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SUMMARY
Thesis contains: pagésl17, drawingsi 38,tablesi 23.

The goal of theof the thesis lies in development of the control methods
the IPMSMwith the purpose of its research and improvement of efficiency a
performance of the electromechanical system

In this thesisanalytical review of the indt&ncedetermination methodsr
the IPMSMis presentedAfter that o testsfor inductance determination of the

interior permanent magnet synchronous nmtare proposed, analyzed and

Df

experimentally verifiedFour methods are proposed to use to obtain static ahd

dynamic inductances from the tests data.

Speed andoosition control algorithmsare derived basing on thenon

saturated modedf the motorand its effeciteness was researched by means ¢f

experimentand simulation for small saturated matdkfter that msition control
algorithm with adaptatioto themechanical parameteissdesignednd tested via
simulation.Stability is proved using the second Lyapumasthod.

Derived algorithms provide asymptotic tracking of the controlle
coordinates,and decouplingof the direct current componerind mechanic
coordinate control subsystems.

INTERIOR PREMANENT MAGNET SYNCHRONOUS MOTOR
INDUCTANCE DETERMINATION, SATURATION OF THE MAGNETIC
SYSTEM, ADAPTIVE CONTROL, MECHANICAL PARAMETERS
ESTIMATION.
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INTRODUCTION

Interior permanent magnet synchronous motors (IPMSM) find their application
in high dynamics and higprecisiondrives Due to presence of permanent magnets
(PMs),torque and power density of the motors is significantly higher comparing to the
other AC mahines. Unlike the surface PM moter(SPMSMs) where permanent
magnets are attached to the surface of the rotor, IPMSM is more reliable, maximun
speed is usually higher. The only drawback of the motor is its costoweadays
technologies do not allow creating PMs artificiallyith equivalentflux dersity
comparing to the ondsom rare earth materials.

The PMs are implemented into the rotor structure in the IPMSM. Due to this
geometry, rotor of the motor has saliency. It leads to the several consequences: mot
torque is created not only from PMs.tlalso from the reactive component caused by
the difference between direct and quadrature iaxiactanceof the rotor; effect of
saturation and crosoupling on the motor behavior is significantly higher comparing
to thenon-salient analog.

Thesis actudity . Conventional vector control algorithms demand information
about six motor parameters for proper operation. Moreover, parameters are considere
as constant valuekductancevariation due to saturation ¥ato be considered in the
motormodel and contrahlgorithmin order to avoid performance deterioration due to
parameter mismatcf.herefore, derivation of the motor model where saturation and
crosscoupling are considered is an opamded question and htisbe solvedSeveral
approaches are proposed to determine inductanoresdering saturation effecthe
most of the methods require special tests or igsystem nonlinearitiesvith the
purpose of simplification of the calculatiobut it leads to outpt data accuracy
deterioration.

On the other hand, if motor saturationaemparatively smalldevelopment of
more complex algorithrwith consideredaturation is questionable. In this manuscript,
verification of validity of usage of the contriohsed orthe nonsaturated moddobr the

small saturated IPMSWis made.
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Another aspect of IPMSKicontrol that is als@onsidered in the manuscript is

online estimation of mechanical parameters of the mofnoper estimation of the
moment of inertiafriction coefficient andoad torque are highly important in high
dynamic applicationsuch asoboticsor servo drives.

Thesisrelation with science programs, apicsand plans The thesis is based
on the research made in thetomation of electromechanical sgsts and the electrical
drives department of tiéational Technical University of Ukraine "lgor Sikorsky Kyiv
Polytechnic Institute'and in the School of Engineering of the Warwick University
during student exchange program.

Research goals and tasks.

Thegoal of the thesis lies in thienprovement of efficiency and performance of
the electromechanical systernased on IPMSM&y means ofdevelopment of the
advanceaontroltechniquesThetasksof thethesis are following:

1.Survey of the existed methods for inductanadetermination considering
saturatiorfor the IPMSMs.

2. Developmentof the testsfor inductance determinatiomethodsthat will
combine simplicity, high accuracy and convenience of usage.

3. Development of the speed and position control algorithms for the IPMSMs.
Verification of validity of usage of the contrbdsed on the nesaturateanotormodel
for the small saturated IPMSM

4. Developmenof the position control algorithm with adaptatiartthe mechanical
parameter$or the IPMSMs.

Research objectProcesses of theontrol of theelectromechanical energy
conversion of théPMSMs.

Research subjecEpeed and positionoatrol algorithms of the IPMSBIwith
adaptation to the mechanical parameters

Research methodfkesearch is based on the modern control theory of the
nonlinear systemd-ollowing methods are used: second Lyapunov method, feedback
linearizing control methodnd methods of modelling angperimentakesearch.

Scientific novelty of the obtained resultss following:
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1. Novel speed and position control algorithms for IPM&Mesigned. Despite of

the exising analogies, it allows decoupling of direct current component control
subsystem and mechanical coordinates control subsytem.the experimental and
simulation analysis follows that proposed algorithms can be usedh&dl saturated
IPMSMs without significant performancegtadation.

2.Novel position control algorithmwith online adaptation to the mechanical
parameterdgor the IPMSMis designed Unlike the existed algorithms, mechanical
parameters are observed during operation and algorithm adapts to its variation.

Practical value of the obtained results.Designed speed and position
algorithmsprovide asymptotic tracking of the controlled coordinated thads to
improvement of the higldynamics systems performan@esignedadaptiveposition
algorithm observesmechanical parameters during operattbat allowsimproving
system performanaespecially if mechanical parameters are variable values

Publications. The mainidea of the Master thesis is presehie 4 scientific
articleswhere 1 of them isralEEEconference paper af3dare published in Ukrainian
scientific journals

Publications

1. Rodkin D., Zinchenko O., Peresada S. "Survey of the interior permanent
magnet synchronous motor models considering saturation andncagseetization”,
International scientific and technical journal of young scientists, graduate students an
students "MODRN PROBLEMS OF ELECTRIC POWER ENGINEERING AND
AUTOMATION", Kyiv, Ukraine, 2020.

2. Rodkin D., Zinchenko O., Peresada S., Kiselychi@k"Inductance
determination of interior permanent magnet synchronous motor considering
saturation” International scientifi@and technical journal of young scientists, graduate
students and students "MODERN PROBLEMS OF ELECTRIC POWER
ENGINEERING AND AUTOMATION", Kyiv, Ukraine, 2020.

3. S. Peresada, V. Reshetnyk, D. Rodkin, O. Zinchenko, "Linearizing speed
control and selftommissoning of interior permanent magnet synchronous nsgtor

Bulletin of the National Technical University "KhPI". Problems of automated
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position control and selfommissioning of the interior permanent magnet synchronous
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Systems (MEES), Kremenchuk, Ukraine, 2019, pp-3@8.
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1 ANALYTICAL SURVEY OF PARAMETER DETERMINATION

METHODS

Interior permanent magnet synchronous motors (IPMSiMd)their application
in high-dynamic and precisn drives such as robotics and electric vehiclescause
of high torque/inertia ratio, high reliability, high power factod high efficiencyMost
of these advantages are achieved because of presence of permanensmamosdis
structure (usually in the rotor). At the same tite main disadvangg of the motos
comparing to the other AC machinésits costi is also caused by existence of
permanent magnets.

A lot of typesof the structuref the synchronous mo®areexisted The most

significant examples are presentedrig. 1.1 [1].

(a) b © o (e) ) (g)
’/\‘ \/ \/

Fig. 1.1 - Different types of the PM synchronous machines. a) Synchronous
reluctancanotor (SynRM) b) PM reluctance motowith ferrite magnets; c) PM
reluctance motowith rareearth magnets; d) IP&M with distribution windingsg)
IPMSM with concentrated winding$) SPMSM with concentrated windings; g)
SPMSM with distributed winding$1]

In case of synchronous mototstal torqueis combiration d magnet togque
(caused byMs) and reluctance torque (caused by rotor saliemspending on the
rotor structuran the configurations presented kilg. 1.1, dominant torque source is
different. Saliency and PM flux linkage relation define motor behavior in field
weakening region. According t@], configurations inFig. 1.1 can be organized in

Al PM de s iFRgnl2)pThamueRM flix linkage is relation between nominal

voltage and open circuit voltage at nominal speed; saliency equalslig/L , .

In Fig. 1.2 optimal design line is shown. This line corresponds to the special

matches of magnet and saliency that leads to the optimal flux weakeningittapab
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particular- possibility to operate with constant power at any speed with limited current

and voltage.

I.ess-PM and PM-less

<_> Q machines
Rl

5 ‘__\ o~ Optimal IPM design line
S DS
E "%
sl’J 4 ) \; W
Ny
2 s
VR @D
- Nort) N
1

0 0.2 04 0.6 0.8

p.u. PM flux linkage
Fig.1.2 - IPM design plane that shows optimal design [it]e

Because of saliency, saturation effects of the machine are very distinct.
Saturation effects cause parameters to vary nonlinearly, especially inductances alor
two axes Modern controltechniques require precise knowledge of the motor
parameters for the proper motor operation. Therefore, variation of the inductance:
makeshuge impact on the control performan@ unless its change is a known
function

A lot of methods exist to determine inductance values of the synchronous
motors. They can be conditionally divided into two grou@g:thosethat require
additional equipmen#]-[17] and b)those that does nt8]-[37].

Overall, methods that require additional equipment are more precise and
magnetic saturation can be considered during the test, however, as it follows from th
name of the first group, equipmentick as blocking mechanisms, loading machines,
hardware filters, DC supplies and so on, is required.

Methods that does not require additional equipment, also known as self
commissioning with free rotor or adaptive control method, require only common
electic drive system with fully controlled inverter. Despite of the convenience of usage
of the methods from the second group, their accuracy of parameter identification is

influenced by many factors, such as external noises, the inverter nonlinearities, an
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errors in reference frame transformation. Moreovetthmmentioned algorithms, all

motor parameters are considered as constants, saturation ancbocnolgsy effects are
neglected.

The third group, that is not considered in the thesis, proposes to calculate
inductances using Finite Element Analysis (FEA). This method allovesltulate
motor parameters based on its geometry and mat§Bil4§41]. Manufacturers use
this technique to predict characteristics of the motorhhatto be produced.

IPMSMs model in rotor reference fran{d-q) considering cross coupling and
saturations following [4]:

. di
Rig +de(id1|q)c(ij_lt L+dq(i o ﬁ w c('Y’J )
di '
u :Riq +qu(id,|q)—lf[‘ o i % w v )
) = \g(| 4l q) + M\(i al q) (1.1)

v
1
—
Qo
P
[}
O
St S—r
ey

whereu,, U, are stator voltages,, i, are stator currentsy is rotor speedp,, is pole

pairs number,R, is stator windings resistance’ , is permanent magnets flux,
Ld(id,i q) and L (d, q) are d- and gaxis static inductances de(i o q) and

qu( ol q) are d and gaxis dynamic mductancekm( ol q) andL, ( ol q) are cross
inductancesN;(id,i q) andYq(id,i q) aretotal flux along d and g axis respectively;

Yd(id,i q) - flux along daxiscaused by currents

1.1 Inductance determination methods that require additional
equipment

Mainly two approaches are used to determine inductances from the (hdglel
The first one proposes to lock the rotbr this case motor model converts into two

independent series RL circuitcross coupling is neglecte@he second approach is



18
to consider motor operation at nonzero constant spesteatlystate Differential

current components decay to zerdirl).
1.1.1 Stand-still rotor methods

There are several ways for inductance determination if rotor is lo€kedfirst
option is to observe current respons¢® voltage change, another words, to observe
system behavior during transient. The secoptionis to apply AC high frequency
voltage andbserve current magnitude. In this case inductances are determined fron
frequency method. These methods will bertluighly described below.

Method proposed in6] can be described requires locking mechanism.
Disadvantages are following: additional DC supply is used and-coogding and
saturation is neglecteBhases B and C are connectédltage stp is appliedbetween
phases A and BPhase A current and voltage between phases A and B are measure
using current and voltage probe respectively.

For daxis inductance calculation, magnetic axis of the rotor has to be aligned
with phase A voltage vectdsimilarly, gaxis inductance is calculated if magnetic axis
is orthogonal to phase A voltage vectfter that rotor has to be locked.

In standstill, IPMSM model converts to RL series circuit. Therefore,
exponential change of current is expected ifagdt step is appliedime constant
IS computed as time between transient start and moment when currentezalnes
63.2% of its steady state value.

Inductance is calculated from time constant and resistance as

L, “24R. (1.2)

q 3 S

In [4] method based on flux calculation is presented. In the paperaooping
and saturation are considered, however nonlinearities caused by inverter are neglecte

Rotor has to be locked during the test, anghasition is known valuelhe idea is to

calculate dynamic and cross inductantes) from fluxesY ,(i,i,) and Y 4(igi,)

values.Inductances can be determined4s|[7], [8]:
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de(id,iq):m,w(i i) i)
i A 1

qu(id,iq)zm,%(i i) _ifloid (13)
5 W

Flux linkages can be calculated from current and voltage transients. For instance

for Yq(id,iq) computation, current; is maintained as constant, voltagg is

changing in stepwise mannas presented ifig. 1.3. Current response is shown in

Fig. 1.4. Time dependent fluxy ; = Y(t) is calculated from voltagei,(t) and

current responsg, (t) based on model equation in flux linkage terms

dy _(ig,i
u, = R, M (1.4)
dt
t
Yq(ld,lq) :ﬁuq R OI)dt. (1.5)
0
30
20-
S 104
?:;a 0170~ b2 b4 peo  [o.s0 Lo |20

[
o
1

N}
o
1

-30

time t (s)

Fig. 1.3 - Stepwise voltage change, for standstill tesf4]

3,
2,01 ﬂ
1,01

L 20 40  doeo ¢80 400 120

current (A)

-1,0

-2,0 ’

-3,0

time t (s)

Fig. 1.4 - Currentsi, andi, during thestandstilltest[4]
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Time dependent fluxy , = Y(t) is determined for different, currentin order

to obtain flux values for each currents value. Applied voltage valiedasted so that

currenti, values cover all operational range of the motagure for dependence

Y, = \g(iq) for onei, current (in this casg, =1A) is presented ifig. 1.5

0.8

0.6
0.41
0.24
0

-3 -25 -20 -15 -1.0 -0 s 05 10 15 20 25 3

flux linkage ¥, (Vs)

-0.4-

-0.64
-0.8
currenti, (A)

Fig. 1.5 - Characteristicy | =f (id 1J.:,iq) obtained from the test datastandstill test

[4]
After that inductances (i o q) andL (i o q) can be determined froii.3).

Similar approach is proposed fdrdq(i d,iq) and de(i d,iq) determination. Static

inductance camlso be calculated from fluxes or moaath fluxes(1.1) can be used
instead.

In [9] stator AC voltage method is proposed. Worth mentioning that voltage is
applied in stator reference fran@.osscoupling and saturatioare neglectegd motor
has to have access to neupaint AC power supply is requiredhitially, rotor has to
belockedso that magnet axis is aligned with phase Method allows determining
both axes inductances after three stages test. As saturation and crossycangpli
neglected, motor modé€l.1) is simplified and has a form of the series RLcuit:

1. Small phase A voltagev(,) is applied and the induced phase curiignis

measured. Considering that rotor is lockstbadystate voltageurrent relation for
PMSM is

Van:(Rs +st(LIs I:l_A L-E))I B (16)
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where 1/ is voltage frequencyl. is the stator leakage inductande, and L, are
components of thmagnetizingnductances

2. Similarly, small AC voltage is applieth phase B for the same rotor position.

After that opercircuit v, voltageis appliedand phase B current are measured.

This condition is represented as
a aL +L
Vo = o 11 % (1.7)
¢ G

3. After that rotor is realigned. Rotorakis is aligned witlphase B by means of
applying small DC voltage. After that rotor is lockédC voltage is applied to pka

C and operircuit v, voltage and phase C currantare measured. Voltageurrent

relation can be expressed as

a . aL,-2L, @d
Van =i Wit o2 g (18)
¢ ¢ e
Considering that resistance is known, magnetizing inductancesstatat
leakage inductances are calculated frdn®)-(1.8). D- and gaxis inductances are

computed as
(1.9)

Frequencymethodis presented if10]. In the test, nverter nonlinearities are
consideredTest require invertercontrolled motor. Drawback is th&rosscoupling
and saturation are neglectduitially rotor has to be lockedetermination is based on
measurements of peak values of current and voltage if small AC voltage is applied t
one of the motor pls®s. In order to exclude nonlinearities, AC voltage with two
different amplitudes is applied ahdlo current amplitudes are measured.

In order to calculate -dxis inductance, magnetic axis of the rotor has to be

aligned with phase A voltage vectémductance is determined as
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l é'va am - V a,am 6
Ly=— &~ Pt 2mp2 gRﬁ (1.10)
A C Ia,ampl_ I a,amp2 —
whereV, ,on Va ampz - VOItage amplitudesl,, .1, .o - CUrrent amplitudes

Similar situation is for epaxis inductance calculation. However magnetic axis of
the rotor has to be orthogal to applied voltage vector.

In [11] frequency method using multisinusoidal sigegdresented. Test requires
motor connection to theoltage source inverter (VSIgaturation is consideredlring
the testln order to study infience of cross coupling, additional dc supply is needed.
The paper Bows the procedure of generation multisinusoidal signal for identification
of the dq axis inductances considering saturation and arosgpling. Test signal
includes first 15 harmonicsabed on the fundamental, =2 (20 rad ¢ Phase

displacement for each harmonic is choasmg Schroeder phases method. Proposed
method allows to decrease amplitude of the outputentsignal comparing to the
similar test with one &rmonic

Sauration effects can be evaluated when VSI is connected to phases B and C ¢
the motor. Phase A is disconnectRdtor daxis is aligned with phase A voltage vector

for L, calculation and orthogonal to phase A fdy; calculation.By controlling the

average phase voltages, the dc component of the phase currents can be altered. In 1
way, the machine impedance can be measured for different dc values of théugeadra
and directcurrent componentsCross coupling can be evaluated if additional DC
voltage is applied between phageand C

In standstill, motor model converts to series RL circuit, and total impedance

along gaxis can be determined as

\/R (il ), (1.12)

wherei = (1,2,...,13 - harmonic number
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Theoretically, L, and R,; can be measured for each harmonic; however,

J
resistance in this case is frequency dependent value. Thergfaseproposed to

measure resistance separately from DC test. Measureviygftt; is presented for

each harmonicZ; is fitted to this measurement by a variation lof;. For this

purpose, the leasiguare curve fitting method is used. Sim#égproach igproposed

for L, inductance calculation.

1.1.2Constant speed methods

Overall, constant speed metlsombnsidermotor operation in steady state and
calculate inductances from back EMF componemgerter nonlinearities he less
impacton these test?| controllers are used to track reference current values.

Constant speed steady state metwatlout requirement fothe prime movers
presented ifl2]. Tested motor has to be vectmontrolled. Such configuration allows
to consider saturation and crassupling effects only partially, as inductances can be
determinednot for every ég axis current.Constant motor speed is achieved for
different current agles. Paper considers operation at three different speeds: 200rpm.
300rpm and 400rpm. Inductances are calculatedndgpaen two consecutive
measurements of currents and voltages for the same torque but with diffesast d
current. Determination equatioase following:

(vql- qu) -Rs(iql i-qz)

Coflanta)= ZA(PREI (1.12)
Ly (i gei oo =V Ry

V,/sl ql

where(vql,lql,l dl),(v g2l ol d) - the first and the second current and voltage reading

respectively, stator resistance is kmovalue.
Proposed calculatiofl.12) allows to exclude PM fluXrom determination

equation.
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Method[13] is similar to[12], however resistance and PM flux variation due to

temperature changae consideredn this case on one measurement of currents and
voltages is done for one calculatidnitial values ofR, andY ,, are assumed to be
known.Two methods are proposed to evaluate temperature effects: where temperatul
of the end winding is used; where both end winding temperature and estimatec
temperature of the PMs obtained from a temperatisteitiition analysisare used.

Results are compared to the data obtained from EHSAmated values of resistance

FES and PM qux\EM for the second method are calculated as follows:

= 3 DT &
& =R &
s s_ambmné‘ Rloo 9
5 of (1.13
¥, = | & — |
M \ﬁ_amblentéé 100 f
where R; ,pen @Nd Y, ooien @re values of resistance and PM flux at ambient

temperature; DT - difference between measured end winding and ambient

temperaturg DE denotesdifference between estimated PM flux temperature and

ambient temperatureg, anda, aretemperature coefficients.

Inductanceestlmatlonsl_E ( ) and I_E ( ) are determrmed from(1.13) as

LUy Rig w %Lﬁidiq):ud_.—ﬁsid- (1.14)

Constant speed steady state method considering iron legz@posed ifl4].
In the method additional machine is required to maintain constant spatedation
along one axis is considered onlpduciance calculation is based on previously

calculated PM flux and core loss resistance'eq HOA , resistance is excluded frodt

axis inductance calcuian:

Ly(iy)=a= e (115
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Q-axis inductance is determined similafly =0A):

Lo(io)= — “;;Y , (1.16)
Wi - M

q RC

whereR - core losgesistance

Active resistance influeneg excluded during the test[ib5]. Unlike test in14],
saturation and crossoupling are fullyconsideredMotor is rotated withprime mover
atthe constant speedD-q axes voltage values are measuvea times at steady state
altering polarity of the €uxis currentResearches propose to use reference values of

the voltages, so test inaccuracissaiated with inverter operatioks a resultfor one

pair of currents, four measurement has to be dovhs(id,iq),vd(id-iq) and

vq(id,i q),vq(i g q). Inductances are determined as

aei) Vofiai ) (1.17)

Researcheis [16] propose method of calculation flux linkages from the steady
state model excluding high order harmonic influer@aguration and crogscoupling
are consideredMotor is rotated with constaspeed during theest Method requires
measurement of rotor position and phase A current and vofageces of harmonics
are nonrsinusoidal distribution of windings {5 7", 11" and 13" harmonic), slotting
harmonics, inverter dead timen(case if itis not compensated, sixtiarmonic
component is presented in curpgrgwitching harmonics and so on. Presence of this
harmonics has negative impact on accuracy of inductance determination.

Harmonics exclusion can be done in the following way. PhasetAgetan be
measured directly; however, it requires high sampling rate. Since our interest is tc

extract fundamental component only, RC lpass filter is proposed to usEast
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Fourier transformation proposed ¢atract fundamental harmonics from currentl a

voltage curvesWhen angle from position sensor is zerorrent and voltage values
correspond to -@&xis current and voltage. When angle is 90 degiegsaxis current
and voltage.

Currents and voltages are measured for each possible combinatianaodd
currents After that fluxes are determined as

_~Vq Rslq

Y (iiy) = Yo - Ry,

. Y(igi ) :‘T (1.18)

w

Self- and crossnductances are determines frohf).

1.2 Inductance determination methods that does not requie

additional equipment

Aswas mentioned before,dbe methods can be conditionally divided into two
categoriesoffline methods, also known as sefmmissioning with free rotor, and
online methods with adjustabdemdadaptivecontrolalgorithms.In generalmotor has
to be connected teoltage source inverter (VSipr both method§ig. 1.6.

Self-commissioning procedure is a proceslof selfidentification of electrical
or/and mechanicgbarameters. Thenajority of the proposed methods assume that
inductances are constants that leads to accuracy deteriorBimting methods
proposeto useobservers Mainly observerdesignis basedon Lyapunov second
method recursive least square (RL®ethod, affine projection method, sliding mode
or can be compiled manuallin case of adaptive algorithms, stability analysis has to

be provided

3-phase

1 Rectifier ; Rer inverter

° IPMSM
R,
C&V.L,J ”3)
oltage O
s i ]

~380V, 50Hz
755

—— BR
pr— A Encoder
— Clamper s
— control T;T ?
USB _¥Y e \ A 4
m— B <> DSP




27
Fig. 1.6 - General functional diagram of the experimental setup for online and offline

methods implementation
1.2.10Offline identification methods

Self-commissioningrocedurausing high frequencgignalinjectionis proposed
in [18]. As reference signal frequency is comparatively hightpmremains motionless
during the testDrawback is that ingctances are considered @sstant parameters
High frequency voltage is injected alongathd gaxis of the motor. Considering that

speedw =0, flux, caused by currentsan be found as

S .
Y. = u. RJJ, 1.19
S SZ + KpS +KI ( S SS) ( )

where U, - stator voltage vector;is:(i d,iq) - stator current vectors= d dt;

Y. :( Y, )() - current caused flux linkage vectd{ , K, - proportional and integral

gain.
Bandpass filter is used in orderexclude flux caused by PMs from calculation

and to reduce signal noisdsductances are determined as follows:

1 .
Ly =L -KLdg(| )T ':hd|)

Ly=Lgo -KLqé(‘ QT "_hq‘)

® -inductance estimation gaink,,, L ,, - initial best estimations.

(1.20)

whereK , =K,

During the test, following voltage is applied:

u,=u, Hu,, &, Urcosp ft jU sin2pfi (121

S a

Voltage DC componentl,. is utilized to algn d-axis with a -axis of the stator
reference frame. Authors propose to inject voltage with amplitdde 20V and
frequency f,=400Hz. Proposed test can be run for different values of the DC

component in order to evaluate cross coupling effects betwesrddiaxis.
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Frequency methodhere inverter nonlinearities are considered is proposed in

[19] and[20]. Method requires fully controlled electric drive. Saturation and €ross
coupling are neglected during the t&3te idea of the method lies in compensation and
exclusion of inverter nonlinearities during the test. Inductance is determined using

frequency method:

E =_—n_ (1.22)

whereU,, - amplitude of the injected voltagé, - amplitude of induced HF current.

I_EX - estimated value of inductance along one of the rotor reference frase ax

If high frequency (HF) voltage signal is injected using fully controlled inverter,
effect ofnonlinearities will be considerable and as a result determined inductance value
will not be accurate. In the paper, voltage error edlny inverter nonlinearities is

presented in théallowing form:
Duerr- X :S|gn( lfx) D &m ixh ' (123)

wherei,, denotes fundamental current of arbitrary phas®l; - saturated voltage

error in Region I(Fig. 1.7); R,,, - high frequency equivalent resistance.

Transient of phase voltage error and HF equivalent resistance as functions o

phase current are presentedrig. 1.7.

=20 ——m——-b=3==% | 40

— 77 Sign functiol /& \ I 3
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= 19 : pu 1 20 2
o |
| @
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IS : Lo E
| 20°¢
g I[— Du,, )
-20 L MRy | a0u

3 -2 - 0 1 2 3
Phasecurrenf

Fig. 1.7 - Phase voltage error and the HF equivalent resisthateepresents

inverter nonlinearitiefor offline identification tesf{20]



29
D-axis inductance determinatioiihe first term from(1.23) can be excluded if

constant DC component is implemented intaxts current. It allowgulling stator
current out of the zerourrent clamping (ZCC) zone. Moreover, injection of DC

current component allows reducif, drastically.Fig. 1.8 showsthatvalue of the HF

resistance depends on rotor position. If the DC component of an arbitrary phase currel

turns to zero, HF current component is also zero, and therefore there molldseors

caused by inverter for these positions. Estimated value(alaoarfsdinductanceLEd IS
presented ifFig. 1.9(a). Error deays to zero af, =(2k ) 6,k {0,1,2,3,4F. As

a result, it is possible to obtain accurate value of thrislinductance using proposed

method for particular rotor positions without any compensations.

90 90 15
120— < g0 120 — —<_60

\ T Ay

180 0 n«)

74(]\_/ 300

R,,(Ql
(a)

Fig. 1.8 - HF equivalent resistand&,, in polar coordinate with an electrical cycle

for offline identification tes{a) DC current componemt =0A; (b) |,=1.5 and2.5
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Fig. 1.9 - Estimated elj axis inductances in an electric cyfde offline identification
test[20]
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Q-axis inductance determinatiorocedure is the same, howee injection of

DC current component has less influence @xig HF resistanckig. 1.9 Moreover,

point of the leasR ;, corresponds to points where DC component of the arbitrary phase

is the highest. Therefore, at least valueDbf has to be known for accurateagis
inductance determination. Estimated values @xi$ inductance are presented in
Fig. 1.9(b).

Flux determination rathodwith estimation error compensatia proposed in
[21]. In the papernverter nonlinearitieand saturation effectsre consideredrotor
movement during identification procedure is taken into account.

Flux linkage are determined from model inXllinkage termg1.5), andvoltage

error caused by inverter nonlinearitisgonsidered:
t
Ysalioia) =Us Rid Yaeli o)dt, (1.24)
0

whereu,,.,(i4,) - voltage error caused by inverter nonlinearities

dgerr
Inverternonlinearities are considered in the same way is propog&é]irf20].
In the papererror is determined in the following way Fig. 1.10 procedure of stato

resistance determinatiaos presentedSeriesof current and voltageneasurements

done tocompute resistandg,,, wheren = 0..5, which is gradient of voltage line. It is
seen thau, curve is highly nonlinear. ResistanBg, ° R, as inverter nonlinearities
can be neglecteathigh current level. Voltagg, is propsed to interpolate by Hermite
polynomial.After that voltage error is determined is follows:

Rdoid' Rdsid’O qjd i<do

Uhermite(id) -R djsai do i¢d i T (1-25)
Ugys - Rd5id’ id5 U d

uderr =

—_v) —/=>D:

Voltage error alongj-axis as determined by means of inverse @inglct Pak

transformation.
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Fluxes are determined for each ofddcurrent combination. In order to do that

hysteresis control is proposed

quout’ If I dq(k ) <t dgse
-quout’ Ifl dq(k) I>dqset’ (126)
U (k- 1), otherwise

8
i
udq ref ( k) =,|\
|
]
where U, is the amplitude of injected voltagk,,., is the value of current setting
which controls the magnitude of injection current.

A

Fig. 1.10- d-axis voltage error characteristic of the inverter nonlinealjiéi¢g
Researches propose procedursadfcommissioning with includedrogram for

variation of U and | ., valuesto achieve better accuracy and estimatiore of

dqout

flux linkages for every current valuMoreover, rotor motion is considered during the
test and rotation angle isdluded into voltage calculation to increase accuracy of
determination. Also,time-delay effect is considered and correction method is
proposedinductancesire determined from fluxes basing @B).

Low frequency injection method proposed irj22]. Method is not influenced
by stator resistance variatioorosssaturation and saturation are considetéalike,
standard HF voltage injection methatl is proposed to decrease frequencytha
injected voltage to the nominal operating frequemctyorder to reduce hysteresis
effects As the goal is to determine inductance values for differeq) @irrents, DC

bias is included into injected voltage to provide different average current values
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Incremental inductance is proposeadonpute from AC values of injected voltagg

and output currenit,. as follows:

DL _Zsiny | (1.27)
W,

ac

whereZ=v,__ /i - machine impedancey,. - frequencyof the applied voltage; -

phase angle between the resultant stator terminal voltage and current.

Quadrature axis component of the current creates torque. In order to maintair
motor speed close to zettest has to be modifiett.is proposedo vary DC bias of the
applied voltage so that average current valgenear zero value. Frequency of the DC
bias curve is selected in a such way that torque oscillations are filtered by the machin
mechanical properties.

Flux linkages along-dj axes can be determined from incremental inductance

the following way:
ValK) = Yok B £8k) 40, (128)

where ki sampling indexDi,, - current change between two consecutive DC bias.

In the paper comparison of computed flux linkages with locked rotor and without
locked is made. According to the recalwesults rotor condition does not influence on
the resultsMoreover, results are not affected by stator resistance value as well as
inverter nonlinearities as inductance value is determined basing on phase shift.

In the papes[23] and[25], procedure for determinatiaf electrical parameters
is presentedStability is proved usinghe second Lyapunov method. Drawbacks are
following: inductances are considered as constants and inverter nonlinearities ar
considered as constants.

Resistance and inductances are detezthiat the first stage of the self
commissioning procedur@bserver is based oronsaturatednodel of the IPMSM.

D-axis current dynamics equation can be written as

= fiq % M, Uy (1.29)
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wherej, =R/L,, /, L ,/L, § I5,-constant parameters

Adaptive daxis current controllersiconstructed as
Ug :/E( ik P, WJ/qE My ked d)’ (1.30)

where/E, £, JE - parameter estimateg, - d-axis current reference valug,=i, 4,
- d-axis current errqgrk,, >0 - proportional gain of the-dxis currehcontroller.

After that, current error dynamics is deriveg dubstitution(1.30) into (1.29).

Following Lyapunov function is chosen:

a- 3 .. .
R A (1.31)
2¢ /y 4 ol 3/ -

where/, = j -Ej, k={1,2,3 - parameters estimation error.
Derivative of the Lyapunov function is
V= ki, (1.32)

if parameters estimiain derivatives are chosen as

JE= '71 = 1"’0l a
B= G b, i (1.33
/E = '73 = 37[di~é(

where/,, /,, /, - estimation gains.

Reference valuesf current and voltage aig = 2sin(501), u, =10sin( 50}.

1.2.20nline identification methods

Online dentification methods allow to estimate inductances during operation

and simultaneously modify algorithm with its new values to avoid performance

deterioration due to parameter mismatehck - EMF based methois presented in

[26]. Disadvantage is that it cdme used only in steady state at nonzero speed

Inductance aredetermined from the model in steady state.
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Estimation schemdor d-axis inductance determinatioIEq IS presented in

Fig. 1.11. Idea of determinatiod-axis inductancd_EOI is the same.

LPF %?—»

Fig.1.11- On-line IPM machine parameter estimati@]

Low-pass filter(LPF) is used to filter unwanted high frequency components.

Nominal values of inductanséE. _ and E

q,nom d,nom

feedforward compensation improves
parameter estimation during transiers. -integral coefficientThe same approach is

used in27], however LPF is excluded from the scheme.

Current observebased methotbr d-axis inductance estimatios presenté in
[28]. Similarly to[26] and[27] proposed method can lsed only in steady state at
nonzero speedilso, itrequires knowledge of all other motor parameterdcurrent

I, does not have to be zero.

Quadrature axis equation of then-saturateanotor model is utilized for-@xis
inductance determination. Estimation scheme is presentad.ih.12.

Adaptive mechanism frorkig. 1.12 is I-controller. Input of the controller is
current errore =i, -k, wherei, - current measured in the real systdfn, estimated

current valueK, - adaptive gain.

[
‘U
alll
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Fig.1.12- Structural scheme fdr, identification for online identification te§28]

The papes [29] and [30] present two methods for inductance estimation.
Stability analysis and convergence behavior analysis are preskenteel firstSection
analysis of identifiability of the motor parameters basing on Jacobibmagttix
presened Adaptive regulatorare the same for both methods and have the following
form:

=R§to) ';?iKRTq(t)d 4
Ll%t - LJ [)j ! (1'34)

Rt K (2 2

to

wheref (t,), I_Eq (to), E,(t,) - initial guesses of resistance and inductankgs K,
, K4 - estimation gains.
The first met hod called #nAModel re

q + 1, and

Functional diagram of the methalpresented ifrig. 1.13. Currentis=§ o

u, are reference values of current and voltage - reference value for theotor

position System convergence is achiever the ne&t coefficients:

K= K sibn(iy)
Ko =Ko fﬂbn(md)’ (1.35)
K =K g0 €0 (wi,),

whereK,, K 40, K 4 - POsitive estimation gains.

Drawbacks of the method is that the convergence addghmations coupled. It
means thagven if initial guess of one of the parameters is correct, it becomes erroneou:
if initial guess othe othemparameters is wrong.

The second met ho-cferance ontire liderdifccation Msind e |
decoupling control o. |t all ows t o e X
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convergence of each of the parameter estimation is decoupled. Functional diagram

shown inFig. 1.14.

> /uvmw/ 5
] LY
Estimator =
C Speed ir|O+l current | Yr | = | Machine| i, | | Machine

_f I Regulator T_ Regulator vel (electrical (mechanical

Fig. 1.13- Functional diagram of the firS8iRAC method[29]
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Fig. 1.14 - Functional diagram of the second MRAC metiji@]

Decoupling control is provided withddition of decoupling blocK to the

Y
o

A 4

v

control systemin this case motor model is simplified. Decoupling block and model
are presented below:

Ed- RE u, (136

Both methods are experimentally verified considering ¥iariation. The second
one shows bettgrerformance.
Adaptive control algorithm[31] is designed using Lyapunov method.

Inductances are estimated from both mechanical and electrical equ&esign
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procedure is similar to proposed [B3] and [25], however voltage references are

composed after Lyapunov function derivatis obtained. Suclapproach allowso
deal withinductancecomponentshat are not from current equatiomsly. At the first
step positive Lyapunov function is selectesdaptive laws and voltage references are
derived in a such way thayapunov function derivative becomes less that zero.

High frequencysignal wave volge injection methods proposed in[32].

Researches propose inject HF square wave voltaggu,,,u, in the stator

coordinate syster(xa - I) Injected voltages forms are showrFig. 1.15.

Fig.1.15- Injected voltages forrfor online identification tedi32]
WhereT, is carried periodT - HF voltage signal periodcrom Fig. 1.15, it is

clear that voltagbasfour different values per one period. For the future analysis each
of this value has certain index= [1 2 3 Zﬂ The paper proposes to calcul#te

following variables:

g1}

. T
e\ . - - - - -
T@"am ol b T | gl P-Eng 1
el o1 4 . . . . T
é g ujeé|ah2 T Va2 Vdal na ! ﬁ*ib% 2
doe gl (1.37)
éISL g,:\@am"mz Fops e ! ma !l i X 3
1
|

. . . . . T
a3 Tl mal pa ¥ o 1-pa ! 'haaBX 4

wherei,,, andi,,, - are current caused by HF voltages at the different sampling points.

Direct and quadrature inductan@ese calculated from the variables(in37) as
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— TUh

L, = ,
i ISL'\/IZDS +2n (138)

- TUh
Lq— - —.
lSL+\/I Ds + I

Proposed method is tested by means of simulation and experimentally.

Identification is completed within 70ms, error is approximately 3%.
Recursive least squares (RUSgthodwith simultaneousdentification of all
electrical parameterdgs presented in[33]. Researches propose to determine

inductances, resistance and PM flux simultaneodsdiyn two equations. RLS

algorithm is following:

Y(k) Qk)z(k),
G(k) = & 1 Ktk){Y(k) z'{k) (Ea)}.
-1 (1.39
K(k) P(k -1) Z( ){ 2 (KP(k FZ K},
1
— 1 K Plk 3,
9=21 (k3
where Y is output vectorQ is parameter vector, Z is input vect(ﬁ Is estimated
parameter vector, P is covariance matrixjs a msitive forgetting factor which is
chosen in range of 0.97 to 0.995.
Inductances are determined froraxis equation. In this caggrametersor

(1.39) are

Yd(k):ud(k ') Rs(k ]-)'id(k ])f

Qq(k) =gL4(k) L,k) .g (1.40)
éiy(k)-Ta(k 1) o

Z,(k)=g T Y

g ()i (k 1) §

Resistance and PM fluetermination is made in a similar way from thexis

equation
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Vi) =ulk 2 L ik 9oL 9l

5.(k-1) o (1.41)
Qq(k) =8Rs(K)  Yi(k) gZi(K) € k) Y

It worth mentioning that both algorithn{4.39), (1.40) and (1.39), (1.41) are
operating at the same time. (h40), resistance value from the previous iteration of
(1.41) is used. In a similar way inductances from the previous step are utiligedin

The drawbackof the method is that in the algorithms current derivative are
calculated directly. It will cause a lot of errors if inverter is used and value of the error
will depend on sample time.

In [34] RLS method with determination of the voltage drop on switches is

presentedRelation between output voltages of the inve(tgr, ub,uc) and reference

(ua_ref, ub_ref,uc_ref) considering voltage drop on switches is following

u, = ua_ref - D Sﬂ Ia) !
U, =u, o - D sod i), (1.42)

a~ Ya_ref \DSﬁ ic)’

u,=u

whereDV - voltage error due to deadtime of the inverter and swsteléage drop.
In rotor reference frame mode(d-q) axis voltages are modified with

componentdDV D, and DV Dq respectively VariablesD,, D, are calculated using

park transformation from sigfunctions of the stator currenBLS algorithmthe same
as in(1.39) is proposed.
The first step othe identification is standstill test. ResistariRg and voltage

error DV are calculatefrom the daxis equation at standstill:

(1.43)
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After that inductances are determirfeaim (1.39) and(1.40).

In the papef35], RLS method with two algorithms with different time rade
proposed. It allows reducing controller computation efforts during operation.
ResistanceRg and PM flux aremainly constants and are changing depending on
temperature. Therefore, their dynamics is quite slow. In case of inductances, iron cor
saturation directly influences on inductance valliest RLS is utilized to estimate
inductances and it runs at samplirege. Resistance and PM flux are estimated in a
separate programslow RLC- and rurs at lower frequencyRLS algorithm the same
as in(1.39) is proposed.

Faster algorithninas the simpler structure and assumes that stator resistance an
PM flux are constant during at the sampling periedS algorithm parametersre

following:

77 () 0 mKi(k) (144

“EuK)ig(k) O

- T

G(k) =& (k) Lok) g

Slow RLS algorithm parameters are presented below.
0 i(u(k) (k) k) ¢ w45

Problem of persistencygf excitation with slower algorithm can be solved by
means of providing small perturbations to thexis of the machine. Size of the
perturbations has to be small enough in order not to cause torque ripple and larg

enough to provide proper operation of the algori{thmb).
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Researches i[B6] propose #Hine projecticn method with two algorithms with

fast and slow convergencélgorithm structure is similar to proposed [B5]:
Algorithm with slowconvergence is utilized for load torque, resistance and flux PM
estimation Algorithm with fast convergence allewo estimate inductances fife

projection methodhas the following structure:

Y()=2" (k) ).
R O e

From (1.46) it is clear that affine projectioalgorithm has simpler structure
comparing to RLSlgorithm Fastconvergence algorithmparametergor inductance
estimationare determinedfrom current dynanais equation. Current derivatives are
calculatedas difference between adjacenfrrents measurementsow convergence
RLS algorithm parameters for resistance, load torque and PM flux estinaai&on
determined from speed and currents dynamics equations.

In the paper experimentatomparison of conventional RLS method and
proposed method is presentBesults show better performance of the affine projection
method (faster response, more accurate estimation, better robustness to load torq
variation, etc.).

Extended Kalman filteproposed in[37] can be implemented if common

IPMSM model is transformed the following structure

K(t)=f (x(1)) Bu(t) (1),

V(1) = Hx (1) (1), 4

N T — . N T
whereu=gu,,u, gy =i,@, areinputand output vectors=g,i,ab g- system
state vectofa=J L,,a % L), s (t) - system noise that includes model inaccuracies

and /7{t) - measurement noises.
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el 0 0O 0Oy

= 1.48
€ 1 0 0! (149

u
H
U
v
U

Filter consists of two steps called theediction step and innovation stéfhe
first step performs prediction aftate vector value and covariance matrix basing on
previous estimates and mean voltage in the period bettyeesnd t, . The next step
corrects value ofovariance matrix.

1) Prediction step

Eqkl_xlﬁukl ( k!pzz]) Gv,, g

(1.49
I:’|<||<-1 = Pk 1k & "(Fk lPk Uk 1 - k 1k fk)
2) Innovation step
:lerT:z-l + k(y « HX klkEE)’ (1.50)
ID|<||< = Pklk 1 -K kHPk|k-J:
3) Kalman gain
-1
Ky =Py H (HPy, R) . (151)

Parameters) and R are chosen with trigdnderror procedure to get the best

tradeoff between filter stability anmbnvergence timdn the paperfilter is tested by

means of simulation arekperiment.
1.3 Finite elementmethod for inductance determination

All modern machines are designed with FEA met[88). Currently two types
of the FEA models existed: radial flux geometries can be describes 2BikdEA
models with a decent level of accuracy; 3D FEA models require much more
computational effds, but allow toachieve more precise description of magnetic

processes in the motor. Current supply is simulated and flux is evaluated by means «
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integration of the vector magnetic potenff]. Inductances are evaluated from fluxes

to obtain motor models with the different level of simplification (Seetion2) [40],
[41].

1.4 Mechanical parameters identification methods

Importanceof accurate mechanical parameters estimation cannot be emphasizet
for precise speed and position control especiallyoipotics, high efficiency/speed
applications. Existing papers are focusednsoment of inert, different types of
friction and load torque identification.

Most of the researches are focused on the moment of inertia identification.
Moment of inertia is estimated using Unscented Kalman Filgd2h. Paper o
compares proposed method with estimation using conventional Extended Kalmar
filter. In [43] position is changing sinusoidally. The idea of théitet multiply torque
referenceby position and take its average value during one position reference sine
period. Moment of inertia is calculated basing on this average value and amplitude o
the position reference sine. [A4] moment of inertia estimation method is based on
full-order state observer. Method also allows to estimate disturbance torque. Sinusoid
guadrature current component referenis applied in[45]. Speed form is also
sinusoidal if load torque equals to zero. Speed derivative can be found analytically
Moment of inertia is dtermined from the mechanical equation in the moment of time
when speed equals to zero.

Some articles consider simultaneous estimation of the mechanical parameters ¢
all of them are presented in one equation and erroneous value of one of them can ha
negative impact on the accuraofdesignation of the others.

In [46], it is proposed to deternmegnviscous friction, moment of inertia and load
toque. The main idea is to differentiate both sides of the mechanical equation of the
model and after that multiply by speed derivativeSpeed derivative is calculated
directly from the speed value with implementation of lowpass filter to avoid amplifying
system noises. Each of parameters determination is based on negiéctimained

equation components if speciabt is conducted.
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In [47] another approach is proposed. Disturbance torgaesed by torque

coefficient and moment of inertia inaccuracy, frictionl &mad toqueis determined as
difference between calculated from currents value of torque reference and calculate
from measured speed value of dynamic torque. After that this value can be used t
modify torque reference and as a result achieve betterpance.

Moment of inertia and friction torque coefficients simultaneous estimation
method is proposed i48]. Total friction is caused by Coulomb friction and viscous
friction. The idea is to apply low frequency sinusoidal speed. In this case friction torque
is in phase with speed and dynamic torggieut of phase. Friction coefficients and
moment of inertia calculations are basedali period integration afeference torque.

Conventional load torque sliding mode observer is analyzptPinAccording
to the analysis, observaccuracy deteriorates if moment of inertia and viscous friction
coefficientare determined not correctlin the paper new sliding mode observer is
proposed. Observatiarrors caused by the mismatch moment of inertia are removed
as two additional methods fenoment of inertiadetermination are proposed: direct
method when the drive system has just entered into a steady state; and PI controll

method, when the driveysem entered into the dynamic state.
Conclusions to the Section1

A lot of methods are existed to determinductancesHowever,problem of
accurate inductance determination is not fully solasl accurate methods usually
requires special test with additional equipment and methods that are convenient i
usagedo not consider saturatioBxisted nechanical parameter identificatiorethods
usuallyrequirespecial test, as a resutiontrolsystem does not adapt to mechanical
parameters variation during operation.

From the survey follows that following tasks has to be solved:

1. Development of the test for inductance determinatn@thods that combine
simplicity and accuracy of estimation.

2. Development of the higperformance speed and position control algorithms

3. Development of the position algorithm that provides online estimation of the

mechanical parameters and adjustdwariation.
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2 INDUCTANCE DETERMINATION CONSIDERING SATURATION

In thisSectionderivation of the IPMSM model considering saturation and eross
coupling is presented. After thaby means of consequent simplificatjiomodel
converts to the commamon-saturatednodel[50]. Also, two methoddor inductance

determinatiorare proposed and experimentally verified. Both methods are based on

the modelwith partially considered saturation
2.1 Derivation of the IPMSM models considering saturation

Process of the model deation starts with the model in flux linkage terms in
rotor reference frame. Conversion to the stator reference frame model can be dor
using Inverse Park Transformatifs0]:

@ b — a3 g & [d9
x@ D =g a9,
_ecosg singy

&

_Jq
e . 1
e Sihg COs g,

(2.1)
N T
e’ g=eq’ . g
wherex® 9 _ state vector in the rotor reference fram@;’ 4 _ stator reference frame
state vectorg - rotor angle.

Equation(2.1) allows to convert model to the two phe(% lj stator reference

frame. Transformation to the thrpbase coordinate system can be accomplished with
Inverse Clark transformatidb2]:

e [}
. é1 0 10
eX, gé e, ¢
=" nel V3 &’
& Gep 5 Lo (2.2)
X 16 80 |
6x Hé_l ﬁlg l
62 2 "1

< T
where[x, x, x/] - three phase state vect@x, X, O - two phase state

vector.
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General model that consider saturation and ecospling effects in the IPMSM

can be expressed in flux linkage terfhg Equations of the model inal axis rotor

reference frame are presented below

Uy = Ry, +de5$) WP, @d’q)

dy (i,
u =R. M wp, iy, (2.3)
dw _ 3p, Y : n T
E—Z—J( i - foid 7 73
where J moment of inertian 1 viscous friction, T, is load torque.

Assuming that self and cross inductances ansidered as a functions of both

currents {; andi,), flux equations are

é,Yd(id’iq) g L?(i al q) dq( d () Gd ﬂeY,vI {
e = e 1
& fisis) HLgld) L fd) o

Model (2.3) allows to describe saturation and crossipling effectsin the

(2.4)

IPMSM, but it cannot be used for closed loop cordedigndue to complexity of flux
measurement. In most of the cases m@28) has to be transfared to a model with

explicit current derivatives.

2.1.1Model of the IPMSM if self-inductances and mutual

inductances are functions of both currents

Transformation to the model in current terms can be done by means of

expression of flux derivative as deative of complex function:

dY o(igiy) i, W¥(ioig) di, ol ) (25)
dt dt Mi, dt
Analogically to(2.5), quadrature axis flux linkage derivative is
dY  (igiq) _dig 1 Y(iaig) diy u(f a) 26)
dt dt Mi, dt '

Substitution 0f2.5) and(2.6) into (2.3) gives
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d 3 AW ; I
d_,f[,/=7pn.]( Yﬂ('d"q)'q ) q\(idl “) d) _/-;W _Ej-

Cu v (i di , | |
O(Ijléj 2 du(ildd lq) + d's de'u]d' q) =R, Jrq(m,l q)p W ou, (2.7)
di u Y (il di. U i . .

dls dl-fidd q) * dls df[i_; q) = I:zslq -d(M’I q)p WUy

Flux derivatives by currents in mod@.7) can presented from inductances. In

this case, model will have more conventional formY |f =consl, partial derivatives

of flux linkages by currents froif2.4) are

H Yd(|d,|q) :Ld(id’iq) 'i'd L“d(l di q) |-|a L ljh( uj o)’
Mg K I 4
H 5\lala) Yd(.id’iq) :qu(id’iq) ty L“d(l ! q) i+ - hh( d D),
M . Al (2.8)
M Yq(|d,|Q) :Lq(idliq) +q Lpﬂ(l di q) Ha L lqh( ’(j o)’
Mg b '
M Yq('a,'Q) =qu(i d’i q) +q L“Q(I ai ) Ha L lifh( ’cj o)
Mg K I H

Substitution(2.8) and(2.4) into (2.7) allows to obtain model that is free from
flux linkages. Obtained model requirésmowledge of self and crossductances
together with its derivatives, however information about each component does not lea
to advantages from contrdesignpoint of view. Therefore, it is more rational to use
model(2.7) as it requires 7 parameters to describe electrical part of the motor insteac
of 13 parameters in case of the model that is free from flux linkagesflthe
derivatives by currents can be considered as dynamic inductdn®gswvhich fully
describe magnetizing processes.
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2.1.2Model of the IPMSM if self-inductances and mutual

inductances are functions of both currents and crosgoupling is

neglected
Equation (2.4) is simplified in this case, as cresgluctarces qu(i OI,iq) and

L o (i o q) are neglected. However, this aspect has no influence ondtel(2.7). And

as a result, negléon of the cross coupling does not simplify electrical part of the motor

model.

2.1.3Model of the IPMSM if self-inductances are functions of one

correspond current and crosscoupling is neglected

Derivation of the model starts with model in flux linkage teria8), however

fluxes are functions of seturrents:

s'd d
oody (i
u, = R, "—;t( q) WP, d(Yi d)’ (2.9)
dw 3 Y. : n_ 1
E:TD\;( Yd('d)'q i q\ﬁ Q)I d) _jW _EJ-
Fluxes derivatives are expressed as
dY ,(iy) _ di, 1 ¥(ia).9Yalia) dig 1 Y(i,) (2.10)
dt dt pig o dt B

Substitution(2.10) into (2.9) gives

dw _ 3p, .\ : n T
at ZJ( \G('d)'q ) q\ﬁq)l d) _jW _Ej-
dt  pi,

dip (i |
d_'? Hic(jd)z Ri, -dfoJpwv ug

de + o ug (2.12)

Model (2.11) can be used for algorithaiesignif fluxes Y ,(i,) and Yq(iq) are

known values. However, some identification methods determine inductances not from th
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fluxes, but directly from the model. According to made simplifications and assumptions

flux linkages are defined as
Yd(ld) = %( d) + W (2.12)

In this case mod€PR.11) can be presented as

d_'/'/zs_pn((l‘d(id) 4-q(i Q)) iqd +i"Yq) _,;W %-

dt 2J
. di . .
de(ld)d_;:j= RJ d Wp n qﬁa) u j- (213)

_di : :
LQQ(IQ)d_:: Réq H'pn d(Yd) U'q"
wherelL (i d) andL,, (i q) are dynamic inductances alongahd gaxis as functions

of the correspond current. Y ,, =consl, dynamic inductances are

):U%(id) _“(Ld(id)id) L:d(i d) i ll-“d(id)

Ll Mg W T (2.14)
L (i ): H ﬁ(iq) _“(Lq(iq)i Q) |= (I ) i 4 I'“q(l Q)_
aa\' a b, 1 A U

Model (2.13) is comparably simple, and saturation is partially considered.

Further simplification leads to tdining conventional IPMSM modg 3] when

inductances are constants and ctamgpling is neglected:

dw _ 3p, - : n T

@~ aallle Ll i) vy
di : :

dd—sz Ri, pylj, u% (2.15)
diy

2.2 Description of the test 1

The first test is made in standsf8¥]. Basic idea is similar to methods proposed

in [6]. Test is made for themotor #1 aneéxperimental setup described in Appenélix
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The static and dynamic inductances are determined from the single test for twc

relative rotor positions with regct to the applied locked stator voltage vector. The

functional diagram of the experimental setup is presentBayir2.1.

+

VD1 vD3 | | VD5
JE P JK 2 JK i IPMSM
o VT/’{\ VT3 VT5 /
DC supply — ® c \ @
VD2 VD4 VD6
€
VT2 VT4 VT6

Fig. 2.1. - Functional diagram of the experimental setup for the sstitidest

Voltage u,, between phases A and B and the current in phase A are measure

using differential probes and an oscilloscope. The measured values are-aitiseod
g-axis voltage and current depending on the rotor position. Idea of the test is to observ
the current ad voltage duringransientsfrom active states to zero state, where the
states are as follows:

1. Active positive state. +DC voltage is applied to phase A-B@dto B and C
phase. In this case transistors VT1, VT4 and VT6 are opened.

2. Active negativetate.-DC voltage is applied to phase A and +DC to B and C
phase. In this case transistors VT2, VT3 and VT5 are opened.

3. Zero state: all transistors are closed.

In the rotor reference framesakis is aligned with the direction of the permanent
magnet fux. In order to determine-ais inductance, the rotorakis has to be aligned
with the locked stator voltage vector corresponding to either active positive or active

negative stateFg.2.2a). Voltage u,, in this case is -@xis voltage and current

measured in phase A isakis current. In order to set the rotor position, +DC voltage
is applied to phase A andC to B and C phases. After that, the rotor is locked. To
determine epxis inductance, the rotoraxis is aligned with the locked stator voltage

vector described abovEif. 2.2b). Rotor alignment is done with applying +DC voltage
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to phase B andDC voltage to phase C (transistors VT3 and VT6 are opened only).

After rotor is locked transients from active states to zero state are consideraxi|s q

transients.

>

A

+() +()
d [%RS q R,
LS

A f L

L.~ s

Fig. 2.2. - Standstill test confgurations for a) €hxis, and b) eaxis inductance
determination
When switched to active states, the inductances accumulate magnetic energ
Fig. 2.3 shows current path in positive active st@ace the inverter is turn off to zero
state, the stored magnetic energy continues the current flow and induces a voltac
higher than the DC suppand with opposite polarity. The current starts to flow through
diodesas it is shown irfFig. 2.4. At the moment of time, when current falls to zeaib,

energy stored in inductances has been dissipated

+
VD1 VD3 VD5 A

ol o 2o

A HIPMS

I B

DC supply c AL

e ﬁéﬂtvﬁ“’éﬁ 270

Fig.2.3. - Current flow in the active positive state
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T = =

A, R B :

A 7| IPMS
_la .
DC supply -1 l c A
4 2 \VD4 VD6 +

i z&Dwﬂt R D \ (

_ _ |

Fig. 2.4. - Current flow when switched from the active positive state to zero state
It should be mentioned that currents in phases B and C are assumed to be tt
same and therefore voltage drop on transistors VT4, VT6 and diodes VD3, VD5 is the
same. As a result, pdsB and C are directly connected, what is important for further
data analysis.
According toFig. 2.2, equivalent resistance and inductance of thisuttitare

R.=15R, L., (i,)=1.5L (i ). considering that impedance in each phase is the

same, wheré (i ,) is phase inductance.

2.3 Description of the test 2

The second test is a test with constant speea. is similar to proposed jh2]-
[16]. Test is made for thenotor #2 andexperimental setup described in the Appendix

B. The functional diagram of the experimental setup is shovagir2.5.

3-phase

1 Rectifier Rer inverter
1 L A IPMSM M
Jém 1 .
j& o Voltage J @\ @—— control
T sensor
system

-?380%/ S%Hz’o
EL380(\L/ ECOLH

- ET Encoder A
Clamper qs Load
control = control
USB _¥ a v ¥
— - TMS320F28335 based DS@ntroller (32 bit, floating point)

Fig.2.5. - Functional diagram of the experimental setup




53

The test allows to estimate the flux linkagés(i,), Yq(iq) and permanent

magnets fluxY . The constant nemero speed is achieved by the additional induction

motor (IM) velocity stabilization. IPMSM stator current tracking is organized using Pl
current controlleramplemented in rotor coordinate reference frame:
u:-ki~i -x,u=-kiT X
d ! d d q . q q (216)
X4 =Ky, Xq = Kilgs

where =1y A

0 iy=i, i} are current tracking errors,, i, are referencesy,, X,

denote integral components, >0, k. >0 are the proportional and integral gains of

the controllers.

These two high gain Riurrent controllerq2.16) are configured to achieve

asymptotic current tracking Wi'[h =0 and Td =0 provided that current references are

slow enough.

For the fux linkage Y 4(iy) estimation the reference valug =0; d-axis

current reference value is changing linearly in the rdigei .|, wherei are

min min? imax
minimum and manum operation currents respectively. The rate of the change has to
be slow enough so that current dynamics can be neglected. As a residtfldx as a

function of daxis current is found from modg&.13) as

Yo (ig) :Wsn : (2.17)
For the determination of qu>Yq(iq), the testing procedure is the same, but in

this casd, =0 and gaxis reference current value is changing linearly. As a result, q

axis flux as a function of-gxis current can be found from mod2I13) as

.\ _ u
Y, (ig) = WS (2.19

Permanent magnets flux,, can be calculated fromakis flux wheni, =0:
Y. = X, &. (2.19)

The inductances can be determined using four methods described below.
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2.4 Methods for inductance calculation

Four methods are proposed for static and dynamic inductance calculation of the
IPMSM.

1. Method based on flux mod&ynamicinductancexan be determined from

the fluxesas

. d):H Ej(id)’ qu(i Q):“ Yq-(iq)' (2.20)

=

q

In case of motionless test, the flux linkag¥és(i,), Yq(iq) are found from
measured current and voltage curves:
Y, (iy) =f{u, Rdi)dt G,

Y, (iy) =f{u, Rdj)dt G,
whereC;, C, are initial conditions.

(2.22)

Drawbacks of using(2.21) are the following: direct integration tends to
accumulate errors and necessity of precise determinationitiaii conditions for
accurate flux computation. However, if dynamic inductances are determined from
(2.20), these drawbacks have no influence on accuracgletérmination, as flux

gradient is used but not its absolute value. Therefore, initial condiipn€, can be

taken as zero.

2. Method based on current mod&hother approach is to determidgnamic
indudancedirectly from the motor mod€R.13). As test is made in stassdill, model
is simplified and inductances are

L i d):”fji'd—/zst'd, qu(iq):ugT/F;St'q. (2.22)

Equations(2.22) require accurate knowledge of current derivative. In order to
exclude influence of noises it is proposed to approximate current curve and calculat
the derivative directly. Flugan be also approximated to receive dynamic inductance

from (2.20) analytically.
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3. Method based on steadtate modelStatic inductance&an bedetermined

from flux as

L(i,) =Yelia) = % Lq(iq):Yq_(iq). (2.29

i I

The mentioed drawback of flux calculation usir{8.21) has higher impact on
accuracy of static inductance determination in this case since absolute values of flu
are sed. Inaccurate computation of the flux linkages(#23) leads to singularities
for currents close to zero. Initial conditions can be found from the phieh current

and voltage decay to zero. In this caég =0, Y ; = Y, and initial conditions are

~bcond . ~bcond
Ci= Y ) (u; Riigdt C, = f (u

m

. Rug)dt. (2.24)
4. Method based on discrete time mottas also possible to compute the static
inductance using dynamic inductances from their relationsh{@.14). However, it

requires solving difference edquans in the following form:

L] k] (el 1 L) iyt 1)
L] 6] ek 1L ) 14t 1]

where k is a sampling indefi,, Di, are changes of {d) currents between adjacent

(2.25)

iterations. Initial values for static inductances &rg0] =L [0], L [0]=L[0] if

k =0 corresponds to zero current.

Computation of the static inductances us{@@5 d oes n ot have
method based qf2.23), due to the fact that calculationg#25) are based on dynamic
inductances and currentDynamic inductances can be determined from the methods

proposed above.
2.5 Experimental results
2.5.1 Standstill test 1

An example of transients for tested motor #1 is presentem)ir2.6. The stator

resistance is determined from the measured current and voltage values in active sta
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The active state corresponds to the period of ttian0,0.E] ms inFig. 2.6, in which

equivalent resistances aRg,, = u,,(0)/i, (0 =0.20hm R,=R,,/1.5 =0.13 Ohr.

current iq (A), voltage uq V)

current | |
voltage

20

10

-10 1

20

0 05 1 15 2 25 3 35 4 45 t(mo)
Fig. 2.6. - Transients of voltage and current #agis inductance is calculated

The problem of method #2 comparing to method #1 for dynamic inductance
calculation is that precise approximation of current curve is not always possible;
equation(2.22) can be used only during transient, preferably with current derivative
that does not change its sign.

Drawbacks of static inductance determination using method #3 are dependen
on initial conditions in flux calculatiof2.21) and as a result, singularities at zero
currents are present. In case of using method #4, there is no problem with singularit
if condition of equality of static and dynamic inductances is accepted fezeron
currents.

flux ¥ (i) (Wb) flux W (i ) (Wb)

0.11

0.08

0.07
0.1F

0.06 |
0.09 r
0.05

0.08 0.04 |

0.03 |
0.07

0.02 |

0.06
0.01 |

0.05 ‘ : : — 0 : : : —
20 -6 12 8 4 QLA 0 4 8 2 16 i.A

Fig.2.7. - Flux linkages along-dand gaxis



57
The (dq) flux linkages, computed fron2.21) and (2.24) are presented in

Fig. 2.7. The gaxis static and dynamic inductances using presented methods are show
in. Static inductance (method #4) is calculated based on dynamic inductance
determined using method #1. Thexis inductances are not shown since they remain

constant for this motor if, <O and equal , =L ,, %.62mH.

Calculated g-axis inductances (mH)

— L (i)method1
6L 9 q i
— —_-L (i) method2
a9 q
- Lq(iq) method 3 | |
— — —L (i ) method 4
949

0 5 10 15 i (A)
Fig.2.8. - Calculated values of theaxis inductancef the motor #1

2.5.2 Constant speed test 2

In this test,motor rotates with the spee#t=157 rad/s, which corresponds to
50Hz motor supply frequency. Currenig and iq are changing linearly from
=759 toi_. = 7.5¢ (values close to rated ones). The trartsidsst for 60 s.
Currentcontroller gaink; =30 andk; =125C ensure sufficiently fast dynamics of the
current control loops to consider the regulation processes asstplasi

The transients for estimation of ,(i,) and Yq(iq) are presented iRig. 2.9.

Measured flux characteristi€®.17), (2.18) for motor #2 are shown iRig. 2.10. From
the analysis ofig.2.9 andFig.2.10 it is seen that under cottion i, =0 the flux

Yq(iq :O) 0, that needs further investigations. From conditiprO it follows that

Y . =0.615 Wh. Both flux linkages were approximated &d@derpolynomials.The

d-axis flux shown for negative values, which corresponds to-fieldkening operation

mode.
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From Fig. 2.10, it follows that the saturatioof magnetic circuit is negligibly

small.

Advantages of the constant speed test are possibility to determine fluxes a:
functions of both currents and as a result to take into accountaoyopbng effects of
the motor. Moreover, implemeri@an of the closedoop system provides mitigation of
inverter nonlinearities. However, it requires using the additional drive for testing
machine rotation.

Current i * (A) Current errors i ,, iq (A)

8 8
4 4}
0 0
-4 -4

-8 L 1 L 1 L 1 L 1 L 1 L h -8 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 t,s O 5 10 15 20 25 30 35 40 45 50 55 60 t,s
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Fig.2.9. - Transients for estimation of the fluxes for the motor #2
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Fig. 2.10. - Flux curves for the second method
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Fig. 2.11. - Calculated values of {d) inductances of the motor #2

Three methods under consideration were used for inductances estimation usin

experimental data shown kig. 2.10. The dynamic inductances are determined using
(2.20) (method #1). The static inductances can dither determined fron2.23)
(method #3), or(2.25) (metlod #4). As the fluxes are determined directly, initial
conditions are inherently known. The results of computations are presented ir

Fig.2.11. The indut¢ance Ld(id) slightly rises in thdield-weakeningregion; while

the inductancd_q(i q) slightly decreases near the rated valueg, pbut they can be

considered constant witufficient accuracy.
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From comparison oFig. 2.8 with Fig.2.11 follows that investigated motors

have different level of the saturation of magnetic circuits, however proposed tests an

methods provide accurate estimations of both static and dynamic incesta
Conclusions to theSection2

1. Presentation of the model with fluxes and flux derivatives requires a smaller
number of parameters comparing to the model presented using self and cros
inductances

2. If inductances are presented as functions of one cusygsiem becomes coupled
only with backEMF components, and control algorithm based on the system does not
have significant differences comparing to the one based orthsaturateanodel

3. Two different tests are proposed and experimentally verified. fifbe one,

c al | wmmtstillimethod , al | o wsinvater manhneantigs from the
calculation scheme and $&igh level of accuracy as voltages and currents are
measured directly. At the same, this test requires to connect additional DC supply. Th
second method uses common inveldased vectecontrolled drive, however it has to

be driven with prime mover. Inverter nonlinearitiesdbkessinfluencein this test.

4. Four methods are proposed to calculate inductances from data obtained in th
tests. Dynamic inductances are determined either from fluxes or directly from the
model. Static inductances can be found also from the fluxes or from the dynamic

inductance.
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3 SPEED CONTROL OF THE INTERIOR PERMANENT MAGNET

SYNCHROLOUS MOTORS

In this Secton designof the IPMSM speed vector control algorithm is presented

[23].

3.1 Formulation of the control problem

Following assumptions ateken:
A.3.1. Stator currents, angular speed and angular position are measured value:
A.3.2. Parameters of the motor are known and constant values.
A.3.3. TorqueT, is unknown, limited, constant or those that is changing slowly.
A.3.4. The rotor speed reference is smooth and bounded function together

with its first ¥ and secondi time derivatives; ehxis current referendg is bounded

together with its bounded derivative

The control problem is to design a speed controller, which guarantees following
control objectives:
C0O.3.1. Asymptotic speeaw and direct current componerjttracking:

lim (1) =0, (3.2)

t- o

wherew= w - i-rotor speed errofi, =i, 4, - direct current component error.

C03.2. Asymptotic decoupling of speed control and direct current control
subsystems.

C0.3.3. Linearization of speed control subsystem.
3.2 Designof the speed control algorithm

As parameters are considered as constantssaturatednodel (2.15) is used
for the controldesign Algorithm is designedusing back steppingdesignprocedure
[54].

3.2.1 Speed controllerdesign

From(2.15) speed error dynamics is following:
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where Tq =i, 4*q - quadrature axis current erraf, - reference value of the current;

E torque  estimation;

T’LzL 'EL - torque estimation error, £
J
-k _31 Y -k
n(ld)_éjpngYM (—Ld L'q)'d 80.
Current controller can be formed frq®2) as
1 &4 n . . ~
=R W Wk W
i)e " 3 : (3.3)
-EL: KW,

Where(kW, k W) >0 arespeed controllgproportional and integral gaimespectively.

Substitution(3.3) into (3.2) gives
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Torque is assumed to be constant in A3. As a reéﬁglt; £ . Worth

mentioning that in case of current contri}]l,: i~q B, so that systeni3.4) becomes

linear and asymptotically stable for eve(liyw, Kk W) >0.
For thefurtherdesign derivative of the quadrature current refereﬁcbasto be

found
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(3.5

-k

% . . Ix k =~ .
wherei, is known functionji, :n(—WTL - unknown funtion.
)
d

3.2.2 Q-axis current controller design

From(2.15) g-axis current dynamics is following:

s & L L. 1 o
I, = 5(|q |J5) Eﬂpnw — P W L—u+q g (3.6)

q q q q

(3.7)

where(kil, K. ) >0 are current controller proportional and integral gains respectively.

Substitution(3.7) into (3.6) gives

3 - K -
I, = Kl %, —n-(ﬁTL, 8

Xq = Kilg,

wherek,, =k, %.
q
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3.2.3 D-axis current controller design
Current controller for éhxis isdesignedsimilarly. From (2.15) d-axis current

dynamics is

< R_ /-~ . x L. 1 o
i, = Lj(ld i%) L—%lan Cte e (3.9)

Voltage reference alongakis is formed fron{3.9) as

uy = Ry, Lpwm, H-d(i'*d k-i.!:d X L),

X4 =Kiig,

(3.10)

Substitution(3.7) into (3.6) gives

g = Kiglg %y (3.11)

X4 = Kilg,

wherek,, =k, &
I‘d

Total error dynamics of the system basing&s), (3.8) ard (3.11) are

2 3 0 = ~\~ 31 ~ o~
i=d0 T B Sl L)

.= Ky %, m(ivz)fu (312)
%, =K,
iLd = kidiNd X o
X, =k,
In (3.12) first four equations describe behavairthe speed control subsystem
and the last twd behavior ofthe direct current control subsysteRrtom (3.12) it is

clear thathese subsystems are decoupl@idect current subsystem is asymptotically

stable” (k,,k;) >0. As aresult,condition Iti_m(fd,xd) =0 is fulfilled. Speed control
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subsystem is asymptotically stable with suitable tuning of the controller gains

(k,, k) >0 and (k,,k;)>0. Results from theory of cascaded system proposes to

adjust current control loop gails® that subsystem dynamicsbeat least two times

faster that speed dynamics.
If above mentioned requirements are fulfilled, sys{@?2) is asymptotically

stable:
lim (T, 1, X T X o) =0, (3.13)

Standard relation between proportional and integral gaised:

k2
(3.14)

2 Ll

ko .
ki =—,if x 4
4

wherek  is proportional gain, anll; - integral gain,x - damping coefficient.
As a result, control objectives C81.7T CO.3.3. are achievedlock diagranof

the electric drive with proposed controllé3.3), (3.5), (3.7) and(3.10) is presented in
Fig. 3.1. Structural scheme of the controller is presentdelgn3.2.

. IPMSM
ol g u, | Inverse Park U,
®
|:> Controller &Clark [u PWM
S Fig. 3.2) |Yg| transform. [y Inverter ?
w,w, v | (Fg. 3.2) Eqn. 2.12.2
Mt r '
q, "Cl)
Jq Encoder
Id < ia
.| Park & Clark| .
lg | transform. [ o

Fig. 3.1. - Block diagram othe electric drive with proposed speed controller
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Fig. 3.2. - Structural scheme dfe proposed speed controller
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3.3. Research of the speed control algorithm

Following test is proposed to analyze behavior of the systeenivfed! controller
is used Standard speed reference trajectarywith bounded the first and the second

derivative is proposedviaximum value of the first derivativie W =600rad $ and

the secondtime derivative W =3000rad %. Accderation occurred from0.1s to

0.28s Steady state speed valuevig =100rad . Deceleration to zero speed starts at

1.4s and longs for0.18s Direct currenti, = 5A is applied at0.8s for 0.4s.

Acceleration and deceleratianf the currentlast for 0.01<. Nominal load torque
(14Nm) is appliedfrom 0.4s to 1.8s. Controller gains are,; =1000, k; =k; /4,
k, =100, k,, =k>/2.

Test combines standard test when torque is applied only at nonzero speed ar

the most difficult for control system condition, when torque is applied when speed
referencew =0rad «.

Motor is modelled using derived modé&.12), (2.13). Static and dynamic
inductance values determined in the previBastionare usedFig. 2.11). Simulation
is performedusing software MATLAB 2014Bor the motor, which parameters are
presented in Appendix Brhe main cycle of the modelling program is presented in
Appendix C. Simulation results are presented for contr(@I8), (3.5), (3.7) and(3.10)
in Fig. 3.3.

From Fig. 3.3, it is clear that processes in speed control and direct current
subsystems are not fully decoupled. It can be explained by the fact that controller is
designed fononsaturatednodel. At the same time simulation and experiments were
made for the motor that is some level of saturation. However, control performance
degradtion due to this aspect is negligibly smallontrollers based on the nen
saturated modetan be used for high performance control if motor saturation is
comparatively small (as in tested motor). Otherwise, controller have to be based on th

model where aturation is considered.
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Fig. 3.31 Transients during simulation iedived speed algorithis used
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Fig. 3.4. - Transients during experiment if derived speed algorithm is used
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The same test is mada the experimental setup presented in the AppeBdix

Results are shown Fig. 3.4. From the comparison of tlsemulation and experimental
results follows thamechanical and electrical parameters are determined correctly as
current and voltage curves are almost fatynfmde. Differences can be explained by
presence of inverter nonlinearities in the experiment, variation of motor parameters

that were not evaluated in th@tormodel.
Conclusions to theSection3

1.In the Sectionspeed controller for IPMSM was derivedlgorithm provides
asymptotic tracking of direct current component and angular speed reference
trajectories. Processes in these two subsystemal@a@st fully decoupledIn low
saturated motors (like tested one)fpanance degradation is negligibly small, so
algorithmbased omon-saturatednodel can be used.

2. Controller wagested by means of simulation and experiment&kperiment
almost fully coincides with simulatiorResults proof the effectiveness of thetaral

findings.
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4 POSITION CONT ROL OF THE INTERIOR PERMANENT MAGNET

SYNCHROLOUS MOTORS

In this Section designof the IPMSM position vector control algorithm is

presented25].
4.1 Formulation of the control problem

Following assumptions are take::
A.4.1. Stator currents, angular speed and angular position are measured value:
A.4.2. Parameters of the motor are known and constant values.

A.4.3. TorqueT, isunknown, limited, constant or those that is changing slowly.

A.4 4. The rotor position referenge is smooth and bounded function together

with its first ¢*, secondg” and thirdg” time derivatives; eaxis current reference

is bounded together with its bounded derivatjye

The control problem is to design p@osition controller, which guarantees
following control objectives:

CO4.1. Asymptoticpositiong and direct current componerjttracking:
lim n(g.1,) =0, (4.2)

whereg= g- " - rotor positionerror.
CO4.2. Asymptotic decoupling gbosition control and direct current control
subsystems.

COA43. Linearization opositioncontrol subsystem.
4.2 Designof the position control algorithm

Algorithm is designedn a similar way as proposed in the previ@eston for
speed controlAs parameters are considered as constantssaturatednodel(2.15)
is used for the contralesign Algorithm is designedusing backi stepping design
procedurd54].



4.2.1 Position controller design
Relation between speed and position is presented below
g= .
From(4.2) position error dynamics is

g= w- 't
Speed reference from (4.3) can be derived as
w=q Kk,
wherek,, - proportional position gain.

Substitution(4.4) into (4.3) gives

qg="wxk, .
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(4.2)

(4.3

(4.4)

(4.5)

Solution of the equatio(®.5) shows that conditioﬂti_m (c}) =0 can be achieved

if condition Itlm (%) =0 is achieved.

For the furthedesign derivative of the speed reference has to be founchse

of position control, it is not known data, but has to be derfvet speed reference

(4.4) consicering (4.5):
W=1g9g Kk, g= gk Wj.

4.2.2 Speed controllerdesign

From(2.15) speed error dynamics is following:

i=(i, %) @) 5w a7 m%-lfn(l_@ L Ji

Quadrature current refereniefrom (4.7) taking into accounf4.6) is

(4.6)

(4.7)
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(4.8)

i)c

-EL: i

- 1 ag s n (
i, = S -I%W ¥ Kt gk, k)+1§

Speed error dynamics after substitut{d8) into (4.7) is

s & N8 = e\ 31 T
v ”‘éé‘w J %V o ) 2Jﬁ”(L°’ LT (4.9)

Condition lim (c} W:O can be achieved only if current errdirs (fd, fq) =0.

Quadrature current reference derivative is required for the current controller

design It can be taken fror4.8):

WTL - unknown furction.

+
q

4.2.3 Q-axis current controller design

wherei’, is known function;i, =

From(2.15) g-axis current dynamics is following:

~ R ~ . % L 1 1 Sk
i, = —iy %) —Sipw — PpPW—ut i (4.11
q Lq(q Q) Lq Lq Lq q q

Current controller can be composed fr(6) as
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GRA Lpphg B Ll k)

In (4.12) only known part of the current reference derivatii'\gg can be

compensated.
Substitution(4.12) into (4.11) gives
2 ~ k +k ~
I, = Kiglg % MTL,
IT(Id) (4.13
%, =k,

System(4.13) is the same as current error dynamics in speed control controller
(3.8) butk, +k | is substituted instead &,

4.2.4 D-axis current controller design

Current controller for €éhxis isdesignedsimilarly. From (2.15) d-axis current
dynamics is
1

¥ R./~ .« L. o
iy = Lj(ld I-l&) E%IPHW L—dﬂd i (4.14)

Voltage reference alongakis is formed fron{3.9) as

uy = Ry, Lpm, H-d(i.*d k-iEd X E),

(4.15)

Substitution(4.15) into (4.14) gives

i~d = kid~i~d X o (4.16)
Xy =Ky

Total error dynamics of the system is



q~:~W-kq q
=%, 3 T @) 22
C vy 2t d4/7a ZJB-n
T, =K,
> > k +k ).~
Iq: -|(inq Xq (;(i*)M) Ly
d
%, =K,

g = Kiglg %o

75

(4.17)

(4.18)

In the systen{4.17) threesubsytems are presented: the first equation describes

rotor position error dynamics, the second and third equations show speed errg

dynamics, in the lastwo equations ¢ axis current error dynamics is presented.

Controller gains(kq, k ,K . K,k ) > 0 can be selected in a such way that whole system

will be stable Results from theory of cascaded systems suggest to construct the currer

dynamics given by two latest equationg4nl7) to be at least two times faster than

speed loop dynamics. The speed dynamics must be faster than position dynamics.

this case, system stability can be achieved

.y ey

q. 9
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Controller [ & Clark [u PWM
(Fig. 4.2) Yo Et(rqa:lnszfolrg“é U | Inverter
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%
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Fig.4.1. - Block diagram othe electric drive with proposed position controller
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System(4.18) determine direct current error dynamics are not connected with

system(4.17) dynamics. Thus, control objective C0O.4.2. is achieved. Moreover,

system(4.18) has a typical structure, as a result condilitiom(fd) =0 is fulfilled for

all (k,.k; )>0.

Block diagram of the electric drive with proposed controfted),(4.6), (4.8),
(4.10), (4.12) and(4.15) is presented iifrig. 4.1. Structural scheme of the controller is
presented itfrig. 4.2.

4.3. Research of the position control algorithm

Following test is proposed to analyze behaviahefderived controller
Standardositionreference trajectorg” with bounded the firsthe seconénd

the third derivative is proposed. Maximum value of the first derivative is

g =100rad s the second time derivativ@ 600rad $ and thethird time derivative

g~ 8000rad . Motor accelerate§om 0.1< to 0.28<. Position is changing linearly

from 0.28<to 1.4s. After that motor start to decelerate fad 8< until position remains
constantDirect currenti, = 5A is applied aD.8sfor 0.4s. Current aceleration and

deceleratioast for 0.01<. Nominal load torqué14Nm) is applied from0.4st0 1.8s

. Controller gains ar&, =1000, k, =k /4, k, =100, k,, =k%/2, k, =50.

Motor is modelled using derived mod@&.12), (2.13). Static and dynamic
inductance values determined in the previSastionare usedFig. 2.11). Simulation
is performedusing software MATLAB 2014Hor the motor which parameters are
presented in Appendix .BMain cycle of the modelling program is presented in
Appendix D. From positioerror and speed error transients=ig. 4.3, it is clear that
processes in position control and direct current subsystems are not fully decoupled ¢

variation of the current, causes dynamic errors to the position transient. The reason

of this error appearance is following: Controller was designeaddiesaturateanodel,

moreover it requires accurate knowledge of the motor parameters. Real moto
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parameters tend to variate dte temperature, saturation, time, etc. As a result,

coupling between current equations is not fully compensated and such errors emerge
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Fig.4.3. - Transients during simulation if derived speed algorithm is used
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Fig.4.4. - Transients during experiment if derived position algorithm is used





















































































































