

In this sectionthe equations for the stability analysis of PM motor having the damper winding are derived
through the same procedures of sectoB First, the electrical and mechanical equations of PMomate
derived and the small signal equations through the linearization is extracted.

The electrical equation of the interitype PMSM is expressed in tkeg rotor reference framg81, 63] Fig. 96

shows the equivalent circuit of the IPMS#ving the damper windinig the rotor reference frame.

ids Rs - + I—Is /—Ir
+ YI’ al
>
Vd (53] I—md gRD
o
@)
lgs Rs +f\— Lls Ly
i ]
¥r Sy

(-]

(b)

Fig. 96. The equialent circuit of IPMSM having the damper winding in rotor reference frame:-4ajs circuit
(b) g-axis circuit.

Thed-axis andg-axis stator voltages are obtained respectively as:
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vy = Iy +% w, /[
dt

(162
—_ i d/q
Vv, = I, T w, /,
The stator linkage fluxe§ anday) areexpressed as the following equati¢h6, 17, 2125].
/d = Ldid -me] D -b,m
. . (163
/q = quq *_m‘! Q

In here,Lmq andLmq arethe d-axis andg-axis mutualindudancebetween the stator and rotor damper wingding
respectivelyip ard ig ared-axis andg-axisdamper windingurrent,respectively.

Thed-axis andg-axis rotor voltages are obtained respectively as:

%=0 R ¥,
dt

. d/,

vQ=O R T

(164

whereRp andRq arethe d-axis andg-axis rotor damper winding resistance, respectivelyandag arethe d-
axis andg-axisrotor linkage flux, respectivelyTherotor linkage fluxareexpressed as the following equations
lo=Lus tdo

'md m

: . (169
lo=Lndq tdo
With the above equations, the differential equations can be derived. Then, the small signal model can be
obtained with the linearizatiorThe state vectok of the small signal model will bég[iq ip iq - r U]". By

substituting(165) into (164), the differential guations foiip andig can be derived as:
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dip - Ro; L dig.

d L, ° L, dt’

do_ Ry Lud e
d L, ° L, dt

(166) has two differential terms and it cannot be expressed in thesgiate form. Therefore, the differential
terms ofig andig should be replaced with other state variabBsusing(162), (163 and(166), the differential

equations forg andiq can be deriveds:

%: —1 i rs . _LLde _L]_ . ) .
" TR L TR ol g e

(167)
d, _ 1 oo LRy 1 _ _
N o e ) s e A

In here,vyg and vq are replaced witNssinl andVscodl, respectivelyWhen deriving this model, it is considered
that the input voltagdvs) is constant steadgtate valueskp and ko are used for the simplification of the

equation and expressed as:

L2
2 _ mq
kQ Lq LQ '
(169
k2 L?nd
D
I‘d I‘D

di L, 1 : L,, re . R, 1 [ 1 . L
Er s R e e LRI e B ) IR S R
Yo bna_ 1 A Ro 1 Ly 1 o
dt Lo Lq(l_ ké)VSCOSd T‘Q_Lq(l _ktz?) @ 9 Q (1 ké) L, Lq(l ké) ,4'( 4 L Lmhf!)

(169
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The electric torque equation can be expressed as:

_3an o
Te_2 /qld (170)

B
| @Ql

By substituting163) into (170), the diferential equation for rotor speead can be obtained as:

dw _ 34an %, . ' 1 n
— = i - —B —T
dt 2382 & o o B38n 55T a7y
3 an B . - . n
_Egeé gg/mlq {Ld Eq)IJq L+ibgL rhqudﬁI%B—mW, ET_
The differential equation for the load anglg (s expressed as:
dd
— =, - 17
ik (4 (1729
From(167), (169, (171) and(172), the machine state equations can be obtained as:
Yoo 1\ coss — "o i 4 me W Lt L)
R s K ce Ll F I e :
di, . L. R 1 . :
= V,sind s 40D Liq Lnit
o TR L TR ol e
di L L R L
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The state variables consists of the steady sttee and the small signalalue By separating two valueshé

linearized small signal model can be expressethe following form.

%=AI& B u (174

Wherenx = [nig nig nip pig n- + nd]T, B=1[0 0 0 0i n/(2J) 0]" andnu = nT.. And A matrix is expressdas:
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AppendixC: Derivation ofStabilizing Loopfor PMSM Having the Damper Winding

In this sectionthe equation of the frequency modulation for the PM motor having the damper winding are
derived As explainedin section 2.3.1, the frequency modulationg¥e) of the stabilizing loop can be
determined in proportional to the input perturbatidnd ppin can be extracted by using a high pass filter from

the calculated input poweFhe frequency modulation signedn be expressed as:

.1
a7 ® S 9
The input power of the machine can be written as:
3. . . 3
—Equlq Wy, g—v 80sd i gsin d a7

By differentiating(177), the following equation can be obtained.

N (D/

dn,
dt

d
:—; cosd - smeg— — sin d cos—e[/ (178

D
cﬁ

Substituting(167) and(172) into (178) results in

1 vooss g w tfe W 4L J cosﬁ
g:f;ﬁ'q (1- ké) s Lq(l -ké) g qu(l ké) o S (1 kz) Fa Lok 3
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CELER) M TEw)” TR o e g o d
g'ld(W‘e -W)cos d u
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By substituting(179) into (176), the final differential equation of the frequency modulation signal can be

obtained as:
le/l/e _ Dyg
dt t,

@& Vocosd- — T i 4 tmRo L L L) 0
Saq-q(l- ké) s Lq(l -ké) a Lq(l ké) L Q Lq(l k%) s Lo 3

'kpgvsglj(we -W)Sin g ~
e a . I . N L..R . N 1 . . )
CELL Y Lh ) TRRL e g e ) g
& i, (w, -w)cosd

(180

The state variables ¢180) are including the steady state and small sigaatht is nonlinear equatiarrThus, it

is required the linearization using the following equations.

cosd=cog ¢ + Dd eos, d - €, d
sind=sin( ¢ + Dd sin, d +cBd, d
ig=1, +iP
ig =1y +iP

w-w{w+(sw A . wD

(181

By substituting (181) into (180), the linearized equation of thee§uency modlation signal can be obtained.

The second order terms which is the products of small signals can be neglected because it is assumed that the

small signals are much smaller than the steady state values.
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dDw, _
dt
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From(174), (175 and(182), the linearizedstatespacemodel ofPM motorwith damping winding which

includes the stability control can be written as
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Appendix D Stability TestResults of PMSMHaving the Damper Windinfw/ & w/o
stabilizing loop)

This section inludes the control stabilitanalysis of interior permanent synchronous motor (IPMSM)
having the damper winding. The linearized model and the stabilizomgare derived to analyze the stability of
the IPMSM in appendix B and @The parameters of the machined used for the simulation and experiment tests

are given inTable10.

Table10. The motor parametei PMSM having the damper winding.

Parameter Unit Symbol Values
Rated Power [kwW] Pout 1.5
Rated Speed [rpm] N 1800
Rated Torque [Nm] Te 7.9
Phase CurrenRMS) [A] is 2.1
Pole - n 4
Stator Resisince [m 6 Rs 3.3
Stator daxis Inductance [mH] Lg 220
Stator gaxis Inductance [mH] Lq 850
Rotor Resisince [m] R 18
Magnet Flux [vs/rad] am 0.9947
Inertia [Nm/rad-s?] J 0.0075
Bemf (lineline) V] Eemt 460

Fig. 97 showsthe stability analysis resutif v/f control not usinghe stabilizing loopAlthough this motor has
the damper winding, the motor can be unstable in the conditions which the above half load is\Afbhyelietie
loadis appliedto the motoysome rotor poleis located on the positive planéhe unstable region that poles are
located on the positive plane is fror8to 10Hz

Fig. 98 showsthe stability analysis result aff control using the stabiling loop. In here, the stabilizing gain
(kp) is selected as 2 through the simulation té&th the stabilizing loop, the motor is always stable on the all

operating speed range although the dwad is applied to the motor.
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w/ cage & w/o control
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Fig. 97. The lociof the rotor poles corresponding to the rotor speed under different load coniitighsontrol
without the stabilizing loop

w/ cage & w/ control
B0 T T T T

50 -””"f - ; ﬂnﬂﬂﬂ :
: : L B

¥ 1| LS R ................. ................. e e

0k 5 i ol R ................. ............. -. ......... ) T
= §Nm
a : : :

2[], ................. ' ...... _________________ ..... Lo !

10} ,,,,,,,,,,,,,,,,, A ,,,,,,,,,,,,,,, 3 ,,,,,,,,,,,,,,,, 4

Fig. 98. The loci of the rotopoles corresponding to the rotor speed under different load conditigfisontrol
with the stabilizing loop.
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To verify this simulation result, the experimental test was implementedth casesFig. 99, Fig. 100andFig.
101shows the resultsf the step load testnderrotor speed, 7 and 1Hz, respectivelyThe tes$ not using the
stabilizing loop vereunstable in 5 and 7HHowever, the motor was stable itHz as shown irfrig. 97. It was

exactly matched with the simulation result. In contrast, the tests using the stabilizing loop were always stable

regardless of the rotor speed.
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Fig. 99. The experimental test results witNm step load undesHz speed (ajvithout the stabilizing loop (b)
with the stabilizing loopCH1: thespeed referase (1Hz/div), CH3: the rotor speedlHz/div), CH4: theapplied
load (1.3Nm/div).
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Fig. 100 The experimental test results witNm step load under 7Hz speé) without the stabilizing loop (b)
with the stabilizing loop; CH1: the speed reference (1Hz/div), CH3: the rotor speed (1Hz/div), CH4: the applied
load (1.3BNm/div).















