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Abstract—This paper presents the finite element
simnlations of the out-of-phase synchronization of a
synchronous machine with an external electric system.
Two cases were analysed regarding to the phase angle:
120° and 180°. Computed results are amalysed and
compared to analytical values.

INTRODUCTION

A very current and important stress for a
synchronous machine arises during an out-of-phase
synchronization.

An out-of-phase synchronization is a faulty three
phase operation that occurs when the generator is
switched to the system and the equality of voltage
and/or frequency and/or phase are not respected.

In this work we assume that the voltage is equal for
the system and the generator, and the phase angle is
different.

Fig.1 shows the representation of this assumption.
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A B,C: Generator
A’ B’,C’: System
A: angle between phases

Fig.1: Angle lag between generator and system voltages
In such condition two important cases arise:

1. out-of-phase synchronization with 180° of
angular lag;
2. out-of-phase synchronization with 120° of

angular lag.
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In the first case the armature currents reach the
maximum value whereas in the second case the
electromagnetic torque reaches its maximum value.

The analytical study of those cases is done by the
Park theory {1].

Nevertheless, the equations development is very
fastidious and some simplifying hypothesis must be
taken in order to obtain useful expressions.

Nowadays, the availability of modern numerical
programs allows a closer investigation of the magnetic
behaviour in the synchronous machine.

Hence a more accurate solution can be reached by
computing the flux distributions in detail avoiding
simplifications in modelling.

This paper presents the linear, two-dimensional ,
time-stepping finite element simulations of the out-of-
phase synchronization in the two cases previously
mentioned.

These simulations considered the rotor movement
by means of the air-band technique [5] and the external
system by coupling electric circuit equations to the
Finite Element Method (FEM) [2], [3], [4].

Computed results are compared to analytical ones.

OUT-OF-PHASE SYNCHRONIZATION - THEORETICAL
OVERVIEW
Consider a unloaded synchronous generator. The
armature voltages can be written as:
Vao = e.sinfex + 6p )

Vbo = e.si'{(lx'l' 90 "%J (1)

4
Voo = e.sir(wt-&» 6y _TZJ



As stated before only the phase equality is not

Tespected.
Thus the system voltages are expressed as:

Vg =esinfwt+ 0y —4)

VbO = e.Sf’(Qx+ 60 -4 —g;—r') (2)

4
Vg = e.sir{a»‘+ & —i—TxJ

where A is the phase angle difference at the switching
instant.

Applying the Park transformation to (1) and (2) we
obtain:

VdO =0 le = —e.5ind

V0=e v,

i q1 =€.c0s A

The voltage variation on the machine’s terminal is:

. . A y

AV gy =Vgy — Vo = —e.sind = —2e.sin-.cos =
2 2 3)

2 A

AVg =Vy — V4o =e.cos A—e=—2e.sin 2

Using the operational notation we have:

AV,
=0 - _pAg, - w.Ad, —1,.0l4

@

A¥yo

T =-pAg, + 0.Ad; —ry Al

with:
Apy = Ly(p)Aly
%)
Apy =Ly (p).Al

La(p) : D-axis operational inductance

Lg(p) : Q-axis operational inductance
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Eliminating Al; and Al, in equations (4) we reach
the following system:

4Vq0 { Ta ) _ 494
D P Li(p) @
4V, |7 . ©
P @ T L,(p))| %
Solving (6) we obtain:
A94(p)= : x
¢ p( p2 +2ap+ o> )

{_AVdO (p+r:;—p—)]+ AVqD.CO]

)

49q(P)= p(p2 +2@+a)2) g

|:—AV40. @ — AV .(p + ﬁﬂ

1 . .
where: — = T, is the armature time-constant
[#4

Considering that the out-of-phase operation is
harmful in the first instants we can neglect all
resistances.

So, introducing (7) in equation (5) we obtain the
currents variations:

4Vao
L‘,;(p)(p2 +2ap+0)2)

aly(p)= +

.4 qu

pLa(pAp? +2ap+@?)

@®)

PL, (P p? +2ap+0?)

Al (p)= +

®.4V 40
L‘i,(p)(p2 +2qa+a)2)




Moreover, assuming that X; = X; we obtain in the
time-domain terms [1]:

Ij(t)=AL(1)= %.sin%{sir{ﬂ%ﬁ-)—sin%}
d
&)

2 A A A
Iq(t)-AIq(t)w—X; .smz{co ot + 2J-c052j|

and: X 4: D-axis subtransient reactance

And the phase-A current can be written, in per unit
values, as:

I(t)= %ﬁ-.sz‘ng{sf'{axm 6y ——'12—)— si-{ﬂo —%ﬂ (10)
d

The torque equation is obtained by using the
following equation:

2
e
Co = a|pa- Iy~ $4-14] an
Xy
In our case we have in per unit values:
2
e | . . A A
C8=X—;{sml-25m-2-.co a>t+—2—)] {12)

It can be noted from (10) that the maximum current
occurs when:

A=mby=0ax=1x

4e
| J— =?’ (13)

d

Analogously, from (12) we have for the maximum
torque:

A= iﬂ
3
and:
3322
Cemax = r———— (14)
2X,
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FINITE ELEMENT METHOD
Although analytical solutions are known for the out-
of-phase synchronization as presented in the previous
section numerical methods have the advantage of
providing solutions less affected by simplifications
including results on local quantities.

This section presents the FEM for time-dependent
problems.

In electromagnetic time-dependent problems the
skin effect occurs in solid conductors.

Thus the partial differential equations that describe
the electromagnetic phenomtenon are:
for wound conductors:

rot(v.rotd) =j (15)
for solid conductors:
rot(v.rotd) + o 040t + gradV)y =0 (16)

Applying the FEM to these equations the following
systems, in commonly used notations, are reached [2}:

wound conductors:

[SL4] = (€11 an
solid conductors:
[S).[4]+ [G]. oAV ér[C1.[47] (18)
with:

S, =1 Hﬂ v.grade;. grada ;dQ2
Gi,j =1 Hga.a,-.ajdg

C; =1 Ijﬂk O'.a,-d.Q

A
i e

@, @ :interpolation functions
N : number of turns for wound conductors
Sk : wound conductors’ region surface



It is noted that wound conductors are supplied by
current sources whereas the most electromechanical
devices are supplied by voltage sources.

Therefore, a technique, as shown in the following
section, is necessary to take into account the two types
of conductors and to allow the voltage supply in wound
conductors.

Electric Circuits Coupling

A recently developed technique to model wound and
solid conductors and the voltage supply is the Electric
Circuits Coupling which is based on the association of
Kirchhoff equations in the FEM fermulations [2].

Furthermore, it allows to take into account the
external components such as inductances and
resistances in the analysis.

Fig.2. shows a simplified circuit coupled with a
Finite Flement analysis.

Z +— L

Finite Element:

Solid conductor
or

wound conductor

Fig.2. Electric Circuit Coupling
According to [2] the circuit coupling provides the
following system:

for wound conductors:

[81.[4]1 = [C].{1] (19)
[E] = [Z].17] + [L].30/ét + [DL.IC"L.a[4Vat (20)

for solid conductors:

[5].[43+ [G]. 8[AY &t - [C'].[aV] =0 Qn
[E]= [Z].[1} + [L}.o[1)/ex + [D].[AF] 22)
[a¥] =(RL.{] + [R].ICT". Bl4Vat (23)
where:
[E] :vector of voltage sources
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4] :vector of magnetic potentials

[Z] :matrix of external resistances

[£] :matrix of external and wound conductors
resistances

[£] :matrix of external inductances

[D7, [D] :matrices of currents directions

#] :vector of currents

[R] :matrix of solid conductors resistances
[aV] :vector of solid conductors drop voltages
Moving-Air-Band Technique

The moving-air-band technique was implemented in
order to consider the rotor movement in the FEM
simulation {5].

It comprises & surface located in the air-gap with
only one layer of elements.

The main advantage of this technique is the fact that
the finite element meshes in the stator and rotor remain
unaltered after the movement.

Remeshing is necessary only in the band region as
can be seen in Fig.3.
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Fig 3. Moving-air-band mesh before and after a rotation of 5°



NUMERICAL SIMULATION

The numerical simulations were carried out on a
3-phase, 3 KVA, 50 Hz, 4 salient-pole generator, as
shown in Fig.4.

The stator has 54 slots, 12 conductors per slot and a
2-tier, double-layer, star-connected winding.

The rotor, which is completely laminated, has 4-coil
main excitation winding and a concentric wound
damper winding fitted in 24 slots with 74 conductors
per slot.

Figure 5 shows a magnified view of damper slots.

Due to symmetries in the study domain a half
geometry was used in numerical analysis.

This allowed to reduce the matrices dimensions and
the number of electric circuits.

The external system, the switches and the windings
connections were taken into account in the simulations
by using the electric circuit shown in Fig.6.

The software package used was FLUX2D [6].

Fig.4. Machine geometry with moving-air-band technique
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Fig.5. Magnified view of damper slots
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Fig.6. Electric circait

The first step of the simulation consisted in reaching
the generator steady-state at unload condition.

It was done by a time-stepping simulation feeding
the field winding with a DC voltage source and rotating
the rotor at 1500 rpm.

Afterwards, switching with the appropriate angle
the out-of-phase synchronization between the generator
and the system was accomplished.

In this work the time-step was 0.5 ms and
synchronizing angles were chosen as L = 180° and A =
1200,

RESULTS

Fig.7. shows the phase-A current and the torque
waveforms for the out-of-phase synchronizations at
120° and 180°.
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Fig7. Phase-A current and torque for A=120° and A=180°



Table I presents the comparison between computed
and analytical results of maxima values of current and
torque.

Table I; Maxima values of current and torque

Parameter Linax (A) Cmax (N.m)
Method A=180° A=120°
Analytical 403 R07
Simulation 35,5 -10,20

We note from Table I that for A=180° the analytical
value for the current is greater than the simulated
result.

This difference can be explained by the fact that all
resistances in the analytical expressions were neglected.

Indeed, neglecting the resistances the decrements in
the current waveform are not taken into account,

Furthermore, the absence of the resistances causes
the non-consideration of the homopolar torque which
can justify the difference between analytical and
numerical resuits for the torque at A=120°.

The total cpu time was 84.10* s and the number of
unknowns was 5383.

CONCLUSIONS

Out-of-phase  synchronizations  between a
synchronous generator and an external system were
accomplished by finite element simulations.

Numerical results agree with theory and have shown
that maximum current and maximum torque occur at
A=180° and A=120°, respectively.
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Moreover, unlike analytical method, numerical
simulations allow the out-of-phase synchronization
study without neglecting the resistances.

Hence, complex phenomena such as the homopolar
torque are taken into account and more complete results
are reached.
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