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Abstrakt

Tato prace se zabyva synchronnim motorem s perrtrdnérmagnety na rotoru (PMSM),
jeho modelovanim a navrhu regété struktury. V praci jsou uvedenyigoby a vyhody pouZziti
permanentnich magniet elektrickych motorech. Dale se prace zabyvasfamaci tifazové
soustavy do dq0. Pomoci Parkovy transformace jspudei odvozeny rovnice stroje v dgO
soudadnicovém systému a vytkeny nahradni schémata stroje v dq osach. Rovréchémata
zahrnuji jak ztraty v idi, tak ztraty v Zeleze. Nahradni schémata jsos@op elektrickymi a
mechanickymi rovnicemi a nasledrpiekresleny do grafické podoby v programu Matlab
Simulink. Vytvareny jsou dva modely PMSM, jeden s uvaZzovanim ztrétleze a druhy bez
téchto ztrat. Pro oba dva modely je zde popsan paséwphu regulatdr proudu a otéek. Pro
model, u kterého jsou uvazovany ztraty v Zelezeaeic pouZzito vice druhiidicich strategii a
tyto strategie jsou mezi sebou navzajem porovnany.

Abstract

This thesis deals with permanent magnet synchronachine (PMSM) and its modeling.
There are mentioned ways of the advantages andfysgmanent magnets in electric machines
and machines which uses permanent magnets. Thefdraration of three-phase system to the
dgO reference frame using the Park’s transformaiodescribed and used for description of
PMSM. The equations in dqO0 reference frame andvatgnt circuit of PMSM in dq0 system are
established. These equations takes in consideratpper and iron losses.. Due to derived
equations and circuit, PMSM is described and mad#latlab —Simulink is realized. For both
of models of machines are designed currents anolutgans controllers. For model of PMSM
where losses are taken in consideration is mordskof control strategies discussed and used.
These strategies are compared between each otligs ithesis. Also results of simulations of
different states are given.
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L IST OF SHORTCUTS AND SYMBOLS
Shs(;,rrtncgj(;()f Definition Unit

AC Alternating current [-]

CM Control method [-]

DC Direct current [-]

dg0 Direct-quadrature-zero [-]

EMF Electro-motive force [V]

Fci Transfer function of curent controller [-]

Fcw Transfer function of revolutions controller [-]

Fig. Figure [-]

Fs Transfer function of [-]

FsL Transfer function of system with losses [-]

Fui Transfer function of [-]
HEV Hybrid electric vehicle [-]

la Armature current [A]

lam Maximal possible [A]

Id, I d-, g-axis current respectively [A]
idos Ig0 Current in shunt branch to resistance represemésloss in d-, g-axis [A]
Ide, Iqc Current through resistance Rc in d-, g-axis [A]

igf® Wanted § due to FW control strategy [A]

it Wanted § due to MTPA control strategy [A]

I nom Rated rms line phase current [A]

J Moment of inertia of the entire rotor assembly gnik]
ka, kg, ko Transformation constants for direct-, quadratuwis-and zero sequence []
K Frequency inverter constant [-]

La, Lq d- and g-axis inductances respectively [mH

ME Maximum efficiency [-]
mmf Magneto-motive force [A]
MTPA Maximal torque per ampere [-]

p Laplace operator [-]
P Output power [W]

Pcu Copper losses [W]

Pe Electrical losses [W]

Pre Iron losses [W]

P Total losses [W]

PM Permanent magnet [-]

Pwm Mechanical losses [W]
PMSM Permanent magnet synchronous machine [
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Shs(;,rrtncgj(;()f Definition Unit
Pp Number of pole pairs [-]
Ra Phase resistance [Q]
Rec Resistance represents core loss [Q]
Reddy Resistance represents eddy current loss Q] [
Ry Resistance represents hysteresis loss Q] [
Rhb Hysteresis resistance at base speed [Q]
Tp Dynamic torque [Nm]
Te Electromagnetic torque [Nm]
Tz Load torque [Nm]
Uo Constraint voltage [V]
Uom Maximal constraint voltage [V]
Ua Terminal voltage [V]
Us, W, U Stator voltage at phase a, b, c respectively V]
Uam Maximal terminal voltage [V]
Ud, Ug Votalge at d- and g-axis respectively V]
Udo, Ugo Voltage at shunt branch to resistance represengslass in d-, g-axis [V]
Udc, Uge Voltage at resistance Rc in d-, g-axis [V]
Unom Rated rms line phase voltage [V]
n Efficiency [-]
Bo Initial angle between rotor direct axis and stgtioase-a [rad]
Be Angle between rotor direct axis and stator phase-a [rad]
Vhom Nominal winding temperature [°C]
) Saliency coefficient [-]
TF Time constant of frequency inverter [S]
Tq, Td Time constant of PMSM in d or q axis respectively s] |
TSAMP Time constant of frequency inverter sampler [s]
TSAMP2 Time constant of revolutions sampler [s]
Toy T Sumary time constans [S]
WY, Flux linkage due stator phase-a [Wh]
Wa Maximum flux linkage due to permanent magrestghase [WDb]
Wa, Wg, Wo  Flux linkage due d-,g-axis and zero sequence réspbc [Wh]
Wpm Flux linkage due permanent magnets [Wh
Wh Rotor electrical angular base speed [F&d.
We Rotor electrical angular speed [rad.s']
W Rotor angular speed [rad.s%]

e
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1 INTRODUCTION

At last few years the Permanent Magnets Synchromtashines (PMSM) became mole

attractive. There are many reasons for this faoe @f the biggest reasons for that is that price of

rare-earth magnets is dropping. Also PMSMs efficyers very high in compare with electric

rotary machines without PM. [1]

Due to advantages, that PMSM has, it fit well fgbifid electric vehicles (HEV). [2] With
massive developing in this area, requirements ffimedontrol grow up. There are many ways
control drives with PMSM. Due this, there are soooatrol strategies for different operatid
range. For example Zero D Axis Current controlshmodt(CM), Maximum Torque Per Amper
CM, Maximum Efficiency CM, etc. These and other ttohmethods will be discussed on in th
thesis. [3]

If some system has to be controlled, there mustdseription of this system. At this case,

n

[¢)

is

S

necessary to describe PMSM mathematically. Fordésription is suitable to transform system

from three phases abc reference frame to dgO reterence frame. Reasons and advantages
be found at this thesis.

After transformation to dqO system, equivalent wirdor each axis must be establishg

can

d.

From these circuits can be mathematical equatienseatl and due this equations can be PMEM

described. Most of equations are electrical, betehmust be also used mechanical equations

[4]-

[7]. Due this, there are enough equations to sthieeequation system. These are basics of mpdel

creation in Matlab-Simulink of PMSM.

Usually equivalent circuit in dqO reference franmatains only resistance of stator windin
inductance in d and q axis respectively, cross lnogg and back EMF from permanent magng
For more accurately outcome, losses are in thisigheaken in consideration, due this §
equivalent circuits little bit different and comgdited against usual equivalent circuits of PMS
[7]. In this thesis core losses are taken in casition and are described.

There is a lot of ways, how to design controllar RMSM depending on area of operatign.
For every purpose, that PMSM will be used for itdyeto use different control strategy. In thi

thesis are used Optimal Module (OM) and Symmetnatir@um (SO) methods for design ¢
angular speed and current controller.

After design of controllers, there is designed eysextension which takes care about choosin
most suitable control method for actual operatiaies

0,
ts.

\re
Ms
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2 PERMANENT MAGNET SYNCHRONOUS MACHINE

2.1 Advantages of PMSM

There are a lot of advantages of use permanentetagrstead of electric excitation systen

Permanent magnets are improving the motor’'s stetatg- performance and power densi
dynamic performance and quality.

2.2 Construction

In dependence on how the rotor magnets are mowntedor inside) the rotor:

In dependence on which magnets are used:

[1] [6]

In this thesis PMSM with embedded magnets placéd position as is shown on Fig. 2.1
used. At this rotor form, two permanent magnets metige the same pole. The pole shoes

No electrical energy is absorbed by the field etmn systems and thus there are
excitation losses, what means substantial increasticiency.

Higher torque and output power per volume then whsing electromagnetic

excitation.

Better dynamic performance than motor with electignetic excitation (highef

magnetic flux density in the air gap).
Simplification of construction and maintence.
Reduction of prices.

Surface-mounted magnets

Inset-mounted magnets

Interior-mounted magnets

Rotor with buried magnets symmetrically distributed
Rotor with buried magnets asymmetrically distrilalite
Bread loaf magnets

Decentered magnets

Interior double-layer magnets

Alnico magnets (Al, Ni, Co, Fe)
Ferrite magnets

Rare-earth materials (SmCo, NdFeB)
Etc...

—

no

ty,

S
are

shaped to produce sine-wave air-gap flux densitivaiitages of rotor with magnets placed into

V position are that machine produces more torquer@®r volume due to high air-gap flux
density, compared to the rotor with surface mountednets. And there are other advantages
there isn’t danger of magnets coming off. Ther@asproblem with fixing the magnets to the

like
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rotor as is at surface ratmachine. The bigge advantage of this rotes that ai-gap flux density
can be easily made sinusoidal which mak¢possibilitiesto achieve a very low cogging torc.

[8]

@@m@@
ZA RS
3 (G

Fig. 2.1: Cross section of used PMSM

In table 2.1 ar@arameters of equivalerircuit of used PMSM:

UnonlV] 102
InomlA] 203,7
Pol-] 4
R{Q] 0,0281
Wen[Wh] 0,1883
Lg[mH] 0,3286
L [mH] 0,6089
Rno[ Q] 95,73
Reday[ Q] 82,21
Jkgnt] 0,147
Vnom{ °C] 160

Table2.1: Parameters of equivalent circuit of PM¢
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3 TRANSFORMATION OF THREE PHASES SYSTEM

3.1 Advantages of Park’s transformation

Main reason, why to transform three phases a,lsesyto dqo is to simplify description ¢
system. Instead of equation for each phase, thdtebav only, two dimensional system wit
direct- and quadrature-axis.

Main advantage of using dg0 system is easy anabfsike interaction of rotor and stat
flux and mmf waves, independent of whether or iadieacy effects are present. By transformi
a,b,c quantities into equivalent quantities whictate in synchronism with the rotor steady st
conditions, these interaction become those of emmbstnmf- and flux-waves separated by
constant spatial angle. This indeed is a pointi@ivywhich correspond to that of an observer
the rotor reference frame.

Park transformation is used to transform three @hiase variable quantities (in this case for

example 4 W, W)to direct-quadrature-axis and zero sequence coergo(in this casequu; and
Ug). The zero sequence component is important ietiplease system is not balanced. If it is,
zero sequence components are neutral. In thisstigesinly balanced three phase system tak
consideration, so 0 sequence components are rmoisgid in any detail. [9]

3.2 Park’s transformation

For transformation of any stator quantity (voltageyrrent, flux linkage, etc.) the
transformation matrix is established.

X, kycos(6,) k,cof,- 120 k, cd¥ .+ 12D|[ X,

—kqsin(He) —kqsin(He— 120) -k, sirﬁHe+ 12‘@ X, (3.1)
Xo ko ko ks X
And the inverse transformation as
——cos(e ) 2lgqe) L
3kq 3k,
xa Xd
X, |= 2—1cos(6?e—120) -== sn(é? - 129 = X4 (3.2)
3ky 3k,
Xe 21 2 1 X9
- 6. +120) ——— siné.+ 1 —
E e T

At equation (3.2) X represent any stator quanttypé¢ transformed. Constantg ky and k
are transformation constants and they can be chalssolutely different from each other, b
there is no reason to choose them different. Theredvantages to choosgk,=2/3 and k=1/3
which will be show in next section. These values wsead by Park because of simplification
equations (3.2). Fig. 3.1 shows simplified sketEkymchronous machine with wound rotor wi
one pole pair for simpler understand Park’s tramségion.

o =,

pr

ng
ate

n

the
e in

\L%4

of
th
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Axis of
phase b

Rotor
quadrature \\ R_ulnr
axis % direct
g \u.\is
0.

Field

\

winding -
B Axis of

phase a

Stator
winding

Axis of
phase ¢

Fig. 3.1: Simplified cross section of synchronoashine with wound rotor [9]
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4 DESCRIPTION OF PMSM

4.1 Transformation stator voltages to dqO rotor refererce frame

Equations for stator voltages of PMSM are:

dl/’k

=Ri + (4.1)

where
k=ab,c (4.2)

The transformation of stator voltages to d-gq vatags proceeding from equation for fly
linkage due to phase A

21
=—_—y, cod @ 0.)+-—— 4.3
=gy Y (6.)- kqwq in(6,)+ kjwo (4.3)
Now let’s do the differentiation of equation (4\8ith respect to time when:
6,=wt+6,,6,=0 (4.4)
Equation (4.3) will go to:
dy, 2 1y, 21 11/1 21
i=——=Cc¢ ), Sin @, sinég co — 4.5
dt 3 k dt S( e) Kj r( ) r( ) 3 K] qa)e w ) ( )
From equation (4.1) is evidently that:
"
—2=u,-Ri 4.6
at R, (4.6)

So when substitute,@and  from definition of Park’s transformation into (4.6 will be:

d;/:azgiud cos(6,) - ——u s|r(9) _R{Slgld co$d) - —| S|(19)+_ J(4 7)

Equation (4.5) is equal to (4.7) if coefficientstlwihe same trigonometric function are t
same. So if these coefficients are compared undediton that k=k,=2/3 and k=1/3 it's
possible to find equations for voltages at d amig.

dyg
dt

Y0, =uy— Ry,

4.8
¢’d ()

Rald _a)é/lq

X

ne
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Where
Wy =LylgtWepy 4.9)
wq = Lqiq .
Institution (4.9) into (4.8) leads to
. di, .
u, =R i+ Lda—a)equq (4.10)
dy .
_a)el//d - dtq = Ralq_uq
dy (4.112)
u, = R, + dtq +owl
Institution (4.9) into (4.11) leads to
i .
u, = R, + an+a)eLdld+ Y o (4.12)
dy ,
dto =U,~ R
dy (4.13)
u,=Ri+—=2
o =Rb+—

Equations(4.10), (4.12) and (4.13) describe symatwe machine mathematically witho
take in consideration core losses. [10]. Due tlfi@sts it is possible to draw equivalent circuit f
PMSM in d- and g-axis.
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Fig. 4.1: Equivalent circuit of PMSM at d-axis
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Fig. 4.2: Equivalent circuit of PMSM at g-axis

4.2 Losses at PMSM

In previous section were derived equivalent cictor PMSM in dq0 axis. At these circuif
aren’t taken in consideration core losses. But ety at electric or hybrid cars is efficieng
very important. That's the reason, why losses rbasiaken in consideration. In this section w
be discussed losses, which are important to takensideration.

The most dominant are copper and core losses inMPM8e main sources of core losses §
eddy currents and hysteresis losses.

4.2.1Copper losses

Copper losses result from Joule heating and salacereferred to as the stator resistar
point square of stator current. With high-frequenayrrents, winding loss is affected K
proximity effect and skin effect, and cannot becakdted as simply.

4.2.2Eddy currents losses

Eddy currents are caused by induction of curresidan the stator. They are near
proportional to the square of the product of aip dlux linkages and frequency of the flu
variation. For this thesis are eddy current losegsesent by resistanced®, which is constant
for any rotor speed.

4.2.3Hysteresis losses

Hysteresis losses are the result of continuoustvani of flux linkages in the core. They a
nearly proportional to the product of square okflunkages and frequency of flux variation.
this thesis hysteresis are losses representedsisyaiece R which is defined by equation

=R, % 4.14
R =R, ) (4.14)

where R p is resistance represents hysteresis losses aspasd of 1300rpnuye is rotor
electrical angular speed ang is base rotor electrical angular speed.
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4.2.4Core losses

Core losses are mainly compound from eddy currentshysteresis losses. Core loses gan
be represents as parallel combination of resistare@esents eddy current losses and hysteresis

losses. Core losses are obviously negligible at lew speeds what imply from its dependen
on hysteresis losses and its dependence on reftrielangular speed.

ReddyERh
—__®tddy— h 4.15
R R R @19

4.2.5Stray losses

Stray losses are the result of distortion of thiegap flux by the phase current. Non-unifon
distribution of current in the copper also leadsstimy losses. Stray losses are very difficult]

ce

estimate. Therefore, these losses are usually edmith core losses during modeling or duripg

experimental measurements. In this thesis wontaken in consideration.

4.3 Equivalent circuits of PMSM with losses

If losses that have been mentioned in 4.2 will &leetin consideration, it is necessary
transform equivalent d and q circuits to circuihese these looses will be mentioned:

Lqg ldo
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Fig. 4.3: Equivavlent d axis curcuit of PMSM witis$es

O

Fig. 4.4: Equivavlent q axis curcuit of PMSM wits$es
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Equations describing PMSM with losses can be dérk@m circuits for d and q axes show
on Fig. 4.3 and Fig. 4.4. Each circuit is describg@® equations:

-u, + Rig+ R(iy—iz) =0 (4.16)
R. (g —i4) + Ly d(;“to—weLJw:O (4.17)

Equations (4.16) and (4.17) describe d axis of PMSWeir solution leads to only on
equation, which simplifies description of d axigiation (4.19)):

i =Yt (4.18)
R+R
digp _ 1[5 U*+Rip - -
ot LU(R R+R Rld0+weLq|Gpj (4.19)

The same procedure as was used to describe dieoug can be used for q axis circuit, but
course with parameters of q axis:

-u, + R+ R (1= i) =0 (4.20)
F{(iqo—iq)+Lq%+we(pr+Lcj 0)=0 (4.21)
i “LtRly (4.22)
R+R
%=i Rc”‘;,:—i“’— Rip =@V et L) (4.23)

Equation (4.23) is solution, which describe g aaeBMSM. From Fig. 4.3 and Fig. 4.4 als
passes following equations given by Kirchhoff laws:

P P (4.24)
o =1q g (4.25)
Where currents;¢ and jccan be represented as:

w.pL i
i =2 dw (4.26)

and

= | (4.27)

wherep=L,/L,.
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T, :g o W i * (La= L) ol ] (4.28)

Equation (4.28) completes description of PMSM ir0 dgference frame as a mechani¢al
equation adjusted for model with losses.
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5 CONTROL STRATEGIES

5.1Zero D axis current control strategy

Zero D axis control strategy is the most widelylizéidd control strategy by the industry.
this strategy is D axis current maintained at z&uoe this, the torque control mechanism
simplified, because of linearizing the relationshgtween torque and current. This is the m
advantage of this control strategy. That mean, lthaar torque controller can be used. All theg
facts mean that this control strategy of PMSM ig/\@milar to control of DC motors.

If d axis current is equal zero, electromagnetique will be:
3
T, ZE P, Do ou (5.1)

That means, that torque can be drivenggyaind that’s big advantage, because torque
become linear depending on curregt i

5.2 Maximum torque per ampere control strategy (MTPA)

The MTPA control strategy is the most widely studieontrol strategy by the researy
community. For given torque, this method minimizasrent. Therefore, copper losses 4

minimized in the process. The maximum possible uergnder this control strategy is only

limited by the maximum possible power loss.

5.3 Maximum Efficiency Control Strategy (ME)

In this method, d and q axis currents are coordthab minimum core power loss at al
operating speed. This could be done using numenehods. On the other hand, minimizif
copper losses is equivalent to minimizing currdrterefore, the maximum efficiency contr
strategy results in minimum current for a givergter at zero speed, which means that the
and MTPA control strategies result in identicalfpenance at zero speed. [3]
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6 CONTROLLER DESIGN FOR NO LOSSES PMSM

This chapter deals with design current and revahgticontroller for no losses model
PMSM. For design controller of PMSM is necessargdmpute transfer function of PMSM. Fq
getting this function, thereisl be used equivalgntuit with neglected core losses. Main reas
for that, is simplification of controllers desigihere are only copper losses took
consideration. Due this, equivalent circuit comiespsify like shows Fig. 4.1 and Fig. 4.2. Frof
these circuits can be derived equations descriBM&M. From equations (4.10) and (4.11) G

be easily derived equations for currents in ead$r ax

di, 1 : .
d_: ZE(Ud -R i +a)eLq|q)
for D axis and
di 1 . .
d_: :E(uq - Ralq _weLdId_wéU PM)

for Q axis.

Last equation, which describes PMSM, is mecham@gahtion:

T.=T,+T,
where
TD = i dC()e
dt
and

Te:g pp|:iql//PM+(Ld_Lq)i(iq:|

from equations (6.3), (6.4) and (6.5) is given diquafor electric angular speed of PMSM:

daw, 1
—2="1p(T.-T
dt Jp(e 2)

Due to equations (6.1), (6.2) and (6.6) can bedowp model of PMSM (Fig. 6.1).

(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)
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Fig. 6.1: PMSM model without losses

After setting up of PMSM model, next step is toateetransfer function of PMSM, because
of design of controllers. Due the reason, thatgtesif controller is based on zero d axis current
strategy, let’s focus to q axis. g axis is desctibg equation (4.12). Because of premise t§x i

andw=0, equation (4.12) will go to:

di
u, = R, + qu—: (6.7)

After Laplace transformation, will be equation (6n7odified to the form:
u, = R, + pLyi, (6.8)

So transfer function for q axis is:

1
iq: R )T Ly (6.9)

u, 1+ pr, q_Rd
Ly

For d axis is procedure the same, but instead, o

1

b _ R _L

- a

- : —d 6.10
u, 1+ pr, ’ R, ( )

For complete description of system, is importanestablish transfer function of frequency
converter and sampler. These transfer functionestablished in appendix C. If all transfer
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functions are known, it is possible to establismptete transfer function of full system which |s
shown on Fig. 6.2.

Current Frequency
Current controller Sampler TF Inverter TF PMSM TF
i 1 K 1/ i
W g S FC > - Fi > R, LN
T i 1+ Proae 1+ pr 1+ p7,

Fig. 6.2: Transfer function of full system with ranmt controller

Due Fig. 6.2 can be written equation of transfarcfion in open loop of system without
current controller:

K, -
F = R, (6.11)
(1+ pTSAMP)(1+ pTFI)(1+ prq)
Let's establish time constant
TJ = TSAMP (612)
Due this, equation (6.11) will be simplified:
K, O
F = R, (6.13)

(1+ pr,)(1+ pry, )(1+ prq)

This is final transfer function of PMSM includingefiuency inverter.

6.1 Current controller design

To design current controller can be used two meth&dst is called Symmetric Optimun
(SO) and second is called Optimal Module (OM). Eorrent controller is better to use second
one, because it is slower, but there is only 4,38rshoot of regulated quantity. And that |is
important. First one is faster, but overshoot ismbigger (about 43,3%).

=

Transfer function of solution due the OM method is:

1
S 6.14
o = 2z, (L+ pr) (6.14)

Transfer function of system with controller is:
Fou = F¢ [Fs (6.15)

Now it is possible to declare-Hrom (6.15) and institute there from (6.14) and.8):
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6.2 Revolutions controller design

To design revolutions controller will be used finséthod — Symmetric Optimum, because
it is faster, and in case of revolutions is oveathanesn’t matter so much. On Fig. 6.3 is sho
full system scheme of revolutions loop.

LE

Revolutions Revolutions Current loop
controller Sampler TF TF Torgue TF
Ww 1 3 1 Wm
4>®—> FC > F E Ppél/ PM T

T w 1+ Proaye W

\J

Y

A\

Fig. 6.3: Revolutions controller loop

Design procedure is the same as in case of Ophudule method, only transfer function ¢
open loop in case of Symmetric Optimum is different

1+ 4pr,
= 6.17
0 8p°r,’(1+1,) 6.17)
Transfer function of open loop of system withountroller:
1
N |}3pr pp
_ Jp 2
F = (6.18)
(1+ pTSAMP’Z)(1+ 2pTU)
Let’s replace time constants with oe
I, =21, (6.19)
Revolutions controller due SO method is designed as
ch :iFso: §-1+ pTSAMFQ)(1+ 4prz) — 4Tz + Tsaum +ii+ 4pTz HSAME p (6.20)
Fs J120W,,, [, (A7 [ & Lp §!
P

I D
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d 600
ur p|Ud
P iw 0.0001s+1
FITF
Id controller wm
W 600
ur p|Uq
iq 0.0001s+1 i
FITF
Ig controller
PMSM

Fig. 6.4: PMSM with revolutions and current contess (is=0 control strategy)
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7/ CONTROLLER DESIGN FOR PMSM WITH LOSSES

Equations (4.14), (4.15), (4.19), (4.23), (4.28) 46.6) were used for establish model
PMSM with losses. For getting transfer functiontlms system will be used same method §
conditions, as for non losses system, but withrediit system parameters. Transfer function fq
axis will be derived from (4.23) which will be aftsimplification:

. L, .
U, =g Ep€q+ o (R, (7.1)
So transfer function will be:
1
[
Foowo 1 1L -_R (7.2)
uq & 1+ p q 1+ p-qL
R R
H_/

For d axis is transfer function almost the same,ibbdime constant is in numeratog As
you can see, transfer function of PMSM with lossealmost the same as for non-losses mo
The only difference is in the way of calculationtiofie constants, andrg.

! For purposes of better results were some timetantsschanged. how was they changed is clear fanfiguration
M-file which is placed in Appendix J. Also D companis of controllers were neglected for its smalliga.

of
\nd

r q

del.
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8 CONTROL MODE SWITCHING BLOCK DESIGN

8.1 Main purpose of switching block

In this chapter will be described switching blockigh is evaluate variables in time and
accordance with these variables is switching contmethod between MTPA and Flux
Weakening method.

If drive should be driven by MTPA control methotiete must be realized few conditions.
MTPA control method is suitable for two kinds ofesgtion states. First one is when drive works
with revolutions lower then basic revolutions. Amet operating area is, when wanted
revolutions are higher than base revolutions oftlaghine. In this case is important, if frequericy
inverter is still able to afford sufficient voltagié yes, it will be used MTPA control strategy.

Flux weakening control strategy will be chosene¥alutions of rotor are higher then ov
excitation threshold speeaol or if needed voltage is higher than voltage tkaavailable from
inverter.

19
—

8.2 Design switching block

The armature current is given as:
+i 2 (8.1)

and it is always lower or equal to maximal currgiven by inverter 4, Same situation ig

with terminal voltage:
U, =us+u,’ (8.2)

and it also is always lower or equal to maximumilaiée terminal voltage from inverter
depending on DC link voltage.

As the PMSM has saliency and, as a result, thectatge torque is available the armature
current vector is controlled in order to produce thaximum torque per armature ampere [12].
From (4.10) and (4.11) the relationship betweeand j for MTPA control is derived as:

=% —\/ U o (8.3)

‘" 2(Lg-Ld) \4(Lg-Ld)’ °

whereW, :ngM .The maximum torque per ampere is produced when,/i > +i q2 =l
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MTPA best operating current

500

400

Fig. 8.1: Ideal ratio of § and i for MTPA

This situation is shown on Fig. 8.1. Maximum torqwédl be at moment of crossing
trajectory MTPA and current limit circuit which wder example chosen 500A. Because |of
simplification will be resistance of armature nexfgel and voltage constrain will be for now

defined as:
Up = Ugo” + e < U, (8.4)
where
Up =~ WL U =wl ity (8.5)
and
Uomn =Uan~Ral o (8.6)

The d and g axis components of armature are controlled in order tdJkezmal to Y in
flux weakening constant power region. Then from (8.4) and fromitondf U,=U,y can be
derivate relationship betweeqand i

2

. W 1 |V RV
g =——+— =22 —(Lj| 8.7
d Ld Ld wez ( qq) ( )

If the current vector is controlled according ta7(8 the resultant terminal voltage, i
always kept within i, in steady state. So in dependence on in which afeaperation is
machine, switching block recognize which methodfas given area optimal. Flow chart g
decision process is shown on Fig. 8.2.

="
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W, < W, i* =(8.3)
NO
@ YES
NO
A
iy *=(8.7) U, =(8.9)
NO
U,<U,,
YES |,
A A
Ig* =14 Ig* =ig*

} .

MTPA
Control

Flux-Weaking
Control

Fig. 8.2: Flow chart of switching block

Information about how is this bloc realized for poses of control can be found in Appendix C
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9 EFFICIENCY CALCULATION

For calculation of efficiency will be used armatwerrent } as is defined in (8.1) an
terminal voltage defined as:

. . \2 . . 2
Ua:Jﬂﬁm—agndm)+(R4¢104L50+wiﬁ) (9.1)
where p =L, /L, is a saliency coefficient. Then it is possible to write equdbtiotorque as:
Te: pmeaDOq-'- pp(l_p) LdiOchC (92)

First term in(9.2) represents the magnetic torque and second tdrareductance torque.

Due to Fig. 4.3, Fig. 4.4 and equations (4.24), (4.25)6}4Ad (4.27) can be established
copper lossesdg, the iron lossesdg and mechanical losseg P

&U=Riuﬁnf)=R{(u—f?%&§]+®@+QAQ*ETH”JJ] (9.3)
o @ () @ (WeutLis)

I:)Fe: dc + qc = + 94

R (i +147) R A (9.4)

R = Ty Lo, (9.5)

Then electrical losses are given as a sum of iron and copper losses
P.=P,+PF, (9.6)
And total losses are:
R =R+R, (9.7)
The output power is expressed as:
P=T.[ (9.8)
Finaly efficiency is will be expressed as:

P

P+P

n= 100% (9.9)

Subsystem that calculate efficiency in Matlab Simiuls shown in Appendix D.
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10 SIMULATIONS

On established models of Permanent Magnet SynchsoMachines is possible simulate
almost every state of operation. For example tlaeee chosen 3 simply situations which are

simulated. Every state was simulated with all thteatrol strategies because of possibility

compare behavior between each other. Only lastvaise’'t simulated on PMSM without losses|

10.1Start up of PMSM

In this case is simulated start up of PMSM withstant braking torque of value 200Nm.
Appendix F are shown results for this simulation.

10.2 Start up of PMSM and elevation of braking torque

This simulation begins in the same way as first, dng after stabilizing revolutions and g

another quantities, motor’s load is raised from Nl®0to 200Nm. Results are also shown|i

Appendix G.

10.3Switch from MTPA to FW

At this case, there is used ramp as a input fotegaangular speed. Until angular speeq
under set value, PMSM is driven by MTPA, then irstfisector of operation, switching blog
decide which of control strategies is better to. Usiger crossing second sector, it will switd
definitely to FW control strategy. Results are albown in Appendix H.

10.4 Efficiency comparing

This set of simulations is focused to explore iefloe of efficiency of PMSM in dependen
on breaking load and control strategy. Resultsbeafound in conclusion.

~—+
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11 CONCLUSION

In this thesis were basic kinds of permanent magsgichronous machine introduced and.

advantages of usage of permanent magnets at relieciric machines were described. As W
shown, for design model of PMSM is advantageoussfoamation from abc to dqO rotd

reference frame, because of simplify mathematieatdption. Concretely Park’s transformation
was used to transform reference frame and was shbaw to establish equations of PMSM (in

dqgO reference frame due to Parks transformation.

These derived equations were modified, to the fastmch describes model of PMSM with

as

losses takes in consideration. These electrical rmadhanical equations of PMSM had to pe

established, because of completely descriptionMEM. Due these equations, Matlab simulipk

model could be build. Model of PMSM and PMSM witis$es is shown in Appendix A and
respectively.

In next part of this thesis was described drivdaesysconsist of PMSM, frequency inverter

and revolutions sensor. For this system were detriransfer functions and due this was possi

ble

to design current control for d and q axis. Thers wygstem described again and designed control

of rotor angular speed. This system was modelddatiab-Simulink and simulations on these

systems were made. Concretely were tested propefti@gifferent control strategies. From resu
it stands for reason, thai=D control strategy is most simply one, but in camepto MTPA

Its

control strategy the has worst efficiency. Also FEhtrol strategy was tested in combinatipn

with MTPA control strategy. From results which atewn in Appendix H is evidently, that it is
useful way of control salient PMSM in case of hrgliolutions or when frequency inverter can't

afford so high energy which is necessary for want¢gtions.

From results of simulations where efficiency wakwated is evidently, that efficiency wa
around 95 or 96%. These values are higher thanef@ialencies of PMSM motors. One d
reasons for that is that there were neglected swyative factors that influencing efficiency. F
example there weren’t taken in consideration meichhfosses. But in the end, it wasn't ha
any influence for comparing control strategies lestw each other, because all simulations
made on same model. That means, comparing contabégies with each other can be taken
serious and it is possible to take these resulisefil.

From graph that is placed in Appendix | is evidergtivantage of MTPA control strateg
against 4=0. It is clear, that efficiency with growing brakj load is higher when MTPA contrd
strategy is used theg=0. There is also shown efficiency of FW contrahstgy, but it can’t be
compared to previous two control methods becauskffefent condition of simulation when,
was different then in two first cases. But from thliiee courses is evidently that maximum
efficiency is in neighborhood of one third of nomiinoad and then efficiency declines. Tha
typical behavior for loaded PMSM.
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APPENDIX A: | DEAL MODEL OF PMSM
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APPENDIX B: MODEL OF PMSM WITH LOSSES

A

o
—ln

1} % e

iq0

>@
ido

[ve1 )
m—>
(]
>

?
ol

Ra ————Ppp|+
PM




=

=

DEPARTMENT OF POWER ELECTRICAL AND ELECTRONIC ENGHENERING

Faculty of Electrical Engineering and Communication
Brno University of Technology

41

fido] »—p
[ia0] »—p

PSPM |

[iq0] >—p

o>
, : .A{l_sm

Tz

D

nlk

we] 5 »

[ul

[we] >—p

ful

: r

Reddy

;

1 Reddy*Rhbwb

1/p

[we]




[T DEPARTMENT OF POWER ELECTRICAL AND ELECTRONIC ENGENERING
@ J Faculty of Electrical Engineering and Communication

Y Brno University of Technology

NS

=

42

APPENDIX C: SWITCHING BLOCK
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APPENDIX D: ELECTRIC DRIVE WITH PMSM
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APPENDIX E: TRANSFER FUNCTIONS AND CONSTANTS

Frequency inverter

Switching frequency of inverter is f=5000Hz. Thag¢ans that time constant of inverter is:

another important coefficient is constant of ineernd it is given by manufacturer. For thi
thesis was chosens<600. Due this, the transfer function of frequemoxerter is:

— I<FI

"1+ pry,

Next transfer function is transfer function of sdemmf frequency inverter. In this thesis wg
chosen sampler frequency f=10000Hz.

Revolutions sensor

Sampling frequency of sensor is usually about 100@&d time constant of this sensor is:

and then transfer function of revolutions samgder i

1

SAMP2 —
1+ pProae,

U7

S
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CONSTANT LOAD RESULTS

APPENDIX F
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VARIABLE LOAD RESULTS

APPENDIX G
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SWITCH FROM MTPA 10 FW CTRL. STGY.
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APPENDIX J: CONFIGURATION M-FILE

clc; close all ; clear all

Vnom=102; %V;rms,phase

Inom=203.7; %A,rms,phase,@ 1d=0 control strategy

p=4; %pole pairs

nb=1300; %base revolution per minute

wb=nb/60*p*2*pi; %base angluar speed

Ra=0.0281; %ohm, Armature resistance, phase, 165°C
PsiPM=0.1883; %Wh, flux linkage due to Permanent Magnets
Ld=0.3268e-3; %H,

Lg=0.6089e-3; %H,

hb=95.73; %ohm,Hysteresis resistance at base speed of 1300rpm
Reddy=82.21; %ohm,Eddz current resistance

J=0.147; %Moment of inertia of the entire rotor assembly

Rhbwb=Rhb/544.5427  %Rh,b/we,b

%Core loss resistance in dg equivalent circuit is a parallel combination of
%Rh,b and Reddy
%Rh is directly proportional to speed: Rh=Rh,b*we/w e,base , where we

%is electrical angular velocity at nbase=1300rpm
%Reddy is constant, independent on speed

Vam=200
lam=400

fFI=5000;
fSAMP=10000;

tauF1=1/(2*fF1)

%Max frequency inverter voltage
%Max frequency inverter current

%switching frequency of inverter
%frequency of inverter sampling

%time constant of frequency inverter

tauSAMP=1/fSAMP %time constant of sampling
tauSig=tauFl+tauSAMP %sum constant
kFI=600/1; %constant of frequency inverter

tauQ=Lg/Ra %time constant of q axis

tau0=2*tauSig*kFI/Ra

taulg=tauQ

tauD=Ld/Ra %time constant of d axis

tauld=tauD

tauA=2*tauSAMP*kFI/Ra %

tauSAMP=0.0008 %%%%%%

tauSAMP2=0.001 %

tauSIG=2*tauSAMP %Time constants for controller design
tauB=12*6*PsiPM*p*tauSIG"2/J %

%%9%%%%%%% %% %% % %% %% %% %% % %% %% %% %% %% % %% %%

Rc=(Rhb*Reddy)/(Rhb+Reddy) %Resistance represents copper losses
taugLosses=Lg/(0.2*Ra*Rc) %
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taudLosses=Ld/(0.2*Ra*Rc)
tauX=tauA
Pgi=(tauFl+taugLosses)/tauX
Igi=1/tauX
Dgi=taugLosses*tauFl/tauX

Pdi=(tauFl+taudLosses)/tauX
Idi=1/tauX
Ddi=taudLosses*tauFl/taux

Vom=Vam-Ra*lam
PsiA=3/2*PsiPM

%

%

%0%0%%%%

% g regulator components with losses
%0%0%%%%

%%%%%%
% d regulator components with losses
%%%%%%

% availible voltage from inverter
% phase flux linkage due to PM




