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Abstract

This paper concerns a circuital model of a 5.5 kVA salient pole synchronous generator with
damping bars, with and without the rotor skew. The paper presents an influence of the stator to
rotor self and mutual inductance distribution on the induced voltages in the no-load steady state.
Inductance distributions used in the circuital model are determined in the FEMM program for
linear and nonlinear magnetic circuit. Simulation and experimental verification are presented.
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Streszczenie

W artykule przedstawiono wptyw rozktadow indukcyjnosci wtasnych i wzajemnych uzwojen
stojana i wirnika na indukowane napigcia w stanie biegu jalowego generatora synchronicznego
jawnobiegunowego o mocy 5,5 kVA z klatka tlumiaca na wirniku bez skosu oraz ze skosem.
Rozktady indukcyjnosci uzyte w modelu obwodowym wyznaczono w programie FEMM dla li-
niowego i nieliniowego obwodu magnetycznego. Przedstawiono wyniki badan symulacyjnych
i eksperymentalnych.
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1. Introduction

Both for a designer and a user, knowing about the harmonic contents of waveforms of
induced voltages in the stator winding, a synchronous generator in the no-load and load
steady states is very important [ 1-4]. Generator sets consume more fuel due to the presence
of higher harmonic contents in the induced stator voltage and current waveforms. This has
negative economic consequences.

In a no-load state, a magnetic flux density in the air gap of a synchronous generator is
distorted due to: the influence of the stator and rotor slot opening [5]; the presence of the
damping circuits [6]; saturation of the magnetic circuit (mainly low order odd harmonics)
[7, 8]; magnetic rotor asymmetry; static and dynamic stator;rotor eccentricity; inside asym-
metry [9—13]. Low power salient pole synchronous generators without the rotor (or stator)
skew up to several kVA due to a single-layer stator winding have the largest content of
higher harmonics (in low power synchronous generators less than 10 kVA dominate sin-
gle layer windings) [14—19]. No rotor skew and the presence of single-layer stator wind-
ing causes a significant increase in higher harmonic order in self and mutual inductance
distributions in circuital models of synchronous generators [14—19]. In cases of powering
various types of sensitive loads (e.g. UPS, PC computers, notebooks, compact fluorescent
lamps and different types of audio-video electronic equipment) the induced stator voltages
and the armature currents are very distorted. This case is illustrated in Figure 1, where the
comparison of registered waveforms of induced stator voltages u, and u,, field voltage U,
and current /,in no load state for two salient pole synchronous generators with single-layer
stator winding with and without the rotor skew are presented. The first generator rated data
as follows: S, = 5.5 VA; U, =400V (Y); [, =7.9 A; cos, = 0.8; n, = 3000 rpm; O = 24,
p =1 (number of pole pairs); o = 15° (angle of rotor skew). The second generator rated data
as follows: S, = 10 kVA; U, =400 V (Y); I, = 14.5 A; cosg, = 0.8, n, = 3000 rpm; Q = 24,
p=1a,=0° (without the rotor skew). During the investigations, field winding is powered
by a DC voltage source (U = const.).
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Fig. 1. Comparison of registered induced stator voltages in no load state for two salient pole
synchronous generators: a) with the rotor skew, b) without the rotor skew

The total harmonic distortion (7HDu ) counted up to the 100" harmonic in the presented
waveforms (in Fig. 1) of the induced phase voltages under no-load conditions are [18]:

* with the rotor skew THDu = 8.41%,
* without the rotor skew THDu, = 10.21%.
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The participation of the higher harmonics in the induced stator voltages is the most
visible during the powering of sensitive receivers. The two synchronous generators (with
and without the rotor skew) are used for powering a PC set-up (a PC unit, a monitor and
a laser jet printer). In Figure 2, comparison of registered waveforms of the distorted load
current i, for the two salient pole synchronous generators with and without the rotor skew
are presented. During the investigation, the field winding is powered by a DC voltage
source (U, = const.).
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Fig. 2. Comparison of currents of two synchronous generators with and without the rotor skew

In Figure 3, the comparison of load current magnitudes with and without the rotor skew
(Fig. 2) due to the Fourier analysis is presented.
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Fig. 3. Comparison of current magnitude harmonics

The total harmonic distortion counted up to the 100™ harmonic in the presented wave-
forms (in Fig. 2) during powering the PC set-up are:

* with the rotor skew THDi = 80.14%,
* without the rotor skew THDi = 84.21%.

Although, from the 14" harmonic the higher harmonic contents are greater for the 10 kVA
synchronous generator (without the rotor skew) than for the 5.5 kVA version (with the rotor
skew) due to saturation of the magnetic circuit (mainly 3 and 5" harmonics Figs. 2 and 3 and
lower fundamental magnitude for generator with the rotor skew than without the rotor skew),
the total harmonic distortion for the synchronous generator with the rotor skew THDi _ is
equal to 80.14%. It is similar to THDi = 84.21% (for the synchronous generator without the
rotor skew). In the presented waveforms (in Fig. 2), the harmonic contents can be calculated
by the Telephone Harmonic Factor THFi (from 14" to the 100™ harmonic):
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* with the rotor skew THFi = 44.21%,
* without the rotor skew THFi = 6.22%.

From presented Figs. 1-3 results, that about a better quality of synchronous generator can
decide the harmonic contents in induced stator voltages in the no-load state.

The most important aspect in simulations using a circuital model of a synchronous
generator is choosing suitable reference frames and the presence of the damping circuits
[5, 6, 8-10, 14—17]. Studies of synchronous generators using circuital models are very
popular in the rotor reference frame dq0 due to constant inductance distributions. But this
assumption (constant inductance distributions) is true if the self and mutual inductances
of the stator windings contain only the constant component and the same magnitude of the
2" harmonic [19]. As shown in [19], for linear and nonlinear magnetic circuit the Park’s
transformation of the higher harmonics of the stator self and mutual inductance distribu-
tions to the dg0-axes introduces only additional unnecessary calculations (because not
only the self inductance distributions in the dg0-axes but also the mutual ones contain
higher harmonics) [19].

This paper presents an influence of the stator to rotor self and mutual inductance and
derivative distributions on the waveforms of induced phase stator voltages in the no-load
steady state of the nonlinear 5.5 kVA salient pole synchronous generator with damping bars
on the rotor with and without the skew. In the circuital model, the self and mutual inductance
distributions are obtaind using the FEMM program. Detailed analysis of the influence of the
rotor skew on the reduction of higher harmonics in self and mutual inductances are presented
in [14-19].

2. Model of a salient pole synchronous generator in the stator and rotor natural
reference frame

Due to contents of higher harmonics in the self and mutual inductance distributions in
the dg0-axes, simulations of the induced phase stator voltages u , u, and u, with a circuital
model of a salient pole synchronous generator is easier to carry out in the stator and the rotor
natural reference frame [19]. In Figure 4, the equivalent circuit parameters of a salient pole
synchronous generator in the no-load state are presented [17].

The circuit model (Fig. 4) consists of the field winding, three phase stator windings (i , i,
and i, are equal to 0) and damping bars (5 bars per pole) with segment of rings. On differen-
tial linkage fluxes in no-load state have the influence the electrical angle of the rotor position
0, the field current (if) and currents in the equivalent 10 damping bars and ring segments
(i 1y ir(lo))A As shown in [14], the amplitudes of higher harmonic currents Lty =5 Erop in
the no-load steady state of the 5.5 kVA salient pole synchronous generator are very small.
In this condition, on the magnetic flux distribution the field winding ampere-conductors have
significant influence and the damping bar ampere-conductors can be omitted. So, in the no-
-load steady state it can be assumed that on the self and mutual inductance distributions have
influence only the electrical angle of the rotor position 0 and field current i

In the circuital model (Fig. 4), the induced stator phase voltages u , u,, u , the field voltage
u, and the induced voltage in the £-th shorted equivalent damping bar can be expressed as [17]:
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Fig. 4. Equivalent circuit parameters of a salient pole synchronous generator in the stator and rotor

where:
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R =R, +R /[{2sin(a)}=R +F,

R, R, — resistance of damping bar (in area of main flux) and equivalent ring elements (in
area outside of main flux),

oy — an angle between the equivalent k-th rotor damping bar (with ring elements) and
the rotor reference axis, o= p/Q,

0. — number of rotor bars,

L, — equivalent inductance of end ring elements, L' =L / {2sin2(a(k)},

Ly — current in k-th damping bars and ring elements,

0 — electrical angle of the rotor position 0 = 0 p,

0, — mechanical angle of the rotor position,

® — electrical angular velocity o = (1/p)-d0/dt.

The differential linkage fluxes can be derived from the following equations:

v, 0) _dodLy, 6. i),y o 9y 5)
dr 90 T T dr
where:
i, — matrix of the stator currents (equal to zero), field current and currents in the equiva-
‘ lent 10 damping bars and ring elements [0, 0, 0, i/, ir(]), vyl r<10>]r’
¥, — matrix of linkage fluxes of stator windings, field winding, and equivalent 10 damp-
‘ ing bars [V, ¥, ¥, ¥, ¥, , ... ¥, ], whereas ¥ _=L_i_,
L, — matrix of self and mutual inductances of stator-to-rotor windings and damping bars
(and ring elements) can be expressed as:
[ L +L, L, L, L6, i) L,y®, i) o L, i)
L, L,+1L, L, L0, i) L,®.i) o Ly i)
L, L, L+L, L0, i) Lo® i) o L0, 4,)
L,0.i)=| L,0.i,) L0.i,) L.06.i) L0 i)+L, L0 i) . Ly,
Lr(l)ﬂ(e’ lf) Lr(l)b(67 lf) Lr(l);(67 lf) L,(l)f(ea lf) L,(])(e, if)+Lgr L,(l,lo)(ea lf)
_Lr(ll))a(eﬁ if) Lr(l())b(e’ if) Lr(lO)t(e’ if) Lr(ll])f(e’ if) Lr(lo,l)(e’ if) Lr(ll))(e’ if)+Lar_
where:
Laf, pr ch — mutual inductance of the stator windings to the field winding (L ﬁl,L o L /(,),

L, Loy Loy — mutual inductance of the stator windings to k-th damping bar and ring
element (Lr(k)u, Lr(k)b, L r(k)c),
L, — self inductance of the field winding,
. — mutual inductance of the field winding to k-th damping bar and ring ele-
ment (Lr(k ),
L — self inductance of k-th damping bar and ring element,
w Lop Loy — leakage inductance of stator winding, field winding and ring element.
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From relations (1) to (5) in the no-load state, the matrix describing induced stator voltages
whilst taking into account 10 damping bars with the ring segments can be expressed as [17]

ua a qu (95 lf) Lar(l) (97 lf)
wy | =0 Ly (6, 7) Ly (0. 0))
uc ch (67 Zf) Lcr(l) (e’ lf)

L,®©,i) L, i)
Ly, ;) L, (0, i)
L,®, i) L,y i)

Lar(lO)(e7 if)
Lbr(lO)(e’ if) E
Lcr(lO)(e7 if)

if
Lar(lO)(97 lf)
I 0. i Lay
b0y (05 1) +
L. ., 1,)
cr(10) > °f .
Lo (6)
if
d |

L. 10y

From relations (1) to (5) in the no-load state, the matrix describing circuits of the field winding
and the equivalent 10 damping bars with the ring segments can be expressed as:

uf Lf(ea if)+L,gj’ Lﬁ(])(ea lf) Lﬁ(]o)(e$ lf) Rf 0 .o 0 if
o |_J, @ L0, i) L0 i)+L, L,10)0 i)) |0 Ry 0 i
0 L,(mf(e, if) L,“,w,(e, if) Lr(w)(G, if)+Ler 0 0 . Ry 1,19
L6i)+L, L, i) L0, i) i
Lr(])f(e’ if) Lr(])(e7 l.f)‘*'Lg, L,(,,,O)(G, if) i i)
Lans 0 i) L, iy) Lay®, i)+ L, | iy
(7

In expression (7), the significant simplification of the description of the model (in relation
to classical circuit model) is the diagonal matrix of resistance (of field winding and damping
bars with ring segments).

3. Determination of the self and mutual inductance distributions

Figure 5 presents magnetic flux distribution lines obtained using the FEMM program
[11-14] for the examined nonlinear 5.5 kVA salient pole synchronous generator (with and
without the rotor skew with shorted 10 equivalent damping bars) rated: S, = 5.5 kVA;
U, =400V (Y); n,=3000 rpm; [,,= 7.9 A; cosp, = 0.8; p=1; O =24, o, = =15° (factoryrotor
skew equal to stator slot pitch). In FEMM software, the magnetic field distribution (Fig. 5)
and inductance distributions are obtained from current flowing in the field winding (in Fig. 5,
two upper and two lower slots on the rotor) as a function of the electrical rotor position an-
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gle 0. The calculations are carried out on the basis of the real construction data of the 5.5 kVA
synchronous generator in the no load steady state with initial rotor position 0, = 0 (Fig. 5).
A method of determining the self and mutual inductance distributions in FEMM program is
presented in [17].

Fig. 5. Distribution lines in the 5.5 kVA salient pole synchronous generator with 10 damping bars in
the no-load state a) magnetic flux density, b) current density in the field winding

In the induced stator voltages (6) in the no-load state, one of the most important are stator
to field winding inductance distributions. The fundamental components of the induced stator
voltages u, u, , u, are the products of electrical angular velocity ® and mutual inductance
derivative distributions (0L, ﬂ/86), 8Lbﬂ/89), 6Lcﬂ/89)) and constant component of the field cur-
rent i . Each phase stator winding gives the product u , = w(@Laﬂ/BG)i U, = m(aLbﬂ/ae);' , and
u= m(@Laﬂ/ae)ifo. In the case of winding, symmetry the voltage magnitudes are equal.

Figures 6—12 contain the next indicates: s — index with the rotor skew; n — index for non-
linear model. Figure 6 shows the comparison of the stator to field winding mutual distribu-
tions for the nonlinear model without the rotor skew (Laf). In the case of the nonlinear model,
the influence of saturation on the inductance distribution for better visibility is presented
from 120° to 240° (Fig. 6b)). The mutual inductance distribution for the nonlinear model
with the rotor skew (Fig. 6) is very similar to the model without the rotor skew. The differen-
ces are only visible after calculation of the product @0L, " /00 and @OL f”/ 00 (nonlinear model
with and without the rotor skew — Fig. 7a)) or the product ®dL_, /00 and »dL /00 in relation
to ®dL,,/00 (fundamental component of linear model — Fig. 7b)) and in higher harmonic
contents due to the Fourier analysis (Fig. 8). In Figure 8c), higher harmonic contents from
65" to 75" (in the zoom window from 0 to 1%) are presented.

Figure 9 shows the comparison of the mutual stator to damping bars (5 damping bars
per pole) inductance and the inductance derivative distributions without the rotor skew
(in relation to the linear one) and higher harmonic contents due to the Fourier analysis
(Fig. 10).
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Fig. 6. Comparison of the stator to field winding mutual inductance distributions for the linear and
nonlinear model without the rotor skew L  and L, a) 0 =0°-360°, b) 6 =120°-240°
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Fig. 8. Comparison of harmonic contents of the stator to field winding mutual inductance and
inductance derivative distributions a) from 3™ to 29", b) from 39" to 63", ¢) from 65" to 75"
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In the harmonic spectrum comparison of the mutual inductance and the inductance
derivative distributions (Figs. 8 and 10), it can be seen that odd harmonics dominate. The
greatest reduction of the higher harmonic order is achieved by the rotor skew. From the
harmonic spectrum comparison results, it can be seen that for the examined 5.5 kVA salient
pole synchronous generator without the rotor skew, the participation of, for example, the
73 harmonic of the stator to field winding mutual inductance distribution is very small
and is only 0.1% (with relation to the fundamental component Fig. 8c)). In the case of
calculating the mutual inductance derivative (Fig. 8), the value is enhanced 73 times by the
derivative order value and the participation increases to 7.3% (with respect to the deriv-
ative fundamental component). Similarly, the participation of the other higher harmonics
that are the most visible in the inductance distributions (Figs. 8 and 10) are enhanced by
the derivative order value [16].

In the case of the mutual inductance and the inductance derivative distributions of the
stator to rotor damping bar with and without the rotor skew, the most significant is the 3
harmonic. A skew of the rotor has a significant influence on the reduction in higher-order
harmonic [16-19]. So, the lower-order harmonics (for example, caused by the saturation of
the magnetic circuit) are only slightly reduced due to the rotor skew (Figs. 8 and 10).

As shown in [15], the field current (7) depends on the method of powering the field
winding. Moreover, the field currentand currents in 10 damping bars depend on the self and
mutual rotor inductance and inductance derivative distributions (7). Figure 11 shows the
comparison of the field winding self inductance and the inductance derivative distributions
without the rotor skew and higher harmonic contents due to the Fourier analysis.
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Fig. 11. Comparison of the field winding a) self inductance distributions for linear and nonlinear model,
b) products of w(0L /66), ®(0L,/00) and o(OL ,.m/ae), ¢) detailed harmonic contents of the inductance
and inductance derivative distributions for 24", 48" and 72" order

In Figure 12, the comparison of the field winding to damping bars mutual inductance

distributions L Lisn Lo = Lo the product of (0L ’ (l)_m/ae) and co(@LW)"/ﬁe) for
nonlinear model (with and without the rotor skew) and the harmonic contents in relation to

the constant component of L 0) due to the Fourier analysis are presented. The differences be-
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tween Lﬁm - Lﬁﬁ(s) (Lﬁ,(é) - Lﬁ“m) and Lﬁ‘(l)n - Lﬁ(s)” (Lﬁ(b)n - Lﬁﬁ(m)n) for linear and nonlinear models

are very small and therefore, in Fig. 12, is shown only the nonlinear model.
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Fig. 12. Distributions of a) the field winding to damping bars mutual inductance, b) products
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4. Numerical simulations using the circuital model

Simulation studies of the influence of the DC voltage powering the field winding on
higher harmonic contents in the induced stator phase voltages and the field and damping
bar currents under no-load steady state conditions for the examined 5.5 kVA salient pole
synchronous generator with and without the rotor skew are obtaind using the circuital model
— expressions (6) and (7). Figure 13 shows the transient state of currents in 5 damping bars
(per pole) after switching on the DC voltage that is powering the field winding.
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Fig. 13. Transient state of currents in 5 damping bars

Presented in Figs. 14-16, waveforms and harmonic contents are obtaind in an almost
steady state. Figure 14 shows current waveforms L (without the rotor skew) and Lty (with
the rotor skew), the current derivatives dir(l)/dt and di, " )S/dt and harmonic contents due to the
Fourier analysis of the nonlinear model.
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Figure 15 shows current waveforms i (without the rotor skew) and I (with the rotor skew),
the current derivatives di/df and difs/dt and harmonic contents due to the Fourier analysis.
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As shown in Figs. 14 and 15, due to the presence of the O = 24 open stator slots in some
damping bars on the rotor k= {1, 5, 6, 10} the current derivative di,, /d¢ for the 24" harmonic
has a value of almost 11 kA/s. Moreover, the current derivative di/dt for the same harmonic
has a value of almost 36 A/s. This implies in the circuital model that in (6), the product of
the stator to rotor mutual inductance distributions and rotor current derivatives (in the model
without the rotor skew) have a significant impact on induced stator voltages in the no-load
state. For the model with the rotor skew in the waveform of the rotor current derivatives dom-
inate the low order 6th harmonic because the 24™ harmonic is reduced due to the rotor skew.

Figure 16 shows the simulation of the induced stator phase voltage waveforms u_, u,,
and u, and u , u,, and u, (with and without the rotor skew) when the DC voltage is powering
the field winding of the examined nonlinear 5.5 kVA synchronous generator. Moreover, in
Fig. 16, the contents of harmonic magnitudes due to the Fourier analysis are presented.

ul )
31 33 35 37 39 41 43 45 47 49
harmonics

Fig. 16. Induced stator phase voltages under no-load conditions (U = const.) a) waveforms for model
with the rotor skew, b) waveforms for model without the rotor skew, ¢) and d) harmonic contents

In the presented waveforms (in Fig. 16), the total harmonic distortion 7HDu, for the case
of U = const. are:

* for the model with the rotor skew THDu = 8.39%,
» for the model without the rotor skew THDu, = 13.73%.

5. Experimental verification

Figure 17 shows a measurement set for investigation of the 5.5 kVA salient pole synchro-
nous generator with and without the rotor skew with single layer stator windings. Experimen-
tal verifications of the induced stator phase voltages are performed for the three-phase salient
pole synchronous generators with the following rated data: S,, = 5.5 kVA; U, = 400 V (Y);
I,=7.9A; cosp, = 0.8; n,, = 3000 rpm; Q =24; p =1, o, = 0°; o, = 15° (with and without
the rotor skew). During the investigations, the field winding is powered by a DC voltage
source. The induced stator voltages are registered using a four-channel digital oscilloscope.
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Figure 18 shows registered waveforms of the induced stator phase voltages under no-load
conditions.

JE e

Fig. 17. Measurement set for investigation of the induced stator voltages of the 5.5 kVA salient pole
synchronous generator with and without the rotor skew
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Fig. 18. Registered waveforms of the induced stator phase voltages under no-load conditions for the
5.5 kVA salient pole synchronous generator a) with the rotor skew, b) without the rotor skew
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In the presented waveforms (Fig. 18), the total harmonic distortion of the u__and u, (with
and without the rotor skew) for the case of U, = const. are:

+ for the 5.5 kVA synchronous generator with the rotor skew THDu, = 8.29%,
+ for the 5.5 kVA synchronous generator without the rotor skew 7HDu, = 15.18%.

6. Conclusions

This paper presents the detailed process for determining the induced stator phase voltages
whilst taking into account the circuital model of the low power salient pole synchronous
generator with and without the rotor skew with damping circuits. This model is based on
the self and mutual stator to rotor inductance distributions that are determined by means of
the FEMM program. Based on the simulation studies, it can be concluded that in a steady
state when powering the field winding from a DC voltage source due to the presence of the
damping bars on the rotor:
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» without the skew and due to rotor current derivatives (in damping bars and field current)
the increase of harmonic content in induced stator voltages is significant and registered
THDu, = 15.18% and simulated THDu, = 13.73%,

» with the skew reduces the influence of the rotor current derivatives (in damping bars and
field current) on the increase of harmonic content in induced stator voltages and registered
THDu = 8.29% and simulated THDu = 8.39%.

Due to the presence of the stator slots (Q)) in the field current and in the damping bar,
currents dominate mainly Q -th harmonic. As shown in this paper, for the examined 5.5 kVA
synchronous generator, the current derivative di /dz in same damping bars for 24™ harmonic
(O, = 24) has a value of almost 11 kA/s. Although, the magnitude of the stator to damping bar
(and part of the two rings) of the mutual inductance distributions L =[L_, ..., Lo Loy
e Lb,_(]o); L, 1y La_(]o)] are equal to 0.4 mH, but the product of the L_di /dz has significant
influence on the waveforms of the induced stator voltages for the model without a rotor skew.

The main advantages of the circuital modelling (in comparison with simulations using a field
model) are the short calculation time, direct and complete control of the influence of every elec-
tromagnetic parameter on increasing or reduction of the harmonic contents in the induced stator
phase voltages. In the case of a field model simulation of the salient pole synchronous generator
with damping circuits with and without the rotor skew, it is difficult to determine which of the
electromagnetic parameters have an influence on the induced stator phase voltages.

As shown in this article, FEMM cooperation (in determining the self and mutual induc-
tance distributions) with numerical calculation of the inductance derivative distributions and
the simulations in the circuital model give good results similar to experimental ones.
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