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Preface

These notes represent the state of the lecture “Electrical Machines |17 at Aachen University
for the summer term effective from 2003. Some extensions of the subject matter, which are
beyond the scope of the lecture, are included for self-studies at suitable location.

In the lecture the dynamic behavior of the DC-, induction- and synchronous- machine are
discussed. Also voltage and frequency variable excitation with power converters and control
methods needed for power generation and electrical drives are treated. In addition to the
analytical solution of the differential equations under simplifying assumptions, numerical
solution by means of computers will be demonstrated. Also these simulations take the power
converter and control system into account, which is shown on practical applications.

The areas basics, mode of operation, structure and steady state operating behavior are topics
of the lecture “Electrical Machines |”, which is subject to the lecture held in winter terms.
Focus is put on provision of clear understanding of the physical context. Despite plain
description required accuracy is not reduced.

This script is supposed to provide an all-embracing knowledge as a basis for both the
continuation of their studies and later in practice to deal with electrical machines in detail.

The lecture “electrical machines I1” was especially elaborated for students in main course of
the maor “Electro-Technique and Electronics’. The knowledge of contents of the lecture
“Electrical Machines|” is presumed.

Please note: This script represents a trandation of the lecture notes composed in German.

Most subscriptions to appear in equations are not subject to trandation for conformity
pUrposes.

Aachen, April 2002 Gerhard Henneberger
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1  Direct and quadrature axistheory

1.1 Introduction

Up to now aways steady-state operation was presumed, i.e. operation on power system with
constant voltage (DC-, AC or three-phase system), constant speed and also without electrical
switching operation and mechanical load variation. Such mode of operation nearly never
occursin real world applications, neither at drive engineering nor at central electricity supply.

The electrical machines are the main parts in drive engineering, which are the controlled
system in the actuating system. Fina controlling element - today mostly a static converter -
and analog or digital control complete the drive system with speed control. DC motors are of
minor importance nowadays, since recent advances in power semiconductor and
microprocessor technology, which increased the relevance of induction- and EC-motors for
electrical drives. High dynamic responses at acceleration or braking and a short setting timein
case of mechanical load changes are demanded.

In central power supply the fundamental basis is provided by synchronous generators. They
are used in thermal power stations in conjunction with steam turbines in form of a high speed
cylindrical-rotor generator and in hydro-electric power plants as low speed salient-pole
generators. The voltage is preferably sinusoidal and the frequency should be constant. The
speed of the driving machine and the terminal voltage must be controlled in akind of manner,
that sudden load change provoked by short circuit fault or cut-off do not result in large
changes of the frequencies and voltages. Also operation in parallel with other generators must
be possible without the occurrence of oscillations.

The knowledge of the response characteristic of the “controlled system electrical maching” is
therefore an important precondition for the design and the prediction of the operational
performance of an electrical machine.

While in dynamical operation the transfer function of the electrical and mechanical quantities
can always be described by a set of differential equations. The number of these equations
depends on the number of energy storage mechanism, i.e. a voltage equation for each coil and
for the rotor mass an equation of motion.

To limit the complexity of the calculation for three-phase machine with non constant mutual
inductances, some restrictive conditions must be made regarding electrica and magnetic
symmetry and fundamental wave. Additionally two kinds of transformation are required. The
three-phase winding will be transformed to a two-phase system, which magnetically
decouples the rotor and stator windings and also reduces the number of equations per
windings from three to two. The other transforms from a stationary to an arbitrary rotating
coordinate system. Performing this transformation will result in constant mutual inductances
and the feasibility to take magnetic asymmetry of some machine parts into account for
instance the different reactances X, * X, of salient pole machines.
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The transformations have to be power invariant and so that resistances and inductivities stay
unchanged. The torque differential equation will be derived from the power balance and the
torque equilibrium.

The description of polyphase machines requires at least five differential equations, i.e. two for
the rotor, two for the stator and one for the rotating masses. Also the dynamic equations for
the DC machine arise from the quadrature-axis theory. In that case only three equations are
needed for field, armature and mass.

The derivation of a dynamic equation system of the polyphase machine will be accomplished
in common by the consequential use of the quadrature-axis theory. The often used
representative space vector method results in identical equations but loses clearness if
invariance of the power is taken into account. The correlation between quadrature-axis theory
and space vector diagram will be pointed out |ater.
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1.2 General rotating field machine

stator

rotor

Fig. 1: rotating field

voltages:
[U s] = [guligvﬂgvﬂ]T

currents:

[1e] =i i ia)'

flux linkages:
[YS] = Y ul!ivl!iwl]-r

resistances:
éR 0 Ou
_é a
R]=50 ® of
80 0 Rp
voltage equations:

CREIGARIRERAVA

flux linkage equations:

[Ys] = [Ls] >‘{| s] + [M s] ><[| R]

A generalized rotating field machine consists
of 3 phase rotor and stator winding (Fig.1).
Because the rotor revolves with g(t), the
inductances are depending on the rotor
position.

The complete set of eguations will be
presented in matrix form.

[UR] = [HUZ’QVZ’QW2]T (11)

[1e] = [ivzrivoriva]’ (12)

Y=Y o Yoo Y o] (13)
R, 0 0y

[RJ=g0 R 0y (1.9)
€0 0 RyH

Ul =Rt + vl s)

[Ye] = [La]ofia] + M) 41 (1.6)
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inductances:
¢ 0 & 2p U
& LintLls Lt ’COS%E%O; Ly, moscé- %%
é "
& e 0] o N%
(L= gl *COSC- %+ Ly * s Lt >COS¢@+ o (1.7)
& e o0 €39 u
A 0 e 2Ppo J
& w *COSC— -~ w € - — + u
5 Lyn Sg 3 4 Lyn ¢ 3, L + L ;
¢ 0 2 2p gl
e Lot Lo Lhy *XCOSC D B Lonw >Cos(é~- ?p&j
é "
& &2 2Po 20 6 1,
[LR] = gLZhW XCOSC- ?; Lonw + Lo Lot >COSg_p+ 3 (1.8)
& € 22 €3 o
é LZhW ’Cosée??pg I_2hw mosg 2p 9 I‘2hw + LZS g
e 2 e 2 a
mutual inductances;
g M, xos(g) M, moséa% + _g M mosg‘% %
é
RN PRI TRV R T
€ & 3¢ 3 4l
é y 7
ot 00+ 22w, oo 2O, oodg)
é e 39 3g B
[M R] = [M S]T (110)

L, and M,, are alternating inductances. The number of turns of stator and rotor windings
differ.

In the form presented above the dynamic set of equations is physically complex and it is quite
complicated to deal with it without using computers.
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1.3

Requirements and approach

The following requirements are be made for the quadrature axis theory for ssimplification
pUrposes:

1

Rotor and stator winding only excite spatial sinusoidal current linkages. That means,
that only the fundamental wave of the current linkages is taken into account and
winding factors of al harmonics are supposed to be zero.

There is no saturation, i.e. the magnetic conductance is independent of the current
linkage. The magnetic voltage drop is negligible.

The machine isfully symmetric, i.e. constant air gap around the whole circumference
and the influence of the dotting is negligible. Within the rotor or stator the self-and
mutual inductances are independent from the rotor position This precondition may be
partly ignored. If the stator respectively the rotor have two magnetic or electric
preferred perpendicular axes, the quadrature axis theory can still be applied through
the choice of an asymmetric part fixed coordinate system.

The neutral point is not connected. Therewith the number of voltage equations in rotor
and stator will be reduced from three to two.

i, +i, +i,=0P i, =-i,- i, (1.12)

Also this precondition can be bypassed by separation and extra handling of the zero phase-
sequence system.

The further approach is as follows:

1

3.

4.

Power invariant transformation of both three-phase systems (rotor and stator) to two-
phase systems, whose axes are perpendicular to each other and no interaction takes
place. Additionally the rotor will be referred to the stator winding.

Transformation of the steady stator winding and rotating rotor winding to an arbitrary
system, rotating with angular velocity. Thereby the mutual inductances no longer
depend on the rotor position.

Setting up the voltage equations for rotor and stator in the transformed system,
rotating with arbitrary angular speed.

Determination of the torque from balance of power.

Afterwards the dynamic, power converter and the transient behavior of DC, induction and
synchronous machine will be investigated both analytically as well as numerically.
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1.4 Transformation from 3 to 2 phases

Stator
—_—
[Tl

[T32]'1

Fig. 2: three-to-two phase transformation

Conditionsfor rotating fields:

three-phase winding: p’a ., =aq =

two-phase winding: p>a ., =aq =%

For a power invariant transformation, equation 1.12 must apply:
S =30 5o, Mg = 22U 5, X, (1.12)

According to this, there are different opportunities:

3
Uz = Eusph! L 2pn = I 3pn (1.13)
_ _3
U2Ph - U3Ph ’ |2Ph - E I 3Ph (1-14)
3 _ /3 .
Uspy = > U g, Lopn = ExSPh (symmetrical) (1.15)

Which of these possibilitiesis best suitable?
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If invariant transformation of resistances and inductances is demanded besides invariant
transformation of power, only the symmetric option is possible, which will be shown by the
following considerations:

2
R=r W m = W H2M i g =P (1.16)
q, A 2Xmxw
2
m avx, 0 2 IxD
L="m 1 xS (1.17)
2 % o 5 p d

To conserve previous resistances and inductances, the number of windings resultsin:

mx(wx ) = const
3w i, = 24 W5 G (1.18)

(o) = |2 Ao ),

Therefore follows from the equality of the current linkage for the currents:

Exi (W»()sph x\/§x|sph:§xixm 2xl2Ph

2 p

- o
2Ph 2 3Ph

This means equal air-gap induction and for the case of same geometric data: equal air-gap
flux.

(1.19)

Therefore applies for the voltages:

W
— X
U, _ \/§>(W>§()2Ph

U W

3Pn ﬁ ><W>§( )3Ph * (1.20)
U,en - §
U 2

The symmetrical transformation to a system with \/g (W) is therefore power-, resistance-
and inductance invariant and will be used below.

The conversion of the stator will be performed as follows:

If athree-phase system is intended to be replaced by atwo phase system, it is advisable to set

the axis of winding A so that it coincides with the orientation of axis U. The axis B is
perpendicular to A. Theturnratiois:

(05 =2 (e
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Both systems must have the same ampere turns across the air gap. Then the currents must be

for A-axis:
WX, ul+ivl>(:os2p >cos£9—\/7 WX, X 5 (1.22)
e 3 3g V2
i, 1,. . \0_ [3.
(}'ul ?' E(‘ T - Ivl);: E’qu (1.23)
: 3.
|A1: Exul (124)
for B-axis:
WX, 'Vl>cosB+i mosig—\/i WX, Mg, (1.25)
e 6 6g \2
V3. 3. 3.
7>1v1' 7>qwl: ExBl (1.26)
iy 1y . . \_im
aidints G I ) e 1.27
5 )= (1.27)
: i .
lgy = L+ Ivlﬁ (1.28)

N3

The transformation form of the three phase system to the equivalent two phase system can
also be written in matrix form:

€3 u
e < A [— u

g‘“ﬂ [ng]éulﬁ with [T]=e2 g (1.29)
B1U viU @\/_9 \/El:l
2 8|

The conversion of the voltages will be performed in a similar way, because the symmetric
transformation was chosen:

&l _

u
L E S u 1.30
ngl u [ ] ngl u ( )

Just as well a two phase system can be transformed to a three phase system by reverting the
equations:

€2 ,u
8,U 4 Bal 1_83 u
A= T, <™y with[T,['=é a (1.31)
e TR ST
g V6 28
eU
O 3 AR Alﬂ (1.32)
gJ 1U B1U

whereas [T, |{T,,] * =[1]. (1.33)
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The conversion of the rotor from three to two phases can be performed in analogy.
Additionally the rotor will be translated to the number of stator turns per unit length, which is

marked in the following withadash " ".

W, X
(= (1.34)
W2X2
au,,u éu,u
& a=[T] g “g (1.35)
s v2Uu
&0 8,0
é/leﬁ:[Tsz]"% &g (1.36)
ds20 u v U

The conversion of the flux linkages of the stator and rotor winding takes place in the manner
from three to two phases and vice versa

&Y U &Y U

8, u=lT=ls " (1.37)
e’ eiU e’ vilu

&Y 1 &Y L0

8, a=[Taliog, (1.38)
e’ s2U e’ wvu

1.5 Transformation of the 2 phaserotor and stator to an
arbitrary revolving coordinate system

To obtain constant mutual inductances, e.g. for salient pole synchronous machines or for the
application of specific control algorithms (e.g. field oriented control), rotor or stator of three
phase machines must be transformed to stator or rotor. Sometimes it might be useful to
transform the rotor or stator to a coordinate system to rotate with the air gap flux.

. . . . . ., d .
In the following a generic transformation from the inactive stator and the with d—? rotating

da
rotor to a coordinate system, rotating with arbitrary angular speed gt is presented.
The equation system is then applicable to various machine types or can be chosen fredly:
a=0 inactive coordinate system,
a =w>t coordinate system rotating with rotor speed (w = 2—?),

a =w, ® coordinate system rotating with synchronous speed (line-frequency),
a =w,_» coordinate system rotating with air-gap flux (variable frequency).
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| Therefore  equations for  rotating
—r7— d 20 !
ar e - Cartesian coordinate systems in a plane
are used:

X = X>cosa + y>sina (1.43)
y' =-x>sina +yxosa (1.43)

Carried forward currents and voltages
may be written in matrix form:

Gdlu [ ]GAlu

(1.43)
qlu Blu
. rotor : GJ GJ u

PR O L R B TCI ‘”u R (1.43)
i i a(l BlU

with transformation matrix of stator to a
revolving system

é cosa sina (
2 [T.]= ¢ a-(1.43)
‘mT 32 g Sna Cosa

Fig. 3: transformation to revolving coordinate system

While transforming the rotor to the rotating system care has to be taken since both system are
moving relative to each other with the differenceangel g - a .

é,,U é,,0
8g=] ga]xe-“g (1.44)
qu ds20

u

a (1.45)
a

with the transformation matrix of the rotor to arevolving system

_é&odg-2a) -sinfg-a)u
[Tg-a]_gsin(g_ a) COS(g- a)H (1.46)

The reverse transformation is performed with the inverse matrices:
grcosa - sinauy
.1 =

“&rsna +cosal (147)
. _ércoslg-a) +sin(g-a)u
[Tg-a] e sm(g a) +COS(g a)H (148)
d U P
S LN RN (1.49)
.47 g

ey u
a o= 5 1] (1.50)
gJBlH xguqlg
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& U L G0

aa=[m, . ' ey (151)
de20 €q20

gjl“28=[T ]’1>§J ;‘28 (1.52)
s ’ 84520

This transformation is also invariant of power, because the matrices are orthogonal, i.e.

T étcosa -sinau
[Ta] _g+sma +cosaL‘I [T] (1.53)
e+co a) +sin(g-a)
] T=gecle-a) renla-a)y (159

& sin(g-a) +cosg-a)l

Since the same transformation is applied to voltages and currents, the quotient is constant, i.e.
the transformation is invariant to inductances and resistances.
The flux linkages in the arbitrary rotating system can now be written as

€Y ;. U @4, U ég,,u
eYdlu— L, "Sdlu+ L, %"y (1.55)
el ad atQl €420
éY L’,I: L2>‘é u+L U (156)
8" 20 ga20 Eaill

After conversion to the same number of turns, rotor resistance and inductance are given by:
R, =U° xR, (1.57)
L, :EXLMNIEN'JXMW (1.58)

2 2

The total inductanceis
L, =L +L, (1.59)
L, =L, +L,=0°x, (1.60)

and the leakage factors ensue to

L2 1
s =1- h‘ =1- (161)
Ll I-2 (1+Sl)><1+52)
—_ — L‘Z
__Lﬂs, S, =2, 1.62ab
L, 2 L, ( a, b)

It is remarkable, that mutual inductances do not appear in the arbitrary rotating system any
longer. This is caused by the fact that transformed rotor and stator windings rotate with the
same angular speed. Only the axes d1-d2 and q1-g2 are magnetically coupled.
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1.6 Voltageequationsin the arbitrary system

The transformation is to be performed in two steps:
1. Transformation from the three phase to the two phase system - non connected star point:

euAlu u U eYulu eAlu d €Y 4 U
g, [nglxgu ' Rn{ng]xg G+ [T32] By %Blu b4 @8

u d évY,
A2 —_ u2 T u2 +_ T u2 ,\AZ A2 164
S ézu [ Z]XSU\QH RZ){ 32]Xevzg dt [ 32]xeszH i Bzu dteY H (69

with [T,,] being constant and independent of t.

2. Transformation of the inactive stator and the rotating rotor to an arbitrary rotating
coordinate system:

RLOL WAL R WA A

qu B1U

Td[T] eYdlu 1. d eYdlu‘J

= +[T

s KR Gt
edlu deYdlu da e~Y

=Rxa gt at—— (1.65)
da1() dtqulu dt %-'-Ydlu

Keep in mind, that in this case [T, | aswell as [Tg_aj are not independent of t.

dZU_ GJ u_ o edeup
3= T, A =

: H [g-a]%' H >{ a]>%823+[ ] [ ] e qzldg

+[T ] Td[Tg.a]-l edeu T a]l d €Y, U

a X :
Ty Xngzu qu2%

u LN
20+ g (1.66)
a 9 & Yo

The voltage equations consist of the following aspects:
voltage drop at the ohmic resistance

temporal alteration of the flux linkage

da  d(g-a)

rotary voltages caused by ol B
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It isrequired to take a closer look at the following specia cases and distinguish between:

a (t) = 0: transformation to a stationary system: stator

&y U _ edlu d eYdlu (167)
u_ .

guqllfl >$Sqllfl dt qulu

eudz e‘dzu d éY,,0 dg é+Y,,

Ca=R, % Cut—o%e (1.68)
éuq 20 e'qzu dte a2 dt e deu

a(t)=g(t): transformation to a system, rotating with g(t): rotor

é‘jdlq_ ed1U+ d eYdlu dg & Y,u

a= a (1.69)
Yo %qlu dtqulu dt xg-'-Yle

ar.u . d.u éy .U

é‘,’zu=R2><@,‘.“u+dgA 4 (1.70)
eloz ) do2) A eY 2

1.7 Balanceof power and torque

To determine the torque in an arbitrary rotating system, the balance of power is to be set up.
The following matrices are therefore defined:

é da u

5 AL oy é -~ qlxa a

a1 U aru ey U é u

& U €, U éy u é +Ydl><d—a a

(=870 =50 I=8,20  bwl=g ) a7

gdZH eszu édeg e vy Zxﬂu

% A ' A e d u
@a20 @quQ @' a2l é d(gd_ta)u
é—dex—U

e d u

So that the power input appears as:

P =[] fu] =[] >{.|+[. ><—[Y]+|I] pw =], (172)

Frech

dt

where R,

magnetic energy and P, the mechanical power of the total system:

P =M aw=—e ¥ - dt (1.73)
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Torque derives from

j. da . _da . dlg-a),, ... dlg-a
Melzdii'dlx_x(' Yq1)+|qlxadel+ld2 (gdt )quz'qu (gdt )x(- de)g

(iql X1~ s qul)c(ij_? + (in‘jz xYn‘qz - i('q2 XY(;Z)X%E

=pd,, >‘(iq1>‘icyjz' idl>q.;42)' (1.74)
The equilibrium of torqueisvalid:

2
M, :MW+J>%V:MW+%><‘;T§ (1.75)

<29 (1.76)

w
W=2pmn=—=
P p dt

o |-

Two different cases need to be distinguished:
a(t)=o0: steady coordinate system

My = P, XY o - iy XY 1) (1.77)

a(t)=g(t): with therotor rotating coordinate system
My = Poligy %Y g - i %Y o) (1.78)
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1.8 Compilation of the equations of the direct and
quadrature axistheory

F W1X1 F gwlxl
B1
Vl Wl
[T32]
u, A ; T, T,
3 §Wx
SWXs 2
2 D P ———
[T, [Tgal?
Fig. 4: transformation of revolving 2-axis coordinate system
8 U 6.0 é,,u é,u
AAl [Tsz] g q éézl:I:[Tsz]xé-zl.’J (1.79)
BlU viU de20 dw0
sl & U 6,0 6 ,,U
e a=lLlg a'%a=T, . [e"g (1.80)
arl 1l €20 de20
e/g ,u
65 Y écosa  sinay éoslg-a) -sin[g-a)i
[Taz]:e 1 u [ ] 0 ] g (1.81)
el /50 & sna cosaf] &sin(g-a) cosg-a)HX
&2 4
€Y 4, U 84,0 é,,U &y, ,u . é,u @40
o 0= Log it L oe g &, 0= g arLoa’ g (182)
atdl daLl da20 8" a2l 20 garl
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éuy, U edlu deYdlu da e'Y

& u=R>a gt (1.83)
Vo () ad dtqulu dt %+Ydlu
éu,,u 6,0 déY,0 dlg-a) &Y. u
:gzu szedZ S 92y (g )Xé o (1.84)
a2 @qZQ d L @Y 20 dt & Ya20
J d?
o = Pl i foiie) = GE M (185

1.9 Spacevectors

Complex space vectors are often used in common in the literature. In the complex area a
rotating field can be represented by a rotating space vector with the angular velocity w. The
position of the space vector describes the instantaneous maximum and the quantity of the
space vector describes the amplitude of the rotating field. The complex space vector is
constructed using the instantaneous values of the three phases, for example of the currents:

10)= 24, 0)+a4,0)+a" 5,0 (1.86)

2p

The operator a = e represents a spatial displacement of 120°. With the factor % the

amplitude of the space vector is adjusted to the physical magnitude. The projection on the
particular winding axis results the instantaneous value of the particular phase current.

+Re“
As well as the currents, the
voltages and the flux
linkages can be defined
' using space vectors.
1 eg. wit=0
i, =1, iV:iW:-1
A 2
U

v

W \Y
Fig. 5: space vector illustration
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If the dynamic equations of a rotating field machine are represented with complex space
vectors in a coordinate system, which is rotating with angular speed a (t) , the following set of
equationsis achieved, if the rotor is converted to the number of the stator windings:

us =R % + jx—xY 1.87
Us ZRA+— =+ s (1.87)
cooodY, o dlg-a),

R+ 3R iy Y% 1.88

R, Xq pranil R (1.88)

Y =L+ Ly g (1.89)
i'R =L, N._'R + Ly A (1.90)
M, :g pimlY . >1'_';)+ipxdd—vtv * = conjugate complex) (1.91)

If the complex space vectors are split up into their components

Us = Uy - | Uy (1.92) Ug = Uy, - | XUy, (1.93)
is =i g (1.94) ip =g~ g (1.95)
Yo=VYg- jxy (1.96) Ye=Yg- 0%, (1.97)

with “d” representing the negative imaginary axis and “q” representing the positive real axis,
aset of equationsis gained, which is, except of the factor in the torque equation, similar to the
set of equations of the two-axis theory.

éu U 4,0 éeY u Y
S dlu: nglu d eYdl da )%‘ qlu (1.98)
o () 0 dt&Y¥ag dt & Y
ar.u . é.u éY .U - é+Y U
& q= >@‘.‘Za+iéYﬁ’za+d(g a)xé 25 (1.99)
&o20d deeg dgYazq dt & Ye0
3 C R J dw
Mgy :E p><Yq2 Maz2- Yz ”qz)"'gxa (1.100)

The factor :—23 in the torque equation shows, that the transformation is not invariant of power.

Instead of that the space vectors should be defined as follows (for example for the current):

i= \E*(I +ad, +a’ i, (1.101)

Thus the according space vectors would loose clearness.
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2.1 Badcs

Because of their easy control and because of economic reasons DC machines in combination
with thyristor converters or transistor amplifiers are today still often used as high dynamic
speed-variable drives in the small and middle power range.

The essential disadvantage is the commutator. Size and dynamic are limited by the
mechanical commutation. The current transfer with brushes has a high rate of wear and
requires maintenance.

But because of the mechanical commutation with the commutator, the armature current
linkage and the excitation field are aways oriented in an optimal way for the generation of the
torque. With constant excitation there is alinear correlation between torque and current. Thus
arapid and exact speed- and position control is possible.

The following pictures show the basic structure of controlled DC machines (For the
simplification machines with only two poles are shown).

Fig. 5 shows a large machine in medium
power range with some 100 kW for
handling applications. The machine is
equipped with commutation poles and a
compensating-field winding, to improve
the commutation and to suppress the
armature reaction. The rotor and the field
frame are made of laminated steel, to
enable rapid changes of the magnetic
field.

Fig. 6: DC machine

Fig. 6 sketches a cylindrical servomotor
with radial field, which is typicaly
used in the range of some kW for rapid
positioning drives. The usage of rare-
earth permanent magnets and a dlim-
line type rotor are benefiting because of
dynamic reasons. With permanent
magnets in the stator, the machine can
only be controlled in the armature
circuit.

Fig. 7: DC machine, servo motor
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AlllF

72
)22

— -

X n
Fig. 8, 9: DC machine, disc type rotor (high dynamic)

Fig. 7 dso illustrates a high-dynamic DC servomotor in the power range of some kW for
robotic device applications. The motor has an axial field and a double-side stator with AINiCo
—magnets. The ironless disc-type rotor is made of distributed wires or punched segments.
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2.2 Dynamic set of equations

The dynamic set of equations of DC machines can be directly deduced from the two axis
theory. Variablesneedtobesettoa =0, i.e. w, =0, regarding:

TIA UA

4,
Fig. 10: two-axis theory applied on DC machine

The mechanical angular speed ensues to:

a9 _

w = pW
dt P

The dl-axis corresponds to the
excitation field.

The g2-axis is the axis of the armature
gquadrature-axis field.

The polarity of the excitation field is
reversed, to turn the anti-clockwise
rotation positive. There are no windings
gl and d2.

(2.1)

It has to be considered, that the rotor is converted to the number of the stator windings, which
isnot usual for DC machines. Therefore it has to be cancelled.

The following substitutions apply:

Ugs =-Ug, g =-1e, R=Re, L=

(2.2 ad)
(2.3)
(2.4)

(2.5 ad)

(2.6)
2.7)
(2.8)

(2.9)
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Therefore the following equations are achieved:

-UF=-RF><IF-LF><d(;—tF (2.10)

0, 1

(U, = 0% Ry et UL, Xt pRWX- L, X ) = (2.11)

M, = pxd, %0- (- 1 )a8z Lo Wy (2.12)
e Ug p dt

With the mutual inductance between excitation- and armature winding M :i three
u
differential equations for DC machines are gained, which describe the dynamic behaviour:

dl,

U =R Xl +L; XE (2.13)
UA=RAXIA+LAx(j(;—{\+p><M><IF><\N (2.14)
Md:poXIFXIA=ded—\?+MW (2.15)

The saturation of the excitation circuit is neglected in the considered case.
In analogy to the lecture Electrical Machines :

pxM X =cX (2.16)
C:% 2.17)
pxXM X o AW =c X ><\N=k2l><2p n=kx n=U, (2.18)
pxM Xl X, = x|A:|\F/)|d (2.19)

It is obvious from the dynamic set of equations, that not only the variables for the steady-state
operation but additionally the energy stores L, La and J need to be taken into consideration.
Besides the saturation, the mechanical friction and the voltage drop at the brushes in the
following paragraphs is neglected.

Fig. 11 shows the equivalent circuit diagram of the DC machine in dynamic operation.
R L

A A

-]

=

Fig. 11: DC machine, equivalent circuit diagram for dynamic operation
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The set of equations needs to be converted into the state formulation. To simplify the
following considerations, it is normalized on rated (=nominal) values:

Lde —y_ - R X, VEIVES (2.20)
dt RF IFN
d , 1 1

Ly, x—2=U,- Ryxl,- pxM xl_ WV X x—— (2.22)
dt Ry |

de—W=p><M e, - My, ><i (2.22)
dt M,

Normalized values are also called “per-unit values’. For this purpose lower case letters are
used:

UA —_ IA —_1 RA)IAN -
_UA’ __IA’ —'a
UAN IAN UAN
Ye o, teoi, Belan oy (2.23 ah)
UFN IFN UFN
&:n’ MW =m
W0 I\/IN
nominal values:
Uy = pxXM Xl XN, (2.24)
My = pxXM X X, (2.25)

time constants:

T = ﬁ (2.26)
T, = Ly (2.27)
A RA .
T, =2V (2.29)
M N
Referenced set of equations of the DC machine in state formulation:
di u- .
T x—F—="F-j 2.29
el (2.29)
di, 12 0
T, x—2=—x%u, -i.n-i, (2.30)
dad r, ¢ —
e u g
T, ><%:ilz M- m, (2.31)
dt ~——
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Input- or excitation variables: Ug, ua, My
State variables: iF ia, N
Machine parameters. Te, Ta, Ty, A, IE

The according structure diagram for the three differential equations, describing the state of the
energy storesisdepicted in Fig. 9:

) 4

Fig. 12: equation set, structure diagram

Because of the products i, %. and nx_ the set of equations is not linear and can only be
solved with numerical methods using computers.
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2.3 Separately excited DC machine

In many cases speed-variable DC machines are operated with constant excitation or with
permanent-magnet excitation. Thus torque and speed can only be influenced by adjusting the
armature voltage. In this case I. =1, =const and the structure diagram of the motor

simplifiesalot using i =1, asshownin Fig. 13.

v

Fig. 13: DC machine, structure diagram

The set of equation now consists of only two equations being linear. Therefore it can be
solved analytically:

di, _u,-n

T, xOA = - 2.32
oy . A (2.32)
T, x‘;—;‘ =i, -m, (2.33)

The structure diagram of DC machines is obtained using Laplace-transformation. This is the
common display format in control engineering. In order to differ from the appearance of
previous equations, upper case letters are used for Laplace-transformation.

Tt (5)+1,(5) = 2N 23
T, eN(9)= 1,()- My (6) 239
(=28 M 0.3
N(g) =4l Muls) (2:37)

sT,
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-Z(9)=M ()
WU, + M A 1 YOG
"N BT, (=19 + ST, * >
G,(9) G,(9)

Fig. 14: DC machine, structure diagram due to Laplace transformation

The speed of the DC machine states the output variable, which is controlled by the armature
voltage. So the armature voltage is the reference input variable. The load torque is the
disturbance. The following correlation applies:

- GG, AN + G,
1+GG, 1+GG,

(2.38)

1.) Response to setpoint changes:

The response to set-point changes (this is the speed variation of the DC machine if the
armature voltage changes) is obtained for Z = M,,, =0:

W(S)=U (9 + ir, My (9)=14(9) 1 Y(9=N(s)
T - 1+sT, ST, ! g
G,(9) G,(9)

Fig. 15: DC machine, response to set-point changes for My=0

Ury 1
Y(s) . N(s) . 1+sT, sT, _ 1
2 2 = (2.39)
W(s) Uuls) 14 Yra 1 1+(1+sT,)xsT, =,
1+sT, sI,
with the mechanical time constant:
W W W
Tm—TfoA=J 0y Fa o I =3 (2.40)
MN UN/lN MNxUN/IN MK
RA
follows:
N(s) L 1 (2.41)

U(s) T1+ ST_+s°T T, -

TT, &+ Sy 1
>§ TATm 9

S
TA
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At the time t = 0 a step change of the reference input variable is applied. For example the
stationary machine is connected to rated voltage (coarse start up).

U, 4
1 U, (s =1s
>
0 t
Fig. 16: DC machine, coarse start up
Itisto be set:
L o_w (2.42)
T,T,
L opw, =22 pp= [Tn (243)
T, T, T, a1,

(2.44)

Regarding the periodic case

D= |1m <1, (2.45)
4T,

the following solution is derived:

e Pt (/v :
n(t)=1- sinw,v1- D?t+arcsin/1- D2) (2.46)
B)=1- 5 s “
Thecurrent is:
| ,,(s)=sT,N(s) (2.47)

This means a differentiation in the inverse transformation:

. } d 1_d
A1) = LsTN(S) =T, = =T (248)
A
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N Y R
| /(/ =] n(¥)=1

/ / 7
.-"'"Ir |= ;T
. i /"r‘ri’:'ﬁ osciuationfor4TTm <1

A

A2 aperiodic limit ——

.
eriodic limit for /™~ =1
® 4T

Trn = & i
= AT A

-
=
e
fa=]
i
I=

A

0,8
lll L
2L I/ / \\\< Tm=2Ta aperiodic limit i, ¥)
/F@& L ATm=Tp

\

I
o

0.2

2 4 6 8 t/Ta

Fig. 18: time characteristic of the armature current for different 1—’“
A
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If the machine operates at steady-state no-load condition and the armature voltages is
changed, then the current increases, to achieve the new speed. If the speed is achieved, the
induced voltage has achieved its new steady-state value and the armature current decreases to
zero again. Depending on the magnitude of the damping this process causes oscillation or is
aperiodic.

2.) Response to distur bances:

The influence of the disturbance, i.e. the speed variation if the machine is loaded, can be
obtained for W =U, =0:

The physical interpretation is a stationary machine (n = 0), which is loaded with a certain
torque. The reaction is afalling-off in speed Dn. By linear superposition any initial condition
can be added, i.e.n= 1.

29=M,(9 + 1[G Y(9=NE
g ST ¢ >
T, = TJ.rA
1/rA Gl(S)
1+sT,

Fig. 19: DC machine, structural diagram due to response to disturbances

1
Y(s) _ DN(s) _ ST, _ rofiest,) o (1+sT,) (2.49)
Z(s) Myls) , Vra 1 14Q+sT)STyr, 1+sT, +$°T,T, '
1+sT, sT,
For example the machine is loaded with rated torque M, (s) = % :
|\/|W A
1 M, (5 =1s
0 t

Fig. 20: load with rated torque

The speed variation is:
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.
An l
aperiodic limit
05K g
A Tm =4Tp
-\\‘QTA%&
T
1

7

S

15% \ y\ Tn/Tp=05

V

2 4 G 8 t/Tp |
Fig. 21: time characteristic of the speed variation for different ::__—m

A

The diagram shows the related falling-off in speed if the machine is loaded with the rated
torque. Depending on the magnitude of the damping this process causes oscillation or is
aperiodic. In steady-state operation with rated valuesit is:

n=Yam Ta’la (2.51)
IF

u,=1,i,=1,i. =1 (2.52)

n=1-r, (2.53)

Dn=1-n=r, (2.54)

The falling-off in speed if the machine is loaded corresponds to the referred armature
resistance ra.
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3.) Results of the analysis:

Separately excited DC machines with energy storesLa and J are

oscillating systems for

D= |Tm <1 (2.55)
4T,

aperiodic characteristics are obtained if the armature voltage or the load changes for
D= |- >1 (2.56)

If a change of state appears to separately excited or permanent excited DC machines, the
reaction is a transient phenomenon with an alternately exchange of kinetic energy of the rotor
and magnetic energy of the armature winding in the form of periodic oscillations. This can be
compared to the reaction of spring-mass system to a change of state. The damping is
responsible for the declination of the oscillation. The choice of a suitable current and speed
sensor is discussed later on.

2.4 Coarse-step connection of DC shunt machines

If the excitation current changes, the set of differential equations becomes non-linear and can
not be solved analytically anymore. Therefore computational algorithms are utilized for
analyzing transient phenomena. One phenomenon is the coarse-step connection of DC shunt-
wound machines. a stationary machine is connected to the power supply at t = 0.

The time characteristic of speed, armature current, excitation current and torque is intended to
be calculated in the following.

R

A

Fig. 22: DC shunt machine, equivalent circuit diagram (ecd)
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The general based set of equations in state formulation with u, =u. =1 isapplied. The iron
saturation is neglected. The machine should be not loaded m,, = 0.

di 1 . .
T,—2=—(1- nX_)-i 2.57
gt Ty ) (257)
di 1 .
T_F =— -] 258
Sl (2.58)
dn . .
TJ E = IA >1F (259)

A stepwise numerical integration has to be performed on the computer.

A simple method is for example the
Euler-Cauchy method with a given
initial value problem in the form of
y = f(t,y(t) with the initia
condition y(0) =y, .

y(t, +Dx)

y(t,)

Dt

Fig. 23: numerical solution (Euler-Cauchy method)

With

v+ D[;) )2y ) (2.60)
follows

ylte..) = ylt. )+ Dty (t,). (2.61)

With that presupposition, a function y(t) at a time t,,, =t, + Dt can be calculated, if the
function and its derivation are known at atimet, .

It is practical to choose the same discretization for each Dt. With y(t, ) = y(k) the following
set of equationsis obtained:

D) L, () 1,00 @
TFiF(kJ“gt' iF(k):é- i (k) (2.63)
r, Merd) o) s, 264

Dt
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A recursive set of equations is formed, by moving all the variables, which are known at the
instant t, , on the right side and then determining the new variables at the instant t,,, . Starting

at t = 0itisintegrated stepwise. As a matter of course the scanning intervals has to be much
smaller than the least machine time constant Dt << T .

Applied to the DC shunt-wound machine the following recursive set of equationsis achieved:

i (k +1):?- TE%A(k)’LTEV(l- ”(‘?)”'F(k)) (2.65)
v D)=ic () 2R - i (2 (266)
n(k +1)= n(k)+%>4’F(k)>4'A(k) (2.67)

J

The following numerical values were used in the example shown in Fig. 24.

initial conditions: i,(0)=i-(0)=n(0)=0

scanning time: Dt =0.1ms

time constants: T,=13ms, T =0.42s, T, =0.57s
resistances: r,=011, r. =1

A stepwise calculation results:

< T

Fig. 24: time characteristics of m, n, ia, It

A sharp increase of the armature current and a slow increase of the excitation current lead to a
reduced torque during the acceleration. Even though an aperiodic characteristic is expected,

because of D =,/T,,/4T, >1, the speed and the armature current overshoot, because the field
is generated with adelay.
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2.5 Cascade control of converter-fed PM DC machines

The block diagram (Fig. 25) shows the common control system of a converter-fed drive
system, consisting of a permanent-field (= PM) DC machine, a line-commutated converter
and a cascade control. The speed control loop, which for example is redized as a PI-
controller, has alower-level current control loop, which is aso realized as a Pl-controller.

AN\
NN

T Usol 1L

—r 1 K

Do +An IAmaxI/-
i

Fig. 25: DC machine, control system diagram

The general set of equations of the permanent-field DC machine in based values with
. =1, =congt,i.ei. =1is:

di, 1
T, B o r_(u n)-i (2.68)

T, ‘;——iA- m, (2.69)

The result of the numeric solution is the following set of equations:

= 24,0+ 2l nld @7

n(k +1)= n(k)+%x(iA(k)- my (k) (2.71)
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The step-by-step solution of the set of differential equations is done using numeric methods:
Then the PI-controllers have to be discretized as follows (illustration due to Fig. 26):

X 1 + x > K 1+ST R_ Y

>
- RsT

R

Fig. 26: PI controller

% - G(s) = K, 1J;TSTR 2.72)

ST.Y(s) = K (1+ ST, )X(s) (2.73)

T Zi’ Kq a§<+T ‘31(0 (2.74)

1]

=K, g— dt+x—' (2.75)
89 9

¥()= K D)+ () + @70
I- Anteil e”!Z)

The dimensioning of the current and speed controllersis not discussed in detail here. Suitable
values for thefirst attempt are:

T » T, =1,T,
Ky »1

Tk, » 10T,
Kg, =5-10

It is important, to switch off the integral -action component if the current islimited. The figure
shows the time characteristic of speed and armature current of a permanent-field DC machine
during a setpoint step-change of the speed from 0 to 1 and thento -1, i.e. start-up and

reversing. The machine has no load. The current is limited to: a =25.
AN
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n
Tallan ”"i’ _______ .
25 | |
r [
| I
T 1
1
|
[
I
|
!
0T 0 V— ‘ VS
i i
!
=257 !
1 e _.__.j:..._h,\_,._,_.,_.,_'

0 100 200 T 300 400 500 tfms

Fig. 27: actual value and desired value (dashed line) of speed and current in based values

Those drives are often used as speed-variable servo drives for machine tools and robots. They

are high dynamic, i.e. featuring a slim-line rotor to achieve low moment of inertia J ~ D* ¥
and a small armature time constant, because T, = Lao 1
Ry d+ hM

field, the mechanical air-gap d has to be replaced by the magnetic air-gap d +h,,).

(because of the permanent-

Depending on the type of magnetic material, the ratio %ﬂ amounts round about 2 ... 10.

If aposition control is applied, the cascade has an additional upper-level control-loop.

2.6 DC seriesswound-machineastraction drivein pulse
control operation

Speed-variable drives of ground conveyors and electric vehicles with cycle operation are
often realized using DC seriesswound-machines with DC chopper controllers. Chopper
controllers are aso used for voltage control of DC-fed train drives.

Fig. 28 shows the general circuit diagram of a clocked DC chopper controller, consisting of a
self-commutated thyristor switch or GTO and a freewheeling diode, connected in paralel to
the motor.
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driving
braking

Fig. 28: electric vehicle drive

The method of operation is asfollows:

If the thyristor is switched on (conducting), the motor is connected to the battery voltage, the
thyristor carries the current and the machine current increases with the time constant
T = (L, +L.)/(R, + R.) to thefinal value (U - U, )/(R, + R.). After opening the thyristor
switch, the motor is disconnected from the battery, the diode carries the current and the
machine current decreases with the same time constant to zero. Then a new cycle begins.

UA
U, |
| |
< >« >pL—P t
T =1f T T

puls— puls ein aus

Fig. 29: step-up, step-down converter, duty cycles

Besides the losses in the power semiconductor devices, the chopper controllers operates non-
dissipative. With the assumption T_>>T, , i.e. n=const during a cycle and with

negligence of the voltage drop on the windings, it is as afirst approximation:

1 e 1
n~U, = H(t)dt = ——Ug T (2.77)
TPuIs 0 TPuIs

The mean value of the motor voltage and so at least the speed is controlled by the ratio of
conducting time (Ten = Ton) and dead time (Taus = Torr) Of the thyristor. The pulse frequencies
are some 100 Hz up to some kHz. The chopper controller allows only one-quadrant
operation. For braking, the thyristor and the freewheeling diode has to be interchanged in the
circuit using contactors.
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3.1 Dynamic equation set

To calculate the dynamic behavior of induction machines, the general system of equations for
rotating field machines can be utilized. Because of the constant air gap the choice of the angle
a(t) isarbitrary.

An arbitrary coordinate system is to be used, whose rotational speed and initial value can be
chosen freely

da

a(t)=w, x+a,, Y (3.1a,b)
The mechanical speed ensues to:
d_g:V\/:pA/\/: pX2p M. (3.2

dt

After converting the rotor quantities on the number of the stator windings, the voltage
equations of the induction machine are:

&y, U edlu d éYdlu & quu
& 0=R>a gt—a, atwy e (33)
ar ) daug dtaYag e & Yt
éu,u . é,.0 déy,u é+tY U
& “a=Roe it e Carw-w)e (34)
&2 ) do2g Y & Y2l
flux linkages
éY 4, U é4.U é,,u
&, =L gL, ey (35)
oy U 9 U
el al ar(l €420
éy ,u . é,u d,.U
@Y‘.’zg: L, %" g+L, delu (3.6)
€' a2l 820 Eai(l
torque equations:
J dW
=pr, ><Iql Mgz = lgr X q2) My, +B ot (3.7)

= p>(Yd1 A - >‘idl): p>‘(Yq2 Ago- Yo >1-;42) (3.8)
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At first a suitable coordinate system is to be chosen, with assumed synchronous rotation with
the rotating field in the stator:

da
&~y =w, (39)

a(t)=w, % +a,. (3.10)

For the inverse transformation into the complex notation, the choice of the constant of
integration ag is still arbitrary. A reasonable choice appears due to Fig. 30:

d: direct axis
g: quadrature axis

magnetization
torque

v

v

1

>inver transformation ‘4\

_|.=_
: -Im
g
coor dinate system ) l complex plane
Fig. 30: coordinate transformation
U, =~/2t, >coslw, %) = \/%{udl xcos(w, X +a,)- U, >sin(w, +a,)| (3.11)
| 5 ¢ . o
V23, ><Re{e’w1"} = \/; >§Jdl Ree" >e‘a°}- Uy >4m{e’W1" »el?o 3 (3.12)
é Re(- | JelM1%el201()
U, = Y1 500 4 | x5 sgia0 (3.13)
3 V3
_ . . : p » g
Definition for induction machines: a, =- —, e =e 2 =- j. Thenfollows:

2
quadrature axis (g-axis), in which the torque is generated, corresponds to the real axis.

direct axis (d-axis), in which the machine is magnetized, corresponds to the imaginary
axis.

i =y +U, (3.14)

U =ﬁ- J
~1 \/:_3 \/:—3 ~
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Currents are defined in the same way:

| = iql LT | 3.15
_1_ﬁ-1xﬁ__ql+_dl ( )
Therotor is considered in the same manner:

.ou u .

L_JZ=L§- Jxﬁzuqzﬂ_ldz (3.16)
i i . ‘

= 92 _ ixd2 - | o+ 3.17

-2 \/g J \/§ —q2 = =d2 ( )

Asthe currents i, and iy, in the rotating two-phase system are direct currents in the steady-

state operation, the currents |, and I, in the complex notation are currents with system

ql

frequency, whose r.m.s. value equals = times the DC value and whose phase angle is

V3

determined by a, = -

N[O

I, and I_'qz are active currents in the complex notation.

14, and |, arereactive currentsin the complex notation.

3.2 Seady state operation
In steady-state operation the flux linkages in the rotating system are constant, i.e.

—=0 (3.18)
and the speed is constant, i.e.

pm (3.19)

Torque equation and voltage equation are therefore decoupled and independent

Ugp = R - Wy XY Ug = -W; XY (3.20)
uql = Rl >1-ql +W1 del uiq = Wl del (321)
uéjz = Rz >1.;i2 + (W - Wl)xYéz (3-22)
u;qz = Rz >1';12 - (W - Wl)th;Z (3.23)

My = PAY g - g XY o) (3.24)
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The inverse transformation of the voltage equations provides:

Rl >‘iq1 W, >‘(L1 >q.d1 + Lh >q-;12) . Rl >q.d1 -W ><L1 >q.ql + I-h >q.(‘12)

' J3 Jé
L W, - W P .
R2>1q2+ 2 Wl ><L2 >1d2+|‘h >1dl) R2>qd2 W ><L >q +L >1 )

U, = W s Wl (3.26)
~2 \/§ \/5
U, = R X g+ 0K gy + 0K, Mgp + R Xy + XX X gy + XX, X g (3.27)

= Ry X gy + [ 38XK, X g, + [ 38XK, M gy + Ry Xy + ] 365X, X gy + [ 36XK, ¥ 0 (3.28)
U, =R+ ] XX 9, + ] xXp, ><|_2 (3.29)
U, =R, X, + jx6xX, X, + ] sxX, ¥, (3.30)

Finally the well-known voltage equations of the induction machine is achieved, corresponding
to the symmetric equivalent circuit diagram (ecd) as depicted in Fig. 31.

u,’s

Fig. 31: induction machine, equivalent circuit diagram (ecd)

Torque ensues to:

3p awledlxiLl W, qul Idlo 3p

W E VE B e w, Vel 439

M



Induction machine 43

3.3 Rapid acceleration, sudden load change

Using numerical integration methods on the computer, now the rapid acceleration of an
induction machine with squirrel-cage rotor is calculated. At the time t =0 the machine in
standstill is connected to the supply voltage. It is assumed, that the supplying system is a stiff
system and the machine is loaded only with its moment of inertia. Afterwards a sudden
change load change with rated torgque occurs.

The parameter a(t) is chosen as a(t)=w1>¢-% and the system of equation is to be

transformed in state form. For the squirrel-cage rotor is considered: uy, =u,, =0

Tt = - 1R W, Y, (332)
T U iR (339
Mo =i~ - w0, (339
Moz = iy, - v, (335
d_W :£>{p><(ydl oy- Y i) M (3.36)

Currents result from the inverse inductance matrix.

éidlu é(1+82) 0 -1 0 uéYqu
& U : ey d
dag_1-s & O i+s,) 0 18" v (3.37)
6,0 s, €& -1 0 (1+Sl) 0 UeéY,u
é é Gé,
élqzl:l é 0 -1 0 (1+Sl)|:| ngzﬁ

Lt

The following structure diagram for induction machines, shown in Fig. 32, accords to the
discussed behavior:

Vaues are defined as:

excitation values: Uy, Uy, My,

ql:

state values: Yar Yoo Yaor Yo

ql? q2’W

default: W, =W,
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Fig. 32: induction machine, structural diagram
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Initial conditionsfor t < 0in case of machine being turned-off appear as:
idlziql:i;12 =i('12 =w =0 (3.38)
Uy =Uy =M, =0 (3.39)

Excitation values of the rapid acceleration case of induction machines are (for t > 0):

u, =0, Uy =33, M,, =0 (3.40 &)

After rapidly starting up, the induction machine is operating at no-load and the initial
conditions before the sudden load change are considered:

i, =/34,, W =W, (341 ab)

iy =i, =i, =0 (3.42)

For t >t,_ the considered induction machine is to be suddenly loaded with rated torque. The
excitation values ensue to:

u,, =0, Uy =33, M,, =M, (3.43 ()

The simulation is based on the following machine data:
o P, =400kwW
0 n,=1000min*
o U, =380V (verk.)
o I,=160A
o I, =715A
o s =005
o cos , =090
o M, =3906Nm
o T, = J W

m

=0,33s

kipp

In both cases a dynamic transient reaction takes place.

When it is switched on, the induction machine generates heavy oscillating torques at
standstill because of the DC components in combination with high symmetrical short-
circuit currents. After the declination the machine runs up (more or less fast,
depending on the coupled masses) and adjusts itself with overshoots at no load.

The sudden load change is braking the machine at first until the electrical torque is
built up. Afterwards the machine adjusts itself to a steady state.
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The according diagrams (Fig. 33-37) show:

o stator current i (t), rotor speed n(t) and electrical torque M, = f(t) as time

dependent functions
0 dynamic torque-speed characteristic M = f(n) and the dynamic circle diagram

lwirk = f(IBIind)

The deviations from the steady-state characteristics are notably.

For that case the induction machine is not practical as adynamic actuator in adrive system. In
the following it will be examined, if it is possible, to let the induction machine have the same

dynamic performance as the DC machine.

ITU 6000
A
4000 -
2000 +
VZI VZ1
. [TTYVRo: N
[V
-2000 4
—4000 A
-6000
.0 o .4 .6 .B 1.0
— =
b
S
Fig. 33: induction machine, stator current i, (t) vs. time
n Mo
min~ T 1000 A 4
A
800
600 1
400 1
200
Q
.0 2 4 .6 8 1.0
—
t
S

Fig. 34: induction machine, rotational speed n(t) vs. time
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Fig. 35: induction machine, torque M (t) vs. Time
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Fig. 36 : induction machine, dynamic speed-torque characteristic M (n)
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Fig. 37: induction machine, dynamic circle diagram 1, (I 5q)
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3.4 Induction machinein field-oriented coordinate system

Because of the effect of the collector, the excitation flux is always perpendicular to the
armature current-linkage and their spatial position is stationary.

If the machine has a commutating-field winding and a compensating-field winding, then the
armature quadrature-axis field is completely compensated Q,+Q,, +Q, =0. Thus the
armature flux-linkage in the armature quadrature-axis equals zero Y ,, = 0 and the excitation

flux is not influenced by the armature current. Therefore the armature flux-linkage in the
direct axis depends only on the field excitation current Y, ~ 1. and the torque is

My ~ 1%,

O
O U
1
d <+—I—
O
—i—
< <
O Oy

Fig. 38. separately excited,
o » O compensated DC machine (VZS)

Advantage can be taken of this for the induction machine by choosing a rotor-flux-oriented
coordinate system, which is rotating with the speed of the rotor flux

a(t)=w, x+a, (3.44)

whereas the instantaneous value of the angular speed

W, =W +Wg (3.45)

does not necessarily need to correspond with the stationary value w, of the stator field at
rated frequency.
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A decomposition of the stator and rotor
current-linkages  direct  (i,.i;,) and
quadrature (iql,iéz) components regard-
ing the rotor flux leads to a clear
decoupling and permits a suitable control,

to inject currents in such a manner, that
the rotor flux-linkage in the quadrature

axis becomes zero Y, =0 and the that
the rotor flux-linkage in the direct axis
only depends on the magnetizing current
Yy, =i

Stator

m*

Then the torque is only generated by the
perpendicular components of rotor flux

and stator active current My ~Y g, %,

Fig. 39: coordinate system, revolving at rotor flux rotational speed (d=direct, g=quadrature)

A direction convention of the axis (direct/quadrature) is used due to:

d: direction of the rotor flux
g: perpendicular to the rotor flux

Thisis called field-oriented operation. An observer, rotating with the system with a(t), detects
the same field distribution and the same torque generation as in comparable DC machines.

The result are ssmple relations for the controlled variables rotor flux and stator active current.
Both variables can be adjusted independently (P compare to: DC machine).

For the rotor flux-linkages it is postul ated:
Y, = (1+s, )4, Ay, + L, %y, =L A (direct reference axis) (3.46)

Yo, = ([1+s,)3, g, + Ly i, =0 (quadrature axis) (3.47)

Thereby the variable i, is a user-defined magnetizing current, which is proportional to the
rotor flux linkage.

From this follows for the rotor currents:

2= g A a) (348)
P “iy) (3.49)

2
1+s,
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The angular speeds ensues to:

((jj—? =w = pxXW (3.50)
(?j—étl =W, =W, =W +W, (3.51)

whereas w;, isthe angular frequency of the rotor currents.

The rotor voltage equations are:

o LAYy, . dlg-a)
0=R, %4, + dtdz+ o XY (3.52)
cna 2N dg-a)
0=R,+ dtq S XY 4, (3.53)
After pasting the above relations follows:
U A di
0=R, x——xXi_-ij)+L, 354
Rorg A la)t Lo (354)
0= R, %o i_)+wy x4 3.55
_RQ 1+Sz _Iql We X A, ( )
With the rotor time constant T, due to
T, _{rs)dy L (3.56)
R, R,
the rotor equations in field-oriented coordinates are obtained:
di
iy, controlsi: T, xd—:‘ +i =iy (3.57)
[
W, isproportional to iy, : WR:T“;_ =W, - W (3.58)
2°'m
The torque equation in field-oriented coordinatesiis:
My = p><Yq2 Maz= Yz >1qz): pxiqu (3.59)
1+s,
Mg isproportiona to i, and i,;:
_pL, Lo J dw
= N N, =M, +—x— 3.60
el 1+52 m gl w p dt ( )

The stator voltage equations do not have to be regarded further on, if the stator currents are
injected by power converters with high switching frequencies and short sampling times
(servo-converter).
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The equation for i, shows, that the direct component of the stator current controls the rotor

flux. The large rotor time constant is the controlling time constant (P compare with the field
winding of DC machines). Therefore the magnitude of the rotor flux is not suitable for rapid
control processes.

The equation for w, shows, how the angular speed of the rotor flux is composed of the
mechanical angular speed of the rotor and the angular speed of the slip, which results from the
active current component of the stator current and the magnitude of the rotor flux.

The torque equation describes the mechanical dynamic response and the torque generation,
which now results from the direct flux and the quadrature current (P compare with DC

machines). If Y, =const applies, torque M und the angular speed w, are proportional to
i- These three equations describe the model of the induction machine in field-oriented
coordinates.

In analogy to DC machines, an equivalent structure diagram for induction machines in field-
oriented coordinates with injected stator currents can be found. This means, that under certain
conditions induction machines behave like separately excited DC machines with vanishing
time constant. At constant rotor flux the torque generation follows the quadrature current
instantaneously and the rotor flux can be adjusted solely with the direct current component.

W, XX - WX A= (3.61)
di,, . _.
szaﬂm =gy (3.62)
L= Ph i =y, + Y (3.63)
1+s, p dt
0, + w“—m. X iy ” M, + |p/Ji ®
® M

iy + |1/Ti i

Fig. 40: induction machine, control strategy diagram

Same control strategy as used in DC machine applications:
Speed setpoint input with w, -, flux input with i, , instantaneous torque generation with i, :
® high-dynamic drive
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3.5 Fidd-oriented control of induction machineswith

injected currents

As a matter of principle the intention is achieved. If the induction machine is controlled in
field-oriented coordinates, it is required to know the angular position of the rotor flux.

It is not possible to measure any of the electric valuesin the rotor of squirrel cage machines -
neither rotor currents nor rotor voltages. The measurement of the air-gap flux describes an

approximation, which furthermore is expensive and susceptible to faults.

However magnitude and angular position of the rotor flux can be calculated from measured
values of the stator currents and the speed, using the rotor equations of induction machines.
This is called flux model, which is implemented on a microcontroller running in online

operation.
.
szaﬂmzldl (3.64)
|q1_ = m:d_a (3.65)
T,4,, t
H,_/
WR
_ pL, o
= i 3.66
C] 1+52 m gl ( )
G u
< [T]ejAlu (3.67)
qlu BlU
d,u G LU
g“u [ng]g Q (3.69)
B1U vl
(i, iy iy |: i \
| T, L >
. searched
mea | —2U[T,,] [T,] >Rotor-
sured flux
value )
+
}, -
(O]

Fig. 41: induction machine, flux model in field-oriented coordinates
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For this reason induction machines can be controlled in field-oriented coordinates with
injected currents. The following picture shows the structure diagram of a complete drive
system with speed-, torque- and flux controller.

PWM

,,_,Nsk\wég

sy
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[Tal
IU‘S
|v1s
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lus
lass

[T,

QR
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+
Idll
Iq1s

+

L fre

I
flux controller
current controller

-«
*y

mel
)

field weakening
T Ins
speed controller

Y

<]

Fig. 42: entire drive system, structural diagram

The correct determination of i, and a requiresthe knowledge of T, = %

Problem: R, depends on temperature and L, depends on saturation effects.
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The setpoint values for the flux and the torque are calculated from the speed setpoint input. In
base speed operation the machine is driven with full flux and above the synchronous speed
with field weakening (field control). Using a flux model with appropriate controller, the
setpoint values for the transformed stator direct and quadrature currents are calculated. The
three-phase current setpoint values for the pulse-controlled inverter result from an inverse
transformation. Current i, and position a are calculated online with the flux model, with

knowledge of the measured stator current and speed values.

If the machine is in standstill at the instant t =0 and a setpoint step-change ﬂzl is

1
enforced, the control unit injects the currents i, i, and i, (iy; and iy in the flux model

after the transformation) with the pulse-controlled inverter in such a manner, that the

magnetizing current i is built-up on its rated value with the rotor time constant T, = é . The

machine accelerates nearly linear according to the adjusted quadrature current i, .. during
the accelerationtime T, = I Wy :
p M max
There is no overshoot and there are no oscillations any more. ® high dynamic drive
? i
gl
NEEN
2
w
I W,
1 \/5 ¥ }
0 S ————

i —

Fig. 43: simulation of an acceleration process and an afterwards braking
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3.6 Steady-state operation using variable frequency and
voltage converter

There are two possible fundamental operational performances:

1.) Operation with constant stator flux-linkage

The stator flux-linkages as well as the currents and voltages in steady-state operation are

obtained by inverse transformation from rotating systems with a (t) =w, % - =

2
Y, = T/_t;l - j\{/%l — Li)iquél‘h >1-1I12 o L1>1-dl\-/'-§|‘h )1.(-12 (3.69)
=L, tL, XI_'qZ Sl P P xl_ldz (3.70)
=L, % +|_><|'—|_1a?+ L, ¢ (3.71)
11 h “Z2 g_l 1+SIE .
=LAl +13)= L, (372)
For this purpose the equivalent circuit diagram (see script EM |, chapter 7.2) with
W, >X . . .
U=—2"1X1+s,)issuitablein particular.
w »(2>( ) p
X; R,/S
o o 1 .
— . L .
| !o¢ I* 2 ( . )
L L 1l+s,

[
L1
X

R, =R, {l+s,)’ (3.74)
f_ S
X, = N X, (3.73)

(o, O-
Fig. 44: induction machine, short-circuit ecd

In the equivalent circuit diagram (ecd) as shown in Fig. 44, with R =0 the current 1, in the
shunt arm has to be kept constant to achieve Y, = const .

* U U
Y. =L ¥,=L x=— =—L =const 3.76
A T (3.76)

This means operation on a supply with % =const . The neglect of R, isonly valid for high
1

frequencies. For lower frequencies the supply voltage must be increased to compensate the
resistance voltage drop at the stator resistance.
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The locus diagram of the stator current is the well-known Heyland diagram of induction
machines. The circleis practically parameterized with the rotor frequency.

tanﬁ ;):X—§>s~s>w1=w2 (3.77)

+ Re

Fig. 45: induction machine, locus diagram (Heyland circuit)

Y = const.
f;

The peak value of the current is |, . The maximum torque is the breakdown torque M, .

The speed is adjusted with supply frequency and supply voltage

The relation between the breakdown dlip and the rotor time constant is described by:

* ' 2
Wkipp = Skipp >VV1 = iz* >V\/1 = R2 ><1+S 1) Wl (378)
X S
2 w, XL, X—l_ S
_ RZ ><1+S 1)2 — RZ — 1 (379)

(s s fLes Jo{irs,) s s,

The Kloss equation describes the torque as a function of rotor frequency.

M__ 2 . 2W (3.80)
M S LS Wy Wi
S(ipp S Wkipp W2

kipp

For different values of the supply frequency a family of characteristics is obtained, which
appears quite similar to the characteristic of DC machinesfor w, <w,;, .
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— UlN,Sr

For Y, =Y, (no-load flux-linkage) is |, =1, =

(no-load current).
1

n T
| — |
I I
I _Z . field weakening range
. vt
| | !
; / ; U, = const
. 1
| ! M kipp ?
I / I !
I I
I p T T T
I g ! base speed range
: : : Y, = const
I I
| ; Yy - const
. fl
| ! M pp = CONSt
I I
I I
| | )
: M

Fig. 46: induction machine, torque-speed diagram

2.) Operation with constant rotor flux-linkage

Again the rotor flux-linkage as well as the stator flux-linkage are obtained by inverse

transformation from the rotating system with a =w, % - % :

Practically the rotor flux-linkage for field-oriented operation is to be chosen. With that the
induction machine is expected to behave like a separately excited DC machine.

Yo Yo, _ 0 . L

vy = d2 — _jxhm 3.81

Y= T (3.81)
We define:

i

| = ixm 3.82

L JX—\/g (3.82)
and divide Y, by (1+s,)

Y, _ L _ (+sy)x,4g =(1-s )X, X (3.83)

X :

1+s,) (+s,) (+s,)dl+s,)
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For this purpose the equivalent circuit diagram (ecd) with = WX, 1 is reasonable.
W2 >§(2 (1+S 2)
oX, R}/S
o— il 1 |

| *1: - 1;=1,{1+s,) (3.84)

5 . X, (1-0) R = (122 P (3.85)

2
lo=1,+1, (3.84)

Fig. 47: induction machine, ecd for constant rotor flux linkage

In the equivalent network with R =0 the current I; in the shunt arm has to be kept

constantly to achieve Y, = const. This s field-oriented operation. The voltage drop at s X,
has to be compensated | oad-dependent:

é =js M+ ><1' S )XLl X g (3.87)
W,

For this purpose the stator has to be dimensioned adequate, to avoid saturation phenomena.

Again the neglect of R, isonly valid for high frequencies. In the case of low frequencies the
supply voltage must be increased to compensate the resistance voltage drop at the stator
resistance R, .

The locus diagram of the stator current |, dependent on the rotor frequency w, isnow aline
for Y, = const and the stator voltage U, isload-dependent.

U,= i XX ¥, + j )(1' S )Xxl XI_S (3.88)
Lo=1,+1; (3.89)
L2151 5 ), =0 (3.90)

For I, follows:

x o}
+ % -
Lmip =g oS P e s Pt - (3.91)
R /s g R
e WZ/Wl 4]
= :
=1 1+ jx (1+s,)%, >W2R'2 i:|_; {1+ s, 7T,) =15 a;:'H_ i xW_zg (3.92)
- kipp @
g (1+s,)x1+s z)"ma
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+ ReT : T‘”"’ ) ‘ '
_ i For Y, =Y, (no-load flux linkage) is (3.93
JoX.I, !
i + — UlN,Sr
. ‘1(1_0))(‘1: i lo = lon = (no-load current). (3.94)

1

and the stator current ensues to:

ilio.T,
’ L= 12412, . (3.93)

| L —
Im

i lu),—b-oo

Fig. 48: induction machine, phasor diagram

Specific points:
. U .
w,=0: 1,=1l;, =—"2X no-load flux linkage (3.96)
XX,
w,® ¥: |, ® ¥ stator current (unlimited) (3.97)
1) The active current is
=Rl J=lowxWe = KW (3.99)
S Wklpp Wkipp

which means that the rotor frequency adjusts itself load-dependent.

i) The reactive current is constant and equal to the no-load current, the power factor cosj is
isimproved (=increased) compared to Y, = const.

e = Im{L.} = 1oy (3.99)
For w, =w,, is 1, =1,.
Breakdown dlip and current limitation do not apply anymore.

The torque is calculated with the induced voltage and the active current (P compare to DC
machines).

I
M =3Py s, = P s ) x g, 2 o x W (3.100)
W, W, S Wy
2
- 3Xp « U:LN « W2 - ZXI\/l \iop XW_Z (3101)
Wy X, xsi Wiipp Widpp

1-s
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For w, =w,;,, is M =2>M,,

The speed-torque characteristic is now a (declining) straight line and looks like the
characteristic of separately excited DC machines.

M sw..
W, = g (3.102)
2><1\/|kipp
n=n-n=tio W _fi fap, M (3.103)
p 2>p Xp p p 2>4\/Ikipp
"4
;‘ ¢» 
f<ﬁ (»  \
f<<§ O— T
(
 \
—M

M kipp 2M qpp
Fig. 49: induction machine, torque-speed characteristics

The speed drop in the load case is halved for Y, = const compared to the case of Y, = const.

A summarizing comparison and conclusion of both described methods

1.) constant stator flux-linkage
2.) constant rotor flux-linkage

is shown in the table on the next page.
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constant stator flux-linkage constant rotor flux-linkage

Y, =const =Y, Yo —cong= Y

1l+s, 1+s,
here: 1, =UN/\/é
R AR ™ 1
ecd with 0= M)(l"'s 1) ecd with 0= WiXs
W, X, W, X, (1+SZ)
L, 4y = const (1-S)><L1><|ON = const

(Does not have to be no-load flux-linkage. Rated flux-linkage is also possible.)

g-&xl_l:const g-&xl_l-jxs X, , = const
Wl Wl Wl Wl
—q Y _ o Ui - _
for RI—O.T—const for Rl—O.T-2>p><J>s><L1><I_1—const
1 1
locus diagram: circle locus diagram: line
® 1.5 0 L =1y >(1+ j W, XT2)

M+ ]—

& w5
speed control with w,

w, adjustsitself dueto load

M = Mkipp 2 M :Zkaippr—z
Wpp | W5 kipp
W2 Wkipp
if w, =w,, follows
M=Mg, (EM.L) M=2M,, (M, ® ¥)

I .
|1w:?z L =1y (:|51/\/§)

I -
o =241, e =1y (Zi,/3)

may not become unstable,
better power factor cog ,

may become unstable,

operation at variable voltage
and frequency supply DC machine behavior,

field-oriented control
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3.7 Fidd-oriented control of induction machineswith
applied voltages

Up to now the field-oriented control of induction machines was deduced using the simplifying
assumption, that a current injecting power converter with high switching frequency, with fast
control unit and sufficient voltage reserve is available. This is the case for servo drives with
transistorized frequency converters and switching frequencies up to 20 kHz in the kW power
range. For larger drives GTO-pulse-controlled inverters with variable-voltage link and
switching frequencies lower than 1 kHz are used. In the discussed case the assumption is no
longer fulfilled, so the stator voltage equations of the induction machine have to be taken into
consideration.

After pasting the rotor currents from chapter 3.4, the stator flux-linkages are:

Y = (08 ) s Ly iy = (88, ) e+ 2l i) (3104

= X i - 1 9 Llh . Ll
= (1+s,) Lmﬂ? s s 5 )™ T oS i (3109)

Yoo = (145 ) o + Ly, = (145 )i gy - —2h, (3.106)

1+s,
=s X Ay (3.107)

Now stator voltage equations can be converted:

di,
dYtdl-mequlexldl"' S X+ XL1:: o - Wy 8 XA

u. =R, +
o = Rty 1+s, dt dt @

(3.108)

+dY +w_ XY + vd|q1+ vL”‘)im+ ' 3.109
Rl)qql dt W di Rlqu S >4‘1 t W 1+S meS ><I‘1>1dl ( ' )

2

With the definition of the stator time constant T,

T, = (L+s,)Ly, (3.110)
R
the stator voltage equations in field-oriented coordinates are obtained:
oy = L& - (1-5 ), xm 3.111
S Xy dt Idl_§>§udl Wp, S xl‘1>1q1 s )4 dt; (3.111)
O R - (1-s) i) 3.112
S Xl dt Iql_E uql_\Nm>S >4‘1>1d1_ -S >4_1>va>1m ( . )

The stator voltage equations complete the machine model with the co-action of the stator
voltages and the stator currents.
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Concerning the components of the stator currents the induction machine behaves like a first-

order time-delay element with the time constant s XTI, and the gain % The components of

the stator currents are coupled by the right side of the eguations. w, > X %, and
w,> X ¥, are rotary induced voltages, caused by the current in the particular quadrature

di
axis. (1- s)><l_1><d—:‘ is a transformer voltage, which is caused by the change of the
magnetizing current. (1- S )><l_1 v X istherotary induced voltage of the magnetizing field.

Both control systems are coupled by the stator currents and are not independent from each
other. However a decoupling is desired in such a manner, that the current controllers can be
adjusted independently. This is realized by adding compensating voltages with negative sign
to the controller output voltages ug, and ug,, so that the coupling voltages disappear. So the

controllers see decoupled controlled systems. Assumption for the compensation: the rotor flux

di
linkage needs to be constant, i.e. d—:“ =0.

s e yj = U (3.113)
it R
diy . _ Ug

S X *—=+i, =— (3.114)
R

Ugg = Ugy - W08 X X, (3.115)

Upg = Ug + W08 X g + (L= S )X oW, 4, (3.116)

The compensating voltages are generated in a decoupling network (Fig. 50).

a1

+ +
u q1,soll
URq

Fig. 50: inductibn machine, control strategies, decoupling network

|
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iq1 ﬂ: | x Ugg ->° + U 41,500l
1
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, Y
1
1
|

Fig. 51 shows the complete circuit of a field-oriented induction machine with voltage
injecting actuator with pulse-width modulation. A cascade control is used for the direct- and
the quadrature-current, which can be adjusted independently with the aid of a decoupling
network. The actual values of magnitude and position of the rotor flux, which are required for
the control, are determined with aflux model (see next page for figure).
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Fig. 51 field-oriented induction machine, voltage injecting actuator, pulse-width modulation




4 Synchronous machine

4.1 Dynamic system of equations

In this section focus is put on salient-pole synchronous machines with distinctive magnetic
biaxiality and definitive damper winding. The following features have to be taken into
consideration:

permeances of direct- and quadrature-axis differ, X, * X,

transformation has to be carried out on the asymmetric part of the system, which
da _dg

means the rotor. — = —
d dt

damper winding takes effect as well in the direct-axis as in the quadrature-axis.

Therefore a short-circuited direct-axis damper-winding and a short-circuited

quadrature-axis damper-winding has to be taken into account additionaly to the

excitation winding.

the generator reference-arrow system (EZS) is usually chosen for generator operation.

The reference angle of the rotating coordinate system equals a, = - % +J

Differing from the previous section we now omit the indices 1 and 2 for the stator and the
rotor. According to the literature lower case letters are used for the stator and capital letters
for the rotor. The conversion of the rotor on the number of the stator windings is retained and
indicated with a dash. For this reason the following denominations are obtained for the real
machine and for the transformed machine in the biaxial system:

Fig. 52: real machine Fig. 53: machine in biaxial system
note: stator in EZS d: stator direct axis, q: stator quadrature axis
rotor in VZS D’, Q according for damper windings

F index for rotor direct axis
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In the equivalent winding system all the windings are separated in magnetizing in direct- and
guadrature axis. Five voltage equations and one torgque equation apply:

. dy
-u, =R X, +—9 - wxY

_ ; dYq
- U, =R X+ p +W XY

. .o dY,
u. =R % + th
. dy .
0=R, %, +—=
D D dt
0=R, % +dYé

(4.1)

4.2)

(4.3)

(4.4)

(4.5)

(4.6)

In generator operation the torque on the shaft is not driving but braking:

M,=-M,,

(4.7)

The following relations result for 5 accordant flux linkages (summarized in a matrix):

eV 0 éL, Ly Ly O 00
‘U € : u
é Flj éLhd I—F I—hd O 0 ug
(:EYE)@: Sl L L, 0 O >4
e, u e ue
e¥au e9 0 O Ly bugd
&t €0 0 0 Ly LoH#E

] O -7 -
e ¥ e Y ey el enly en ) end

o]

(4.8 a-€)

Utilized resistances and inductances are denominated as follows:

(@)

o

o

o

stator direct axis:

stator quadrature axis:
excitation winding:

damper winding direct-axis:

damper winding quadr. axis.

Ly =L + Ly

L, =L +L

Le = Les + Ly

. . converted to the
Lo =Los *Liw > number of stator
Ly =Ly +L, windings

The matrix of the inductances is symmetric because the transformation is power-invariant.
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The transformation of the stator voltages and currents results in:

éu, U éu, 0

:dl;l:[Ta]{Tsz] & 3 (4.9)
au vU

d,u é,u

o = [ T, e (4.10)

s g

The rotor quantities do not need to be transformed, because they are aready separated in 2
perpendicular axes rotating with ?j—? :

So that the salient-pole synchronous-machine is completely described with

o fivevoltage equations,
0 onetorque equation and
o fiveflux-linkage equations

in atwo-axis system rotating with synchronous angular speed.

The non-salient-pole machine (cylindrical-rotor machine) can be understood as a special case
featuring L, = L,.

If damper windings are omitted and permanent magnets are treated as an injected magnetic
field, the permanent-field synchronous machine with rotor position encoder, the so called EC-
motor, is also described.

The system of differential equations is nonlinear and therefore it can only be solved
completely using numerica methods on a computer. Only if the speed is defined to be
constant, an analytic solution can be found.

Asit was formulated in the requirements, the zero phase-sequence system is neglected. But if
the star point is connected and the load is not symmetrical, then there are a star point current
and a star point voltage:

ug =u,+u,+u, =33, 0 (4.11)
If the zero phase-sequence system is separated from the unsymmetrical system, a symmetrical

system ensues, which can handled as before:

u, =u, - Uy, u, =u, - Uy, u, =u, - Uy (4.12 ac)

For the zero phase-sequence system additional voltage- and flux-linkage equations are
obtained, which can be solved separately:

dv,

Uy = Ry (EZS) (4.13)

Y, =Ly %, (4.14)
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L, and R, can be measured, if al the three winding phases are supplied in phase:
R, =3xR, L, =3xL, (4.15ab)

After the inverse transformation of the solution of the symmetrical system, the solution is
added to the zero phase-sequence system solution:

i =i+, i, =il +i,, i, =00 +ig (4.16)

w

4.2 Steady-state operation of salient-pole machines at
mains power supply

In steady-state operation the flux-linkages in the rotating system are constant, i.e. % =0 and

the rotational speed is constant, i.e. (jj—\iv =0.

Therefore the voltage equations and the torque equation are decoupled. The stator resistance
isneglected, i.e. R, = 0. For thisreason the system of equationsis simplified as follows:

u, =wxy 4.17
d q

U, =-WxY, (4.18)

u. =R. 5, (4.19)
F F VF

i = (4.20)

i, = (4.21)

M, = pHY, %g - Y44, (4.22)

Y, =L, %, +L % (4.23)
d d "'d hd F

Y, =L, % (4.24)
q q q

The other flux-linkages are not taken care of, the voltage equation for the excitation winding
is trivial and the damper currents in steady-state operation are equal zero. Pasting the flux-
linkages resultsin:

Uy =wxL, X, (4.25)

Uy =Wl Xy - Wl %, (4.26)

M, =2 u, %, +u, %) (4.27)
w
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For the inverse transformation of the system rotating with O(Ij_? :d_g the choice of the

dt
integration constant a,, is still free. Practically we choose for the synchronous machine:

a,=-2+3 (4.29)
2
1+Re
A 9
q ~\+
p
e - = +€
Y, 2" d
U
inverse \ —d
transformation
> .
3 -Im
q
Fig. 54: coordinate system Fig. 55: complex plane
U= ey j e 2y 4U, (4.29)
Then the rotor axis, in which the machine is magnetized (direct axis) lags behind with an
Y

angle of - 5 +J and the quadrature axis (the axis of the synchronous generated voltage) is

leading with an angular displacement of J . Asdesired the terminal voltage coincides with the
real axis.

Inverse transformation;

Wi e e = jw XL NUIE (4.30)
“d \/5 q \/5
Qq:J-wadxd\/-?)WXLhdxF 2 el
- g jid IN : - J'F jJ
=- jwxl x——=xe - jwXxL  x——>xe 431
J d 3 J hd 3 (4.31)
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We define:;
i .
| =9 xi 4,32
L=t (4.32)
- jid jJ
| =—2d xa 4.33
L="73 (4.33)
C - ie
| =—F %@ 4.34
=3 (4.34)
Then we obtain:
Ug=-jwx ., (4.35)
L_Jq =- jwxl, M- jw, ><|_'F (4.36)

With appliance of reactances:
Xg=wxl,, Xqy=wx,, Xog =WXL, (4.37 ac)

and the synchronous generated voltage:

Up=- X4 X, (4.38)
follows:

U=U,+U,=- X" - jXgx4+U, (4.39)
and respectively:

U, =U+ X X+ )Xy 44 (4.40)

For this reason the phasor diagram of
salient-pole machines can be drawn, if
U and | and the directions of the d-
(direct) and g-(quadrature) axes are
known respectively predetermined.

Fig. 56: SYM, phasor diagram



Synchronous machine 71

If decomposed in separate components follows:

U=U,+U, (4.41)
L=14+1, (4.42)
y =J +j (4.43)
I, =1>siny , |, =1 >xcosy (4.44 ab)
Uy = XX, =U>sind, U, =U, - X4 ¥4 =U >cos] (4.45 ab)

For practical use mostly the following depiction of the phasor diagram is applied:

Fig. 57: SYM, common phasor diagram

Construction manual:

from the power supply the type of load is predetermined: U , | ,] areknown
® orientation of axesd and q is unknown
phasorsof jX,I and jX,! aretobedravn

the g-axis, i.e. the direction of U ' and J, is determined by the straight line from the
origin through the pivot of jX, I

based on that, the current | can be decomposed into I, and |,

the perpendicular from the pivot of jX;1 onthe g-axisis due to the magnitude of U |

The phasor diagram of salient pole machines differs from that of cylindrical-rotor machinesin
the difference (Xd - Xq), i.e. the different admittances in d- and g-axis X, » 0,5...0,8%X .

For X, = X, = X the phasor diagram of the cylindrical-rotor machine is obtained.
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If the direct components are substituted by the root-mean-square values, then the torque
ensues to:

_3p @y iy, Y ' a0
(4.46)
T o et
M, =P ofu, x, +U %1, (4.47)
w
That means, that the active power in the d- and the g-axis are adding up.
With the relations found in the phasor diagram
U, - U xcos]
ly=—F—+—, (4.48)
Xd
U, =U>xsind (4.49)
), =2snd (4.50)
Xq
U, =U xcos] (4.51)
the torque is converted and described as a function of the angular displacement.
e U, - U xcos] inJ U
M, = P ssind %2 oy scosd xand (452)
W8 d a H
¢ u
5 2 o o) u
:@é%sna +EL  L Sgnaa (4.53)
w é X, 2 Xy Xig u
e U MReI U
M a
Mipp[=====->> ~ M,
:
1
1
1
1
: Mo
1
1
1
M Rel
1
1
: >
kipp E\/p J
2

Fig. 58: SYM, torque vs. lagging angle J
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The torque of salient-pole machines is composed of two components. The first part also
appears in cylindrical-rotor machines and is depending on the excitation. It is called
synchronous torque. The second part does not depend on the excitation and results from the
difference of the permeances X; * X . Thisis caled the reluctance torque.

The magnetic unsymmetrical rotor tries to adjust itself in such a manner, that the magnetic

energy is minimized. This does not depend on the polarity of the excitation. Therefore the
reluctance torque has twice the frequency of the synchronous torque. The breakdown torqueis

moved to values J ,, < % :

In low power ranges machines without excitation winding are built, only using the reluctance
torque caused by the difference of the permeances in d- and g-axis. These are the so called
reluctance machines.

For X, =X, = X thetorque equation of the cylindrical-rotor machine is matched.

4.3 Determination of Xq4 and X,

X4 can be determined with a measurement in continued short circuit with no-load excitation
and pure direct axisfield.

Uy =X,¥,=0® I,=0 (4.55)
Xla [ Yo = Une Uy =U,- X 4, =0 (4.56)
® | ) =1 (4.57)
d Xd K .
lelFo:Up:UNSr (458)
h > X, _Yner (4.59)

= |_ I
Fig. 59: SYM, phasor diagram for continued short circuit

X, can be determined with a measurement of the angular displacement when the machine is
loaded with pure active-power |oad.

cosj =1 (4.60)
X X
tand = —° (4.61)
U NSr
X, = Yner xtanJ (4.62)
q | '

Fig. 60: SYM; phasor diagram for pure active power load
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Small salient-pole machines can be driven unexcited with a very small slip on the power
supply. Depending on the rotor position concerning the stator field different currents appear
depending on the width of air gap. The dlip has to be very small (a few per mill), so that a
damper winding has no influence on the measurement. Current and voltage, oscillating with
the dlip frequency, are measured.

Il\_/_\r/r\

v

Fig. 61: SYM, current and voltage

Direct- X, and quadrature component X of the so called synchronous reactance ensue to:

X, = —me (4.63)

Xq =10 (4.64)

4.4 Sudden short circuit of the cylindrical-rotor machine

As an example for the use of the dynamic equations of the direct- and quadrature-axis theory
for the calculation of dynamic phenomena, we now discuss the three-phase sudden short
circuit of the cylindrical-rotor machine from the no-load operation.

The sudden short circuit is the transient phenomenon, which appears instantaneously after
short-circuiting of the stator-circuit terminal. After al phenomena faded away, the machineis
in continued (or sustained) short circuit.
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The solution of this problem will be carried out analytically without using a computer.
Therefore some simplifications have to be made for easing purposes:

o

o

resistances of the stator winding are neglected, R, =0.

rotor speed remains constant during the dynamic phenomenon and is equa to the
synchronous speed.
The cylindrical-rotor machine is symmetrical L, =L, =L, with two identica rotor

windings with an electrical displacement of 90°. The excitation winding with dlip-
rings is supplied with DC current. The quadrature-axis damper-winding is short-
circuited. The machine has no direct-axis damper-winding.

a rotating coordinate system is chosen with ?j—atl =w = (;—? . The stator system has the

denominators d and q with R, and L, . The rotor system has the excitation winding F,
the quadrature-axis damper-winding Q' with R, and L,.
reference axis is again the rotor direct axis. The initia condition is given by the

switching instant a =w X - IOE+e.

*+Re
A
v
q <\+
-P
Y, e > +€ d
w < Ed
5 -Im
Fig. 62: SYM, orientation of windings Fig. 63: SYM, revolving coordinate system
With the upper called simplifications the following set of equationsis derived:
dy,
-uy = - wxY 4.65
¢ dt a (4.65)
— dYq
- U, _T-FW XY, (4.66)
U =R, % + dve (4.67)
dt
CdYg
0=R,%, +T (4.68)
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M, =pX{Y %y - Yy (4.69)
Y, =L %, +L, 6, (4.70)
Y, = Lodg + L, g (4.71)
Yo =L, %, +L, %, (4.72)
Yo =Ly g + Ly 4, (4.73)

The torque equation is decoupled and can be handled separately. Before starting the solution,
initial conditions need to be pre-defined.

Theinitial state before switching is no-load operation and rated voltage:

i,(0)=0, i,(0)=0, i,(0)=0, i;(o)zﬁxl;oz% (4.74 ad)

|-, isthe root-mean-square value of the no-load excitation current based on the stator, which

causes the induction of rated voltage at rated speed. For this case the flux-linkages for the no-
load operation are:

Y,4(0)=L,%(0) (4.75)
Y,(0)=0 (4.76)
Y (0)=L,%:(0) (4.77)
Yo(0)=0. (4.78)
Out of thisfollows the stator voltage for the no-load operation:
u,(0)=0 (4.79)
U, (0)=-wxY,(0) = -wx, %, (0) = - X, /3 1 =-U g %3 (4.80)
The inverse transformation with a, = - %+e resultsin:
LUy -wx, % (0) %
U=—"Lxe®+j L =0+j—"1F e 2
RECIRNE SNE
VR 1 (¢ NV o
=- X, XTXe =- )Xy Mg =U o =U g 2@ (4.81)

with e being the switching angle

o if e=0,thenatthetime t =0 thevoltage in phase U isin the real axis, i.e. switching
at maximum voltage (flux-linkage equal zero).

p

o if e:iE’ then at the time t =0 the voltage in phase U is in the plusminus

imaginary axis, i.e. switching at voltage zero crossing (flux-linkage is maximum).



Synchronous machine 7

After defining the initial conditions the solution of the system of equations for t 3 0 can be
started. First the voltage equations of the stator are considered. For a three-phase short circuit
follows:

-u, =0= dY, (4.82)
dy

- U, :O:d_tq+w xY (4.83)
The solution of these two differential equations can be easily done.
Y, and Y, are harmonic oscillations:

Y, = Axcoswt + B>sinwt (4.84)

Y, = - Bxcoswt + A>sinwt (4.85)
The integration constants are determined by pasting the initial conditions:

Y, (0)=A=0 (4.86)

Y,(0)=-B=L,%(0) (4.87)
For this case the according stator flux-linkages are obtained:

Y, =L, % (0)xcoswt (4.88)

Y, =- L, % (0)>sinwt (4.89)

Stator currents in the flux-linkage equations are eliminated by solving the stator flux-linkages
for stator currents and pasting them into the rotor flux-linkages:

i :YTf' ﬁ;sl (4.90)
] :YTS- 11; (4.91)
Y. :1+1$l >§Yd +1:°‘S o, a;g: 1+131 >§h 41 (0)osut + >, a;g (4.92)
Yy :1+1sl>§Yq+1-Ss <L, %% 1+151>§ Lh>4'F(O)>sinvvt+1:S’S <L, ’452 (4.93)

Besides the known stator flux-linkages, the rotor flux-linkages still include the unknown rotor
currents. By pasting the rotor flux-linkages into the rotor voltage equations the differential
equations for the rotor currents are achieved:

. o o 1 e . : di. ©
U =R, % (0)=R, % + - w XL, % (0)>sinwt + X, x—+ 4.94
¢ =Ry (0)= Ry %, 1+31>§ 24 (0) APl (4.94)
o e s dig ©
0=R, %, + “w, 4. (0)xcoswt + L, x—=7 (4.95)
1+sl 1-s dt
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Itisto bedivided by R, and needsto be defined (P compare to transformers)

open-circuit time constant of the rotor winding, open-coil stator:

' +
T = i = M (4.96)
R2 R2
short-circuit time constant of the rotor winding, short-circuited stator:
Te =S X, (4.97)
After conversion follows:
dip .. _ . 1-s . &
T %2 i =i (0) L +w T, e sinwt 2 (4.98)
dt e S [
dip, .. . 1-s
Te X5 *io =l (0) v =T, X oWt (4.99)

These two inhomogeneous differential equations can be solved using Laplace transformation.

Considering that w XT, >>1,i.e. ® 0, solutions for the rotor currents follow as:

W XT gy
& 1. ; L0
=i (0)56L- 1S scoswt + 1S e e 2 (4.100)
i s s
R 1-s _.
iy =ir (0)&—>sinwt (4.101)

S

An inverse transformation is not required, because the excitation winding and the damper
winding are both arranged perpendicular and mounted on the rotating rotor. Now we know
the stator flux-linkages and the rotor currents.

Rotor currentsin the transformed system can be determined. Pasting known relations leads to:

. e - -S LO
| i (0)%1- XCOSWt + xe T T
| _ L, %, (0) coswt g S S P (4102
‘ L, 1+s, '
i (025 sinwt
_ . . F
== Lo (0)sinwt S (4.103)
4 L, 1+s,
e ® 1. oo
6,0 i (0) & woost - §1+1- e ™
8’ =& g S e (4.104)
gqo 1+s, € 1 . u
é - Sosinwt a
e S u
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Now the inverse transformation to the stationary three-phase system can be executed. Focusis
put on the current in phase U:

iu:\Em:\Fﬁ scostit - 2 +e2- i xeinBi- 2 +e® (4.105)
3 3 é e 2 7] e 2 20
After pasting, converting and using i (O) = ﬁ%l_““’ the stator current ensues to:
w h
L0 0
. BREL TN G+l S o =>ain(wt +e)+l>sine7 (4.106)
wiogg s s

The stator current i, now consists of an alternating component, which decreases from high to

lower values, and a DC component, which does not fall off.

The bahavior of the DC component is physically not correct. The reason for this purpose is
the neglect of the stator resistance, to make the system of equations solvable analytically. To
obtain a universal valid solution for the time characteristic of the stator current, the

declination of the DC component has to be added by the factor e Ylac |
T, 1sthe short-circuit time constant of the stator winding.

T, = L1 (4.107)
R
T, =s T, (4.108)
Then follows:
i = \/E >UN5tr x(? 8?_4.1__5 xg Ve 9>€|n(vvt +e)+£ xsine xe VT« 9 (4.109)
wx, & & 2 S 2

By introducing the synchronous reactance X, =wxL, and the short-circuit reactance
X =S xX, the stator current finally resultsin:

el

>CD

e+ g VT uxsm(vvt +e)+——>sine xe 1) (4.110)

e 1 XlK U 1K

\/5 >{JNSr ..

As well as for the DC component of the stator current, the declination has to be physically
added in the corresponding alternating component of the rotor currents:

IF = IF (O)xil+ 1-_8 xa YTee _ 1-_8 XCOSWt e’ YT tbl) (4111)
| S S

=i (0 )xils—s >sinwt xe't/TdK% (4.112)



80

Synchronous machine

Now the results can beillustrated and interpreted:

switching at maximum voltage: e =0

u =+/2XJ xcoswt

>} 1
[ —+
1%

g

u
T y >sinwt(

b i

&1 1

L =V2, X, X
1K 1

xe

a ¢ o
Q-0

\J@UN -
? X1k ., E-t!'T;gk
u | \

V

Fig. 64: voltage, current vs. time

switching at voltage zero crossing: e = P

B

Fig. 65: voltage, current vs. time

(4.113)

(4.114)

v2UN
X1

—

(4.115)

(4.116)

V2UN
A1
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i =i (O)xéul' S éi - >ﬂz:osvvt><e-TdLKl;I
=il L2 a (4.117)
g S S ¥

b g |

5 U A o ] FG
IF A ALY

0 — -
Fig. 66: exciter current vs. time
t
i =i (047 ssinwt e ™ (4.118)

Fig. 67: damper current vs. time

The time characteristic of the stator currents in the stator windings depends on the

instant of switching, because of the sinusoidal changing flux-linkage before switching.
Switching at maximum voltage: There is no DC component. The short-circuit current
_ . ® 2 Y

has a time-delay of % and starts at zero crossing §I I %:
1K [

Switching at voltage zero crossing: There is a DC component in full, because the

short-circuit current with atime-delay of % has to be compensated to zero. After one

period the DC component and the alternating component add up to twice their value.
3 ;\/E >{J NStr 9

&
The DC component declineswith T, . él umax = 2
XlK [/}

Instantaneously after switching the magnitude of the short-circuit current relevantly
depends on the short-circuit reactance X, =s xX,. The initial symmetrical short-

NP

—— N flows. The initial symmetrical short-circuit current declines
1K

with the short-circuit time constant T, to the sustained short-circuit current

\/EMNSr

1

circuit current

, which depends on the synchronous reactance.
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The time characteristic of the rotor currents does not depend on the instant of
switching, because the flux-linkage before switching was constant.

The DC component of the stator current corresponds to the alternating component of
the rotor. The aternating component of the stator current corresponds to the DC
component of the rotor.

After switching the flux linkage can not change in the short-circuited stator winding.
Therefore the currents in the excitation winding and in the damper winding have to
magnetize oppositely and counteracting. Because of the resistance of the stator
winding, the alternating component declines with T, . The DC component is

increased as well as the stator current with a factor of i and declines as well as the
S

. . 1
alternating component of the stator current with —.
FK

In practice the following values are typical for cylindrical-rotor generator:

0 X1=—:|—N:1,22

0 Xy, =S xx =015---0,25
0 Ty =60---250ms
0 Ty =05---2s

4.4.1 Physical explication of the sudden short circuit

If synchronous machines are driven in no-load operation with rated voltage or if driven with
rated load with sudden short-circuit of the terminals, short-circuit currents occur, which are a
multiple of the sustained short-circuit current. Current peaks also occurring in the rotor are
multiple times higher than the excitation current in operation at rated values.

Figures 68 and 69, showing a snapshot of the flux distribution in the synchronous machine
before the sudden short circuit and half a period after, give a simple physical explication.

Fig.68: wt=0
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For wt <0 the flux-linkage in the stator winding U is maximal. Therefore the voltage in
phase U is:

u=+/2>U >sinwt (4.119)
And the flux-linkages are:

Y, =L, xw/2X (4.120)

Y, =([+s,)x, «/2x =L, /2 ¢, (4.121)
The synchronous machine is three-phase short circuited, when phase U has its voltage zero

crossing. With neglect of the resistances of stator winding and rotor winding we obtain in
stator and rotor (for wt 3 0):

u =% =0, ie Y =const (4.122)

i.e. a constant flux-linkage is forced. This means, that the flux f,, whose magnetic loop was

closed along the stator at no-load operation, keeps its magnitude but is now displaced to the
magnetically worse conductive leakage path. If the rotor has turned half a revolution, the
stator winding has to generate a current-linkage, which is able to drive a flux with the double
magnitude of the pole-flux through the |eakage path, to retain the original flux-linkage.

For wt =p follows:
Y, =-L, 2, +(1+s,)s X, x/2x, =L, /24, (4.123)

and then

3% _ 22X, 1, _ 2420,
1

(4.124)
s s xX,

The sustained short-circuit current is increased with a factor of i The relevant reactance is
S

Xk =S xX,;. When switching at voltage zero crossing, the DC component occurs entirely,
which doubles the amplitude of the sudden short-circuit current.

4.4.2 Torqueat sudden short circuit

The dynamic calculation shows, that the occurring currents at sudden short circuit are much
higher than the sustained short-circuit current. Consequentialy the forces in the machine are
much higher and have to be taken into consideration for the construction of synchronous
machines. Therefore the torque at sudden short circuit is to be estimated. We want to consider
the maximal mechanical stresses so the declination of the currentsis neglected, leading to:

o eV =1

o e« =1
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Then the torque and the currents ensue to:

My = pxLy {45 - gy %) (4.125)
B, 1-s &0 _ /3

= : Wi - == NS wt - 1 4,126
o= vy %s XCOS §i+ S gy (coswt - 1) (4.126)
i =%x(- sinwt) (4.127)
T s v
LB 1-s 1-56_ V33U g

= r - L Xq1- 4.12
e == < >§[ oS+ L {1- (1- s )>coswt) (4.128)
L A3 .
o =3 — {(1- s )>sinwt) (4.129)

Pasting and converting leads to:

2

M., =P xYrer gt (4.130)
W s XX,

The peak transient torque oscillates at system frequency. Based on the rated torque results:

M 3P UN; x—N>ginwt 1
X -
m, =k = W S = xsinwt (4.131)

?&JNINcosj N Xy 7COS)

If the numerical values are calculated, it can be seen, that the peak transient torque is
increased by afactor

1 1

= 9’55
0,15x0,7 0,25x0,8

related to the according rated torque. Thisisimportant for the dimensioning of the mechanical
system. The torque results from the co-action of the DC component of the stator current and
the rotating field of the rotor.
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4.5 Sudden short circuit of salient-pole machines

45.1 Analytical calculation

Subject of discussion will be the sudden short circuit at no-load operation and rated voltage of
the salient-pole machine again using simplifying assumptions. The complexity of the
calculation is considerable aresult can be given directly.

Stator voltage

u, =~/2>U, >sin(wt +e) (4.132)

Stator current:

ié u
. iée 6 — e 6 -~ a
|u:\/§>UN3r><”!‘i..-i.i>ﬂer+ i.-ire“+ 1 axcosiwt +e) ...

' 6 Xd Xd @ Xd Xd @ Xd a
.- —— -
T 8 subtransient... transient... steady Sfate---H

il

e o -- e o -1

- cosexl>§—..+i..j>e ™ - cos(2wt +e)>& 1 i..:xe TA{'/ (4.133)
2 Xd Xq ﬂ 2 Xd Xq ] |
asymmetric... double- frequent b

The single components of the short-circuit current are determined by the magnetizing
reactances and the leakage reactances of the concerned windings. For the occurring couplings,

the equivalent magnitudes X, , X, and X, are defined.

The subtransient reactance X, is the effective reactance in the d-axis at first point of time.

Here the stator winding d, the damper winding D and the excitation winding F feature a
magnetic coupling at first. The reactance at sudden short circuit results from the magnetizing
reactance and the leakage reactances (P compare with transformers). The according transient

time constant T, is obtained aswell.

El ( )—-X n . 4 \ 4

Xd = Xls + th”XDs ||XFS

L
Td =_4a
UNSr

O o o

Fig. 70: exciter-, damper windings
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Besides the stator winding g only the quadrature-axis damper-winding Q is active in the g-
axis. For the calculation of the quadrature-axis subtransient reactance X; , the simple pardlel

connection of the magnetizing reactance and the damper winding in the g-axis are gained.

q =

X, =X, + X, [[X
n Q
EI R

O
Fig. 71: quadrature components

If the influence of the damper winding is declined rapidly, still the excitation winding and the
short circuited stator winding in the d-axis are coupled. The transient reactance X, and the

transient time constant T, are calculated as follows:

g o=

X;J =Xy * xhd”XFs
. L
1 T :_d
X'y Xhg Xes ‘ R
IK - UN'Sr
X
@,

Fig. 72: direct components

A transient reactance X(" does not exist, because there is no other winding in the rotor g-axis

besides the damper winding.
After the declination of the longer lasting transient process, the stator current fades to the

sustained short-circuit current, which is determined by the direct reactance X .

(4.134)

The appearing DC component depends on the instant of switching. Switching at zero voltage
crossing results in an entire DC component. If the switching is executed at maximum voltage,
no DC component comes up. The DC component falls off with the asymmetric time constant

T,.
2 xI_'c'] XL,
pra

T, = 1.5%% (4.135)
R L+l
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The double-frequency component, as well dropping with the asymmetric time constant T,,
results from the magnetic asymmetry X, 1 X, at first instant.

Standard machines with direct-axis and quadrature-axis damper-winding are not asymmetrical
because of X, » X,.

For this reason the double-frequency component disappears and the time constant T, is equal
to the subtransient time constant T, » T, .

Fig. 73: sudden short-circuit current with maximum DC component, one phase

The maximum peak of the sudden short-circuit current in phase U occurs half a period after
short-circuiting the three phases at voltage zero crossing of phase U. The amplitudes of the
subtransient and the DC component add up. Regarding the damping, the current peak is:

I =+/2 ><_Lsxu)?—?r (4.136)

d

In agreement with a VDE (association of german electrical engineers), the maximum value
has to be smaller than 15 times the peak value of the rated current, because of the high
occurring forces and oscillating torques.

IS _1’8>{JNSr :11_§£15

V2, XgXy o X,

o X 338-01
15

o



88

Synchronous machine

Typica values of the reactances and time constants of salient-pole machines with definite
damper winding are:

o

o

o

Xy =08---14p.u.
X, =04---09p.u.
X, =0,2---0,4p.u.

0 X4 »X, =012---0,25p.u.

o T,=05-25s

o T,»T,=002---01s

Those reactances and time constants can be determined from the sudden short-circuit.

45.2 Numerical solution

Using numerical integration methods on the computer, the complete system of equations of
synchronous machines can be directly solved without any simplifying assumptions.

Particularly the assumption of a constant speed is not to apply anymore.

Indeed the system of equations has to be converted into state form, which iswell known from
control engineering.

dy, _
dt

dv,

d
dYe _
d

-

- T

- Q
ceeonononononoy

MDD D D> D D2(D> D~
lw)

o]

I
—
—
e
T
N

CD_?> CD_><CD> _(12 D>

o]

=-Uy - id XR1+W><Y

q

Uy - 1 XR - wxY,

U - e R

> (D
=
o

-m -

. a o
o Y e e Y en Y enY ey enid

0

0
0
Lq

L

hg

Log i
LQ u

Ou
a
a

0u
a

(4.137)

(4.138)

(4.139)

(4.140)

(4.141)

(4.142)

(4.143)
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For this reason the complete system of equations is known as interpreted in the shown
structure diagram (Fig. 74), which hasto be solved — using:

0 excitationvaues: Uy, U, Uz, M,

o statevalues: Yy, Y, Yi, Yo, Yo, W

>@
yq
DO (L)t
®
u; + ye Y.
|£ > >O
R.i! i
Y Yo
|£ > O
RDiI'3 Ib
Y Yo
|£ > >O
N < T

Fig. 74 structure diagram of salient-pole machines

1) Initia conditionsfor t <0 need to be predefined, for example no-load operation at
rated voltage and synchronous speed.

i,(0)=i,(0)=i,(0)=iy(0)=0 (4.144)
u, (0)=+wxv (0)=0 (4.145)
U, (0) = -w Y, (0) = -w Ly g (0) = - V33U g, (4.146)
U (0) = R- %¢.(0) (4.147)

and M, =0.
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Practicaly we definea =w % - %+e . Thenitis:

Uyo :\EX(ud(O)mosa - uq(0)>sina):\/%>«§)+\/§>uw xsingt - %+e%

e
= /25U xcosut +e) (4.148)
o e=0 switching at maximum voltage
0O e= t% switching at zero voltage crossing

2.)  Thefollowing machine parameters need to be known:

L,, ¢, C,

R, R, Ry=R,
UlN’UF

J, Mg, fy, p

and the leakage factors of the single windings:

S, Sg, Sp=Sg

3.) Excitation values:
For t > 0 the stator voltages for the sudden short-circuit are substituted by zero.
U =u, =0
For coarse synchronizing the stator voltages are:
u; =0, uq:\/§>UNar
The two other excitation states are:
M,=0, U =R %:(0)
4.)  For example amachineis chosen with the following data:

0 apparent power: S, =100kVA
o nominal voltage: U, =380V (verk.)

0 power factor: cosj , =08
0 polepairs: p=3

o freguency: fy =50Hz
0 nominal current: I, =152A

0 nominal torque: M, = 764Nm
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Fig. 75: salient-pole machine, sudden short-circuit and coarse synchronizing: stator current i,
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Fig. 76: sal. pole machine, sudden short-circuit and coarse synchronizing:excitation current i.
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Fig. 77: sal. pole machine, sudden short-circuit and coarse synchr.: direct stator current i
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Fig. 78: sal. pole mach., sudden short-circuit and coarse synchr.: quadrature stator current i,
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Fig. 79: salient pole mach., sudden short-circuit and coarse synchr.: direct damper current i,
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Fig. 80: sal. pole mach., sudden short-circuit and coarse synchr.: quadrature damp. current i,
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Fig. 81: salient pole machine., sudden short-circuit and coarse synchronization.: torque M
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Fig. 82: salient pole machine., sudden short-circuit and coarse synchronization.: speed n
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Summarized description of the behaviour of salient pole synchronous machines in coarse
synchronization and sudden short-circuit operation:

Because the switching instant was at the zero voltage crossing of phase U, the stator
current i, contains an extended DC component. The time constant for the slope of the

sustained short-circuit current is T, respectively T,.

The excitation current jumps to avalue, which is 1 times the no-load value, and falls
s

off corresponding to the stator current. DC components of stator currents cause an
alternating component of the excitation current.

The transformed stator currents i, and i, are DC currents in steady-state operation. i
represents the reactive component, which is responsible for the magnetization, i
represents the active component, which generates the torque.

q

The damper currents i, and i, are only effective at first instant after switching,
anytime else they are equal zero.

Even though the driving torque remains constant, the speed declines after short-
circuiting because of the ohmic losses in the resistances.

After the sudden short-circuit the machine was coarse synchronized by reconnecting to the
power supply and again transient phenomena occur with high current- and torque-peaks.
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4.6 Transent operation of salient-pole machines

Previous sections show, how the system of differential equations of synchronous machines
can be solved to calculate the dynamic behavior using analytical or numerical methods.

Using simplifying assumptions, dynamic transient phenomena can be handled in analogy to
steady-state phenomena. In this case non-linear system of equations are not necessarily
subject of integration:

1) It is assumed, that the speed of the machine is constant during the transient
phenomenon. The bigger the moment of inertia of the rotating machine, the better this
assumption isfulfilled.

2.) The effect of the damper winding is not taken into consideration, because the
subtransient phenomenon declines rapidly. In lots of cases there is no damper winding
at all.

3.) The induced voltage components in the voltage equations can be neglected in
contrast to the rotary induced voltage (WT >>1). Therefore the DC components of the
currents do not occur.

4.) The excitation flux-linkage during the transient phenomenon is assumed to be

constant, i.e. the excitation current changes according to the stator current. This
assumption is fulfilled, if the resistance of the excitation winding is very small

(R. =0), because the short-circuited winding keeps its flux constant d;(tF =0 and

Y. =const. The assumption can be fulfilled too, if the machine is equipped with a

voltage controller to compensate the ohmic voltage drop if the current changes, i.e.
. dY
u. - RRx.=0=—+,
F F F dt

5.) Theresistance of the stator winding can be neglected: R, =0

6.) Thereis no zero phase-sequence system.

With these assumptions the system of dynamic equations is ssmplified as follows:

0 voltages:
Uy =W XY (4.149)
U, =-WxY, (4.150)
u- =0 (4.151)
0 currents:
i P does not appear!

io P does not appear!
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0 torque
My = pAY Hy - Y%, (4.152)
o flux linkages
Y, =L %, + Ly b (4.153)
Yo =Ly g+ L (4.154)
Y, P does not appear!
L, (4.155)

Y, =
Yo P does not appear!

Flux linkages Y, and Y, are inserted into the voltage equations and the inverse

transformation with a, = - %+J IS to be executed according to section 4.2.
Uy _a WXL X, -8 :
U, =L xplto=_"_"9 9ya "2yl =_ X,
=d \/5 \/§ q —q
_ . .t .‘B )
U, = ju_q>ejao =] Wx(Ld Mg * b NF)@ el = JXgdg- Xg )
3 V3
whereas
| :i_qxeiJ
~q \/:—3
. -
|, =- JL)@JJ
—d \/§
i
| . =- j_F>elJ
~F \/5
besides
u,=- Xhg XI_‘F

(4.156)

~ (4.157)

(4.158)

(4.159)

(4.160)

(4.161)

The inverse transformation is done for the excitation flux in the direct axisin the same way:

_ Lg%y + L 4

y:
73 NE

’(‘ j)>ejJ =Ly X+ LYF XI_‘F

(4.162)

The index “0" describes the state before switching. If the excitation flux-linkage has to be

constant after switching, then it hasto be:

i'F =Ly ¥ +Le XI_F = Ly M0+ Le XI_;:O = const.

after switching

before switching

(4.163)
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This means, that the excitation current changes according to the stator current:

+ I_dO - l_d (4164)

e =1g 1+s
2

Therefore the voltage equations in the quadrature-axis are:

U, = X~ X e e (41659
2 ﬂ
[
_ , . 1 0 1Xg X 4o
= X, X - i X, A - +- 4.166
oo~ XA Gy i) (4160
=U o~ (XgXg- j[L-s)X X (4.167)

U ,, is the synchronous generated voltage before switching, X, =s %X, is the transient
reactance.

With that the transient synchronous generated voltage U, can be defined, therefore remaining
constant after switching still after switching:

1) U, =U - i85 )Xy x40 =U, + Xy X = const (4.168)

The synchronous generated voltage changes according to the excitation current:

U, =- Xy ¥r = thdff% SLRELE. (4.169)

Xy X g0 + JXg X

—_iX 4.170

Hoarro™ (s Yavs ) s Jivs,) (@410

=U - j{0-s )X Mg+ il s)X, ¥ (4.171)

2) U, =U,+j(t-s)X,x, (4.172)
The direct-axis voltage is still:

3) Ug=- XA, (4.173)

Aspects 1), 2) and 3) describe the transient operation of a salient-pole machine, i.e. the
transient phenomenon after switching. The following cases need to be distinguished:

mode of operation physical synchr. gen. voltage | direct axis reactance

steady state |- = const U, = const X4

transient Y. =const U, = const Xy
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Now the U , is not constant anymore regarding the phasor diagram for the transient operation,

but U'p =const. The voltage U, changes according to |,. The vaue of U'p can be

determined using the initial conditions before switching.

Fig. 83: phasor diagram for the transient operation

Torquein transient operation ensues to:

M =%><(ud X, +U, )

with replacements due to:

I, U,- U, | =Y
X, X,
U, =U>sind U, =U xcosJ

Using insertion, the following equations are obtai ned:

éJ - U xcos] i u
M:@xé“—,w xsind +U>gn‘] X xcosd
W @ Xd q G
aJ U 012 u
:%Xép—xsm‘] +§i-—.:xu—>sm2.lu
w g X Xe Xog 2 A

(4.174)

(4.175 a,b)

(4.176 a,b)

(4.177)

(4.178)

An equation for the torgue in transient operation is achieved, which shows nearly the same
structure like the equation for the torque in steady-state operation but U, is replaced by U'p

and X, isreplaced by X.
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4.6.1 Power supply operation

There are two kinds of load cases, which cause a transient phenomenon, if the machine is
connected to the power supply:

1)

2)

The electrical sudden load change, caused by a switching in the power supply
network. The supply voltage and the supply reactance are suddenly changed.

Because U'p has to be constant, the currents |, and |, change stepwise, because
the supply voltage and the supply frequency are suddenly changed. Therefore the
generated torque is changed too. Instantaneously after switching, J is equal J,,
because the speed does not change immediately due to the moment of inertia. The
speed of the machine does not change fast, therefore there is a surplus/shortfall of
torque, which causes a motion process J (t) of the rotor. The resulting currents and
the time characteristic of the torque in transient operation can be determined using
the precondition U , = const .

The mechanical sudden load change, caused by a stepwise change of the driving
torque. The supply voltage and the supply reactance do not change in this case.

Shortly after the sudden load change, the same currents flow as before. Therefore
the synchronous machine generates the same torque as before. The surplus/shortfall

of torque causes a motion process J (t) of the rotor. Therefore the currents and the
torque of the synchronous machine change. Their time characteristic can be
determined using the precondition U p =const .

After the declination of the transient phenomenon, a new steady-state operating state adjusts

itself gradually.
For easier description the following base values (so called “per-unit quantities’) are to be
used:
u= u (4.1279)
U NSr
= | (4.180)
I NSr
U
ir = Te - o (4.181)
I FO U NS
r= R (4.182)
U NStr /I N
-_X (4.183)
U NS /I N
m=M _ M - M (4.184)
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characteristic of the excitation current:

0 steady-state e =1 (4.185)
o transient ip =u +(1- s )%, 04y (4.186)
U, - Uxcos]
j = (4.187)
Xd
u, 1-
ip=—- 1—S>1J>COSJ (4.188)
s s
A

Ie

stationary

- p + >
P
JN 2 J
Fig. 84: current i versusJ
characteristic of the torque
eu, 1@ 16 U
0 steady-state m=———x2>6nd + =x¢—- —&n2l( (4.189)
Cos| y @Xq 2 8%, X4 g 4
éu e o) U
o transient m= 1 x@-L2>sind oL i-i,?sinZJu (4.190)
cos| \ @Xqg 2 8%y Xy g A
m
transient
1
l
J, P p J

Fig. 85: torquemyvs. J
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Because of the constant flux in the excitation winding, the machine compounds itself during
the transient phenomenon by increasing the excitation current and with it the torque on a
multiple of the rated values. Therefore the dynamic stability is increased to angular
displacements of more than 90° (electrical).

The transient phenomenon of a sudden load change in power supply operation and the self-
compounding because of the constant excitation flux can be illustrated with the phasor
diagram.

1. initial state for the steady-state operation: u=1,i=1,] =j | (4.191)
draw phasor diagram ; U, = U, + Xy X (4.192)

Uy = Ug + X Mg (4.193)

2. transient operation: u, =const,J >J,, u=1 (4.194)

Draw direction of J , take out (=read, measure) u, and u,, calculate:
u

i, =2 (4.195)

X

q

u -u
iy =9 (4.196)
Xd

=iy +i, (4.197)
Thus follows: U, =u +(1- s 4 )%y Xy (4.198)

Fig. 86: phasor diagram
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4.6.2 Solitary operation

The transient theory can aso be applied for isolated operation. Again applying U p = const

U'p is determined from the instant before switching. Because of the constant flux in the

excitation winding, the currents and voltages instantaneously after switching result from
U, =const.

After a certain period time, if the transient phenomenon has fallen off, U | = const is applied.
For this reason the currents and voltages for the most recent steady-state can be determined.
Between initial and final state there is a transient phenomenon with T,, (T;,) if the stator
winding is open-circuited or short circuited, respectively T, (Tg. ) if the excitation winding
is open-circuited or short circuited.

Example: Synchronous machine connected to power supply; rated current and cosj =0
(inductive) assumed.

'y
Uy JX Values:
0o u=1, =1, j =90°
A o u,=1, uy,=0
X'
TJ d 0 i,=0, i,=1
a
u=1 0 U, =1+Xx; =l
u, 0 U, =1+Xx,
are obtained from the phasor diagram (Fig. 87) at
steady-state operation before switching.
=\ >

i=1
Fig. 87: synchronous machine, phasor diagram
o after switching applies:
i =0 and u, = const.
0 instantaneously after switching we obtain for the transient operation:

U=u, + X, 4 (4.199)
s
o after along period of time we obtain for the new steady-state operation:
U=u, + Xy ¥ (4.200)
s
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If the stator winding is open-circuited, the time constant ensues to:
-t

time const.

time characteristic = final state + (initial state —final state) xe (4.201)
So that the transient phenomenon can be described as:
t
u=u,+ (up - up)>e Tro (4.202)
The discussed time characteristic is shown in the diagram of Fig. 88:
A
u=u
Y
/
— u=u
u=1 p
>
Fig. 88: time characteristic
4.6.3 Summary and conclusion of transient operation
Three equations are basically used:
U'p=Uq+X(', X, (4.203)
U, =U, +(1- 54 )Xy ¥y =U, + X, X, (4.204)
Ug =X d, (4.205)
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4.6.4 Schemefor transient operation

1.) Steady-state operation before switching,
phasor diagram, determination of U |

2.) Transient operation instantaneously after switching,
calculate new currents, voltages and torque using U p = const.

3.) Steady-state operation after along period of time

phasor diagram, determination of U , calculate currents, voltages and torque after that

4.) Transient phenomenon in between: e-function
time constant:

Taolgator]  field open-circuited
TdKig T field short-circuited

case: switching appearsin field.

Teol Feldi’ stator open-circuited
Tk g 1 stator short-circuited

case: switching appearsin stator






5 Servo-motor

Permanent-field synchronous machines with rotor position encoder are a'so known as servo-
motors.

5.1 General design and function

Design:
The stator of this machine type features a conventional three-phase winding. The permanent-

field rotor is equipped with rare-earth or ferrite magnets. The power inverter is controlled by
the rotor position encoder.

[/
111

\\\
1\

v

A

Fig. 89: permanent-field synchronous machine (servo motor)

Function:

The three-phase winding of the stator is supplied with a square-wave or sinusoidal three-
phase system depending on the rotor position. Thus a rotating m.m.f is caused, which rotates
with the exact rotor speed and which generates a time constant torque in co-action with the
magnetic field of the permanent-field rotor. The rotating field in the stator is commutated
depending on the rotor position in such a manner, that the rotating m.m.f in the stator and the
rotor field are perpendicular with a constant electrical angle of 90°.

Thus results an operating method, which does not correspond to the operating method of
synchronous machines anymore, but to that of DC machines. Here the armature current
linkage and the excitation field are also perpendicular with a constant electrical angle of 90°.
This constant angle is adjusted mechanically with the commutator of the DC machine.

The constant angle of a permanent-field synchronous machine with rotor position encoder is
adjusted electrically using a power inverter. This machine type can not fal out of
synchronism anymore and behaves like a DC machine. That is why the machine is also called
“eectronically commutated DC motor (EC-motor)”.
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EC-motors are used in machine
tools and robotic devices
because of their excelent
dynamic  behavior simple
controllability. The brushless
technique has a low rate of wear
and is maintenance-free.

Fig. 90: servo-motor, direction convention

5.2 Dynamic set of equations

Focus is put on salient-pole machines with magnetic asymmetry L * L, in the following.

The arrangement of permanent magnets can be reduced to a; <1 if the machine is supplied

with sinusoidal currents, to save permanent magnet material and to improve the voltage
waveform. The permanent magnets are magnetizing in the direct axis. The magnetic air-gap in
the g-axis is assumed to be equal to the mechanical air-gap. The magnetic air-gap in the d-
axisis d +h,, and thereforeitis L, > L. This effect can be utilized to reduce the current, as

to be seen later on. Figure 90 shows a two-pole model.

In case of no damper windings, permanent-field synchronous machines only have three
windings to be considered. This applies, if the rotor is made of laminated sheets and if the
conductive rare-earth magnets (SmCo, NdFeB) are subdivided into small laminations, to
avoid eddy currents.

The following denominations are used:
0 d: stator direct axis
0 (: stator quadrature axis
o F': rotor direct axis, permanent magnets

Dueto L, * L, asuitable coordinate system is to be chosen, requiring to rotate with the rotor,

da _dg (5.206)
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Practicaly the previously discussed coordinate system for salient-pole machines without
damper windings is used. The load reference arrow system for motor operation is applied on
the considered case.

There are only voltage equations and the flux-linkage of the stator winding, but no voltage
equation for the permanent magnets. The constant rotor flux Y,, in the d-axis, which is
caused by the permanent magnets, is considered by a constant equivalent excitation current
i, in the equation for the stator flux-linkage in the d-axis. The stator winding has no effect
on the permanent magnets.

dy

Uy =Ry +—4-wxy, (5.1
dt
Y,
uq=R1>1q+?+w>8\(d (5.2
. . J dw
M, = pXY, xq-qud)zng+MW (5.3)
Yy =Ledg + Ly >1-|I:0 (5.4)
YM
Y, =L, (5.5)

The flux-linkages can be directly pasted into the stator voltage equation and into the torque
equation.

Uy =Rl>1'd+de?jl—:-w><Lq>iq (5.6)
: di, : y
U, = Rx, +L, XEHN g Ay W, A (5.7)
My = pH{Log %iro Mg + Ly g %g - Ly % %) (5.8)
B R . J _dw
= p>{Lhd>qF0- iy ><(Lq- Ld)]xq——x—+MW (5.9

p dt
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5.3 Steady state operation

In steady-state operation the flux-linkages in the rotating system and the speed are constant,

i.e.

(5.10)

(5.11)

For this reason the dynamic system of equation can be simplified and the torque equation is

decoupled.
Uy = R - wd %,
Uy = R +Wdy dg +wd Hg
My = p>{|‘hd Ao - g ><Lq ) Ld)Jx-q
For the inverse transformation of the rotating system with

da _dg

dtdt

the (still) arbitrary integration constant is practically chosen:

p

aOZ-E

After the inverse transformation into the complex notati

(5.12)
(5.13)

(5.14)

(5.15)

(5.16)

on, the rotor axis, which is the

magnetizing axis of the permanent magnets, is pointing in direction of the negative imaginary
axis and the g-axis, where the torque is generated, is orientated to the real axis (P compare

with induction machine).

_ u .
u:%@l&0+jx7‘;>emo=ud +tU,
R iy - weL, i . .
Uy = d\/:—3 : q>(' J):Rlxl_d"'lquxl_q
A +w, X, Wl A
Qq:ijl q d\/_; hd FO><_ J):Rlxl_q+

whereas currents are defined as:

(5.17)

(5.18)

Xy Mg+ X ¥y (5.19)

j xiFo (5.20 a-c)

i :
| =_q’ |, =- , | =-
-q \/:_3 —d J \/:_3 —FO J \/§
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With:

U, = | %X 4o (5.21)
The complex voltage equation is:

U =R ALy +1g)+ XX 4+ 3Ky 44 +U, (5.22)
Torque is obtained from the root-mean-square values:

i
>§N <, Iﬁ, >(w X, - W, )Hxﬁ (5.23)

w
©

X

M,

23 E\

My =>Pou -1 X, - x, )1, (5.24)

Based on the knowledge of equations 5.17 - 5.22 the phasor diagram can be drawn. U, and
|, arein phase. Two modes need to be distinguished:

normal operation |, =0 field-weakening 1, <0
y =J+j =0° y =J+j] <0°
]Xulu Rld I X Iq
L !
Rld RI,
i P X0 A
Y, y

|IC

1
1
1
1
1
1
1
-
11 | 1

-~ FO -d ~FO

Fig. 91: normal operation Fig. 92: field weakening

Compared to DC machines, field weakening of permanent-field synchronous machines can
only be performed within certain limits, if a negative direct current component is injected
additionally to the torque generating current in the g-axis, y <0. Thus the angle of stator
current linkage and rotor field is increased to an electrical angle of more than 90°. The speed
increases too. The injection of a negative direct current can also be used to minimize the
current and to improve the power factor. The precondition is a rotor with a magnetic
asymmetry X, > X,. Then the negative direct current component and the reluctance in

conjunction with the quadrature-axis component of the current generate an additional torque
contribution.
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Thus the total current consumption is decreased. At the same time the phase displacement
between terminal voltage and stator current is reduced, so a power factor cosj of nearly 1is
obtained. This method allows an operation with lower current consumption and therefore with
lower copper losses. Thus the utilization of the machine is increased, power of the converter
output power is reduced. With increasing difference (Xq - Xd) this so called pre-control

y <0 becomes more and more effective.
The characteristics of the permanent-field synchronous machine with rotor position encoder

in steady-state operation can be determined using the direct and quadrature components of the
voltage equations and the torque equation.

Uy =R ¥y X X, (5.25)

U, =RX, +X, ¥, +U, (5.26)
3

M :Tp{up- Lo {X, - X )M, (5.27)

The frequency-dependency of the reactances and of the synchronous generated voltage is
considered by basing on rated frequency.

w
X, = —xX 5.28
0 = Ko (5.28)
w
Xy = W_Oquo (5.29)
w
U, = W_o 00 (5.30)
Uy =R M- —xX X, (5.31)
WO
w w
uq:Rl><|q+W—0><xdo><|d+W—O>Upo (5.32)
_ 3xp G w ou
M= Ui |de70>(qu- Xdo)%XIq (5.33)
Finally results:
0 speed (shunt characteristic)
ﬂ = ﬂ = w (5 34)
n, W UpO+XdOXId
o0 torque (shunt characteristic)
_3p
M _W—>{u o TadX oo - Xoo)l¥, (5.35)
0
o control instruction (electrical commutator):
w
Uy =R - K04 (5.36)

0
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Fig. 93: control instruction, schematic overview

The operational performance of permanent-field synchronous machines with rotor position
encoder corresponds to the behavior of separately excited DC machines.

0o U,2U,

1P

o 1,21,

P

o I,=1;

0 U, =Ug 2kof

By set-point selection of the voltage U, £U 4, the speed can be adjusted non-dissipative in
the speed range n £ n,. By injecting a negative direct current - |, with a voltage component

U, the speed can be further increased in spite of the permanent field. Torque increases
simultaneously.
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5.4 Dynamic behavior

With time constants

L

T, == 5.37

0 R (5.37)
L

0 T=g (5.38)

a system of differential equations is obtained, to be able to completely describe permanent-
field synchronous machines.
T, xoc'i'—:ﬂd = %JFWXT“ % (5.39)

Toda g =Yy, - W
q d'd R1

4 dt
ipxo('j—"t" = pofit X - i AL, - Ly g - My (5.41)

g (5.40)

The transformation of the stator voltages to a rotating system with Ocli—atl =w isdoneasusua:
eu; U eu,u
N [T 171 g (5.42)
au vUu

Based on this, the structure diagram of a complete servo drive can be drawn. Besides the
machine model a PWM-converter and the speed control are included.

Thus the machine can be simulated and computational calculated with (spice-oriented-)
simulation tools.

excitation values: Uy, Uy » m,
state values: Iy, [ w
initial conditions: iy(0)=i,(0)=w(0)=0, a, =- %

Figure 94 shows the according structure diagram of a permanent-field synchronous machine
with rotor position encoder (top left: converter; top right: control; bottom: machine).
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2

D+
HH

PWM

Fig. 94: servo-motor drive, structure diagram

The machine is controlled in such a manner, that armature current-linkage and excitation field
are perpendicular in normal operation. This means that, if the flux of the permanent magnets

is represented by L., %.,, the stator current has no direct component i, =0 and the
quadrature component i, is the torque-generating component.

In order tokeep i, =0, followsfor u,:
29 4w AT i, =0 (5.43)
R
Uy =W, X, (5.44)

If a control method with i, * O is applied, for example field-weakening i, <0, the voltage
control in the d-axis has to be:

W T, =g (5.45)
Uy =-WX X, +R X, (5.46)

Thus the time characteristic of the direct current ensues to:

e -0
Xl-e e~ (5.47)

2

Ty = oy
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Voltage in the quadrature axis results from the speed which is supposed to be adjusted. For
example at no-load operation and rated frequency:

u .
= Wx{%gm =0 (5.48)
Uy =W XLy g = V30U g, (5.49)
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Fig. 95: measured mechanical speed

40 ’1

I{A)

20

|

0 \‘W‘J o i s S B i 1[“{‘1'3-‘3;*,'*17‘5-%1'\&}@

-20

o 1

00 05 10 13 .20
Hs)
Fig. 96: measured phase-current (setpoint and actual value)
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Fig. 97: calculated mechanical speed
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Fig. 98: calculated phase current

Figures show reversing process of a servomotor: comparison of measurement and cal cul ation.
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5.5 Voltage- and current wavefor ms of servo-motorswith
rotor position encoder

Permanent-field (PM =_permanent-magnet, permanent-field) synchronous machines can be
operated in different ways. In block-operation, the motor is supplied with rectangular (block)
currents and the distribution of the air-gap flux density is rectangular. If the motor is supplied
with sinusoidal currents and the rectangular distribution of the air-gap flux density is retained,
then we have mixed operation. In sinusoidal operation, the current and the distribution of the
air-gap flux are sinusoidal. The figure shows the characteristics of flux density, current and
voltage.

If a machine is operated in block-operation, then it is also called brushless or electricaly
commutated DC machine. If a machine is operated in sinusoidal operation, it is also called
self-controlled synchronous machine. The operational performance of permanent-field
synchronous machines with rotor position encoder generaly corresponds to the operational
performance of DC machines.

If the machine is supplied with sinusoidal currents, sinusoidal induced voltages are necessary.
We can obtain a nearly sinusoidal air-gap field using parallel magnetized instead of radial
magnetized permanent magnets and by designing a suitable stator winding (chording for
example).

Another possibility is to supply the machine with rectangular (block) currents. The total
supply current has a constant magnitude and is distributed cyclic to the three stator phases,
which results in current blocks with an electrical length of 120° and dead times of 60°. If the
induced voltage during the length of a current block is constant, then power of the phase is
constant too. During the dead times the induced voltage has no influence on the torque
generation. The trapezoidal characteristic of the induced voltage results from g>1 and

because of the skewing of the stator sots of one dot pitch.

The advantages of the rectangular supply in comparison to the sinusoidal supply are a 15%
higher utilization of the machine and the usage of simple position sensors (three photoelectric
barriers) instead of expensive resolvers and an easier signal processing.

The disadvantages of the rectangular supply in comparison to the sinusoidal supply are:

with increasing speed eddy-current losses arise in the conductive rare-earth permanent
magnets (in comparison with non-conductive ferrite magnets) caused by the dlot
harmonics and the jumping rotating m.m.f..

because of the machine- inductances and the voltage limitation of the converter, there are
heavy deviances from the rectangular current form at high speed. The results are a reduced
torque and higher losses.

because of the non-ideal commutation of the phase currents at rectangular supply, angle-
dependent huntings occur at lower speed, which has to be compensated by the control.

In contrast the mixed operation has advantages. If the machine is supplied sinusoidal, if it has
a rectangular flux-density distribution in the air-gap and if the stator winding is chorded, to
achieve a sinusoidal induced voltage, then the best motor utilization is obtained. In this case
the fundamental wave of the flux-density in the air-gap is increased and at the same time the
losses are reduced. A 26% higher machine utilization can be achieved, compared to sinusoidal
supply, respectively 10% higher compared to rectangular supply. The operation with
sinusoidal currents requires an exact information of the rotor position, which requires an
expensive encoder-system.
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Block (B1), Block (11)
Trapezoidal (Ui)

Block (B1), Sinusoidal {I1),
Sinusoidal (Ui)

Sinusoidal (B1),
Sinusoidal (11),
Sinusoidal (Ui)

2M

Ujn = 21(w§)BVy Ui Ui~
= w(wé)27p1Bmax = w(wé) %TPIBma\J/:é- sin(a; %) _ w(wg)}i%l%%
= cBmax = -cﬁ\/%‘ﬁ% sin(a; %) = %
Py = 2RI Py = 3RIZ Py = 3RIZ
1=,/31.
Pn = 2UinIn Pn = 3Ui nl~ P. =3U; 1.

discrete position measurement
(3 photoelectric barriers)

continuous position measurement
(resolver or incremental encoder)

P 2 _

bl Z =115

P — 2__.__.1;___ —_— B! a’l‘ =

ITEL ~n__ V3zsin(af) %9 e §

P. P.npP 1 = =
P. 0 PEL, = ﬁ:ﬁl’m = 1,26 for a; =1

Fig. 99: table, comparing waveforms and resulting power values






6 Appendix

6.1 Formular symbols

current coverage; area (in general)
number of parallel conductors
flux density (collog. induction)
width

capacity

general constant, specific heat
diameter, dielectric flux density
diameter; thickness

electric field strength

Euler’s number

force; form factor

frequency

electric conductance, weight
fundamental factor, acceleration of gravity
magnetic field strength

height; depth

S Tre@ @@ " Tme®e mao o 0o me >

current; I, active current; Ig reactive current
[ instantaneous current value

J mass moment of inertia

] unit of imaginary numbers

K cooling medium flow, general constant

k number of commutator bars; general constant

L self-inductance; mutual inductance
I length

M mutual inductance; torque

m  number of phases, mass

N genera number of slots

n rotational speed
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O  surface, cooling surface
P active power
p number of pole pairs; pressure
Q  reactive power; cross section; electric charge
q number of slots per pole and phase; cross section
R  efficiency
r radius
S apparent power
S dlip; coil width; distance
T time constant; length of period; absolute temperature; starting time
t moment (temporal); general time variable
U  voltage (steady value); circumference
u voltage (instantaneous value); coil sides per slot and layer
Vv losses (general); volume; magnetic potential
% speed; specific losses
W  energy
w  number of windings; flow velocity
X reactance
X variable
Y peak value (crest value)
y variable; winding step
Z impedance
z genera number of conductors
a pole pitch factor; heat transfer coefficient
b brushes coverage factor
g constant of equivalent synchronous generated m.m.f.
d air gap; layer thickness
e dielectric constant
z Pichelmayer-factor
h efficiency; dynamic viscosity
q electric current linkage
J load angle; temperature; over temperature
k electric conductivity
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I power factor, thermal conductivity; wave length; ordinal number; reduced magnetic
conductivity

L magnetic conductivity

m  permeability; ordinal number

u ordinal number; kinematic viscosity

X winding factor

r specific resistance

S leakage factor; tensile stress

t genera partition; tangential force

F magnetic flux

| phase displacement between voltage and current
y flux linkage

w  angular frequency
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6.2 Units

The following table contains most important physical variables and their symbols and units to
be used. An overview of possible unit conversionsis given in the right column additionally.

physical variable |Symbol |Sl-unit abbrev. |unit conversion
length L Meter m
mass M Kilogramm kg |1t (ton) =10°kg
time T Second S 1min=60s
1 h (hour) =3600 s
current intensity I Ampere A
thermodynamic T Kelvin K temperature difference DJ in
temperature Kelvin
celsiustemperature J Degree °C J=T-T
Centigrade
light intensity I Candela cd
area A - m?
volume \Y; - m® |11 (Liter)=10°m?
force F Newton N 1 kp (Kilopond) =9.81 N
1N =1 kg-m/s®
pressure P Pascal Pa |[1Pa=1N/m?
1 at (techn. am.) = 1 kp / cm?
=0.981 bar, 1 bar = 10° Pa
1kp/m?=1mmWS
torque M - Nm (1 kpm = 981 Nm =

9,81 kgm?/ &
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physical variable |Symbol |Sl-unit abbrev. [unit conversion
mass moment of J - Kgm? |1 kgm?=0.102 kpms® = 1 Ws®
inertia
impetus moment GD?
GD?=4J/ kgm?
frequency F Hertz Hz |1Hz=1s"
angular frequency w - Hz |w=2pf
rotational speed N st |1s'=60min®
speed (trangl.) \ - m/s [1m/s=3,6km/h
power P Watt w 1PS=75kpm/s=736 W
energy w Joule J 1J=1Nm=1Ws
1 kcal =427 kpm = 4186,8 Ws
1 Ws=0,102 kpm
el. voltage U Volt \
el. field strength E - V/im
el. resistance R Ohm w
el. conductance G Siemens S
el. charge Q Coulomb C 1C=1As
capacity Farad F 1F=1As/V
elektr. constant & - FIm |e=eg&
& = relative diel.-constant
inductance L Henry H IH=1Vs/A=1Ws
magn. flux f Weber Wb |1Wb=1Vs

1 M (Maxwell)
10%Vs=1Gem
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physical variable |Symbol |Sl-unit abbrev. [unit conversion

magn. flux density B Tesla T |1T=1Vs/m*=1Wb/m?
1T =10 G (GauR)
1G=10°Vs/m?

magn. field H - A/m |1 Oe (Oersted) =

strength 10/4p A/cm
1A/m=10°A/cm

magn.-motive force q - A

magn. potential \% - A

magn. constant m - - m=4pl0"H/m
m=1G/0Oe

permeability m - - m= mm
m = relative permeability

angle a Radiant rad |lrad=1m/1m

a=lanelr
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