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Theoretical and experimental characteristics of a synchronous machine are developed for
HVDC networks with rigorous account for saliency and commutation{ uncontrolled and
controlled operation). The system performance equations are represented with and without
damper circuits. The treatment given by this paper can be adapted to sepcial cases such as
turbo-type machines. A comparative study is provided by comparing the computer resuits
with the actual test results.

Nomenclature |7 Direct—axis subtransient inductance
o Bridge delay angle Ly Quadrature—axis subtransient inductance
v Commutation angle L, Inductance between rotor circuit i and j.
0 Displacement angle Gy Field current at the end of commutation
B Interval variable period
R Thyristor resistance (ig)'r (1h)Y Damper current at the end of
¢ commutation period
L Thyristor inductance . L
¢ (i[) Field current at the beginning of
i, i,i ~ Armature phase current 0 commutation period
I, Load current (ig)o (i), Damper current at the beginning of
A% Output voltage commutation period

W & H Integral functions.
Va,Vb,vc Armature phase voltage RS TRt

1. i
i Field current Iatroduction

A basic paper by Gerecke [1] extended the classical
theory of synchronous machines working with
v Flux-linkage of circuit i controlled values on D.C.load. Garrido [2] gave a
study of steady state and transient analysis of

i, Damper currents

Ld Direct-axis synchronous inductance generator—rectifier circuit. A similar approach was
Lq Quadrature—axis synchronous outlined in another paper by Bugenstein [3] which
inductance explained the very high transients phenomenon
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observed during the application and removal of load.
Franklin [4] gave theoretical equations describing the
relation between the performance and design of three
phase salient pole type generator with simultaneous
ACand DCoutput, the solution of the basic. set of
equations required an iteration process, which can,
however, be replaced by sufficiently accurate
equations derived by the use of two simple
assumptions. Bonwick [5] investigated the
theoretical and experimental performance of
synchronous generator connected to controlled and
uncontrolled bridge rectifier loads. The performance
equations have been derived for a cylindrical rotor
generator with symmetrical damper windings based
on the assumption of constant flux linkages.

This paper is an extension of the studies carried
out by Bonwick and Franklin and is concerned with
solving some problems related to the field and
damper currents. In additon, the performance of
salient pole synchronous generator, with and
without asymmetrical damper windings, which is
connected to controlled bridge rectifier load was
investigated.

Experimental results for the several cases were in
agreement with the digital computation results.
Oscillogram records at the transients during
operating with the load variation at different
controlled delay angle, for AC phase voltage, field
current, and DC output voltage were recorded.

2. Performance of a2 Salient Pole Type Generator
with Damper Windings Connected to Controlled
and Uncontrolled Bridge Rectifier for Overlap
Angle Equal tow7 /3

Circuit Description

In this paper, a 4-pole 3-phase salient pole type
generator with asymmetrical winding is considered.
The generator is loaded by a 6-element thyristor
bridge which has a resistance R.inseries with an
infinite inductance L. connected to its D.C. load
terminals.

Fig.(1) shows the well known relations between
phase voltage and currents for an overlap ¥ < 60°

and zero delay. It is now to be noted that with'in
each basic cycle of 360° equal subcycles of 60° exist
(Section AB)of Fig.(2)Fig (3)shows the relation betw -
een phase voltage and current for an overlap angle
Y «<60°and with controlled bridge delay angle ().

The case of over-lap angle equal to 7/3 is very
important specially at short circuit condition or pure

« x[p
]|

Fig. 1. The synchronous generator with direct and quadrature axis
damper winding with bridge load.
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Fig. 2. Voltage and current relations for star connected armature
windings ( 60°) with delay angle = 0
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Fig. 3. Voltage and current relations for star connected armature
windings (60%) with a delay angle .
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inductive loading. In this case phases (b)and(c)are to
commute for the full duration of the subcycle AB
and the interlude intervals between commutation is
7ero.

2.1 Field and Damper Current Equations

The field and damper currents can be written in
the following form, bearing in mind that it has been
substituted for ¥ = 7 /3; then

i = I +V3 K, [sin{8 + a+ B +30) -sin

(5+a+B+30)]—ﬂKri cos( 6+ a+f)
(2.1
i, = (ir— Ir) K /k (2.2)

i=0+\/_KI[cos(6+a+B+30)—
cos(6+ot+30)]+ \/3 K i sin(d+a+p).

(2.3)
where Kf, Kh and Kg are defined in Appendix A.

It is clear from equation (2.1), (2.2) and (2.3) that
the field current and damper currents are functions
of bridge load current, displacement angle, transient
commutation loop current, and synchronous
machine parameters.

2.2 Deformation of the Voltage Wave — form due to
Commutation

With substituting for ¥ = 7 /3 into the
instantaneous armature voltage equations

=(2/VIW) L = L") - (L~ L] cos 2.

(5 + o+ ﬁ 30) -

2/ 3) WL - L) - (L~ L)) cos 2
(6+a+ﬂ)—

(1/v/ 3) (P 1) [(L"q— L'y - L Lq)] sin

20 6+a+p)+ WLrircos(6+a+6 )-(2//3)

L" l(cos(s+a+7Y —30)

W I cos(s+a+f) [L"q_
(m/3) -7

wwegn(5+a+6)
—cos( Y + a+30)] —(2/4/73) (773 =7

[L,- L Msin(8+a+7Y-30)-sin( & + o + v +30)].

2.4
L" and L" are defined in Appendix A, whereas
q d

W & H are defined in Appendix B.

Same for V_and V .Note that equation (2.4) can be
easily adapted to cylmdrlcal type. It can be simpler
for the case of zero sub —transient saliency.

2.3 Displacement Angle Equation

The displacement angle equation with the new
values of ('r) and for vy = ™ /3 can be written as

follows: (L,~ L) sin 2 (1§ +60) = (e 2K,
sm2(¢5)+K sin (26)+A(L—L")+( /52
VTI

" e
(Ld_ L d) - Tl—f-b

L, sin ( 6 ) (2.5)

From equation (2.5), the displacement angle will be a
constant value for a constant ratio of I I The
constantsK K A and B are defined in Appendle

2.4 Average D.C. Output Voltage

Substituting for the value of ¥ = 7 /3, we get
¥V = 9W/27r[le/\[3'(Ld— Lq) sin 2 (& + & +30) —
L1 sin (6 + a—60)] (2.6)

For a constant excitation, and constant speed, the
D.C.wvoltage will be a function of load current only,
equation (2.6) represents the external characteristics
of the system. It looks like the external characteristics
of a rectifier loaded synchronous generator with
damper windings at commutation angle equal to
m™/3. The average voltage for special cases such as
cylindrical type synchronous generator, and
uncontrolled loads, can be predicted.

3. Performance of Salient Pole Type Synchronous
Generator with Damper Windings Connected to
Controlled Bridge Rectifier Load

3.1 Performance Equations During Commulation
Interval

For a given delay angle, commutation from phase
b to phase ¢ will commence at § = (§+a+f +270).
During commutation, the rotor angle & =
(6+a+B+270). (B is the interval variable). The
current matrix is then a column matrix shown for a
star conrection.

- _ A L
| = [lE [i-ii i lg] 3.0
Also the voltage matrix is a column matrix,
dv gV
_ L1 —w S
= [Va Vb Vc Vth Vg; =g~ =Y 56 (3.2)

The derivation of the basic equations start with
the commutation equation.

<
!
<
H
ol

B(J/b— ¥)=0
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From the commutation voltage constraint

\l’b - \PC = C (constant) (3.3)

This can be written also to describe the commutation
interval.

wh _wc = (Lsa +Lma)
(5+a+p8-30)
-2(L_+L_)i-3L jicos 2( §+a + B)
-/3 [Lrir+Lnih] cos (6 +a+ B)

+3[Lgig]sin(6+a+6):c

I +3L [ cos
[+ SV e

(3.4)

In order to calculate C, using a special limit i. e.
begining of commutation load,

B=0o, if - (if)o’ iy = (ih)o i=o and, ig - (ig)o

and substituting in equation (3.3) for C to get
equation (3.4) which involves the load current,
displacement angle, transient commutation current,
field current damper currents, and the machine
parameters.

3.1.1 Field and damper current equations

Since the duration of the commutation event is
usually small compared with the circuit time
constants, then constant flux linkages exist in the
field and damper magnetic circuit is assumed. A
useful relationship for field and damper magnetic
circuit is assumed. A useful relationship for field and
damper currents can be readily determined.
Therefore, the flux linkage equations during
commutation become:

¥ . =-+/3L. 1 sin (& +a+ B +30) + 3L, i cos
(6 +a+B)+ L i+L, i

¥, =-V3L Lsin($ +a+ B +30) +3 L, icos
(d+a+B8)+ LHFIf+thih

¢g:—\/3LgIecos( d+ a+ ﬂ+30)—3Lgisin

(¢5+01+f3)+ngii3 3.5

applying the initial conditions stated earlier, equation
(3.5) becomes:

i = (), + 3K, a, [sin (8§ + ®+ B +30) - sin
(8 + g*+30)] =1cos( & +a+f))

io= Gy + 3K (0 [sin (8 +a + B+30) — sin
(§+a+30)] -icos(d+a+B)

i = (ig)0 + 3K, (1, lcos (8 + @+ B +30) - cos
(6+ a+30)] +isin(§ + a+ 8)) (3.6)

It can be seen from equation (3.6) that the field
current and damper currents are function of bridge
load current, displacement angle, transient
commutation loop current, and synchronous
machine parameters.

3.1.2 Commutation Equation

By eliminating i and ig from equation (3.6)

1

above and substituti[;g}}izo’ﬁo,if=(i{)o, ip=(i,) and
ig: (ig)0 we get
0 = Ie[L"d— Ld] (sin (§ + a+30) - sin
(6 +oa+B+30)]cos(§+a+f)-ilL" -[L -
Lq+L“d“Uq]( §+a+ B - 1 (L~ L" | (cos
(6+a+30) — cos (&6 +a+ B+30)] sin
(s+a+B) - @G/ L, G) +L, G)] Icos
(8+a+B) ~cos (§+ a)+(3/D[L L), Isin
(d+a+B)-sin( 6+a)+ IIL, —Lq]

[cos? (8 + a+ B -30)—cos¥( & + & =30).(3.7)

This gives the bridge—load current in terms of
transient commutation current, displacement angle,
and machine parameters. The commutation angle
can be found by substitutuing i = Ie and 8 = Yin
Equation (3.7).

3.1.3 Calculation of transient commutation cur-
rent (i)

It will be remembered that the phase (b) and
phase (c) are short circuited during commutation
period and there is a transient commutation current
flow from phase (b) to phase (c), this current at the
end of commutation is equal to Ie and that can be
found by rearrangement of equation (3.6).

3.2 Performance Equation During Interlude Interval
between Commutation

Following the commutation interval, there will be
an interlude between commutation of ( ™ /3) —Y
During. the specific period under discussion, the
current distribution can be written in a column
matrix, this interval commencesat 8 = v, and the
field and damper currents are (i‘) ,(ih) and (ig)y. By
symmetry, the interlude interval ends at § = 60°
with the field and damper currents at their initial
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values (i[)o, (ih)o and (ig)o. The current matrix during

this interval is given by
= _ YIS Y|
I—[Ie IelrlhlgIT

3.2.1 Field and Damper currents equations

(3.8)

A relationship for field and damper currents can
be determined from the flux linkage, inductance
equation, and equation (3.8). With the initial
conditions stated above, the field equations can be
written as follows:

~\/3—Lr I, sin ( dta+B-30)+ L)+ L, GQ,)
¥, =-v3L, I sin(d+a+B-30) + L, G)+L, ()

v, = 3 LI cos ((§+ o+ 3—30)+ng(ig)

(3.9
The field current and damper currents for the
interlude interval between commutations are
obtained from equation (3.9) by assuming constant
flux linkages.
o= )y +3K 1 [sin ( §+a + 3 -30) - sin
(6 +a + B -30)]
Vo= (ih)\y + 3K, 1 [sin ( 6 + a + B —30) — sin
(6 +a+ B -30)]
i =(@G) + 3K I [cos (6§ +a + R ~-30) — cos
g gy g e

(6+a +B -30) (3.10)

3.2.2 The field and damper current perturbation

Due to the operation of synchronous generator
under rectified load, the field and damper current
perturb from the begining to the end of commutation
period. The field and damper current perturbation is

found from current equations with f =60°and i =(i)_

and that leads tO conclude the field and damper
current perturbation are directly proportional to the
load current.

3.3 Deformation of the AV Voltage due to Commu-
tation

Due to the overlap between phases (b)and (¢c) (two
phase short circuit) the phase voltage waveforms are
deformed, this deformation can be illustrated by
phase voltages relationships. Substituting from the
flux linkage equation, inductance equation, also

substituting for 1', ih and i in order to get a
relatlonshlp for each V Vb and V ; then we can get
(1f) and (1) The mstantaneous value of
armature voltages during commutation interval
becomes

Va =/ V) WL,
(6 +a+ B-30)

" ] =
- L d) - (I?j Lq)] cos 2

—(2//—3)Wi[L”q—
(§+a+8B)

L"d] - (Ld - Lq) cos 2

- (/)DL - L] - (Lg - L) sin 2
(§+0+8)

\%% Ie cos(6+2 +B)

+ W L'Jf cos( 6 +a+P3)—-(2//73)

) (m/3) —7-
[L,— L] [cos(3+a+B-30)]

w Ie sin(§+o+3)

~ cos (6 +a+30)-(2//3) [L- L]

(w/3) =7
[sm (s +a+ Y =30) —sin(§+a+y+30)] (3.11)

Same for \/b and VC,

Note that equation (3.11) can be easily adapted to
cylindrical type. They can be simpler for the
case of zero substransient saliency.

3.4 Displacement Equation

Displacement angie is the angular change in the
intersection of line - to - neutral voltage
waveforms, caused by the load current. [t is
measured as the angular difference between the point
of intersection of two voltage waveforms on open
circuit and their point of intersection on load.

The interlude armature voltages V_and V _ are

equal at = 60 - o and this leads to the
displacement equation. Then
Vb—VC:0 (3.12)
w 4 V=0 (3.13)
de

Substituting for\p and \P in above equation with
B= 60 — a we get:
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load current of a synchronous generator with h-g damper
windings connected to uncontrolled bridge rectifier load.
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Theoretical and experimental variation of communlcation
angle with load current of a synchronous generator with h-g
damper windings connected to uncontrolled bridge rectifier
load.
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load.

0=2/3 Wst Iesin 2( 6 +60) + [W Ll'(if)l
+ WL G+ L (p ig)l sin ()

- Lo i)+ L, i) - WL, ()] cos(6)
(3.14)

Where (i), 1’ (i,), and (i), are the field and damper

currents at § = 60~ a. Also (p i), (p i), and (pig)I

are the rate of change of field and damper

currents at 3 = 60 — o .

Substituting in equation (3.14) for (i{)l, (ih)l,

(p i), (p ih)l and (p ig)l we get;

[Ld-L]I sin 2( 6 +60) =
q e
- LI’ -LJIK sin?(3)

+K,sin 2 )]+ L IL-L"IA+ ((/3/2)1, [L, - L]

= (3D ILG), + LG ] sin ()

- (/372 [L, )] cos (5) (3.15)

This equation illustrates the dependence of the
displacement angle on the field and damper currents
perturbation. For a load change the magnitude of §,
will change accordingly.

3.5 The Average D.C. OQutput Voltage Equation

The average d. c¢. output voltage during the
interlude interval can be written as follows:
V33w T _
vV = 5 [,..3_— (L, Lq) [cos 2
(B+oa+7+30)-cos2( &+ a=30)]+[L () +
L, G cos (& +a+7) - (L, (ig)] sin
(6+a+y)+ L G)+L G)]cos(s +a )

~ [Lg (i), sin(§+a) (3.16)

(o]

Note that the second harmonic term is due to
saliency.

The theoretical and practical performance of a
laboratory generator with a bridge rectifier load
compares favourably as shown in Figures 4 to 11.

Oscillograms of the transients during operation
with the load variation at different controlled delay
angles, for AC phase voltage, field current, and DC
output voltages were recorded as shown in Figures 12
and 13 respectively.
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Fig.(13. ¢) Fig.(13. d)
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E=15A,1 =6A 1= 15405 2A

4. Conclusions

This paper leads to the derivation of the basic
equations for a star connected three — phase salient
pole type synchronous generator loaded by a three
phase HVDC system. Both saliency and
asymmetrical damper windings are considered.
Special cases, such as turbo—type generator, absence
of damper windings, and or uncontrolled bridge
loads, can be accommodated. Equations for the
displacement angle, the commutation current, and
the commutation angle, together with equations for
the field and damper currents during the
commutation and interlude intervals, field and
damper currents perturbation, bridge voltage, and
output power, allow the performance of the
generator to be computed. In the present form, the
solution of the basic set of equations requires an
iteration process using a sufficiently accurate
equation derived for (i) , (i), (i), (i‘)y, anq ¢ )Y
A special case for uncontrolled bridge loads, is also
computed during the iteration process. It will be
noted that the waveform distortion is observed to be
most severe when the transient saliency is greatest.
From the performance equations, a reduction in L” p
and L”q would reduce the commutation angle and
reduce the relative influence of the filed in the
direct—axis, and leads to a decrease in subtransient
saliency. It is concluded that:

e reducing the field and damper current perturbation
tolower the generator losses becomes necessary,

e reducing the overlap as well as (L. — L) would
reduce the overlap angle, but the generator voltage

will contain less deformation due to less commuta—
tion angle,

e the control region will be limited by the maximum
displacement angle associated with maximum
loading of that case.

Appendix — A
LL -LL L
K’: f hh h hf K=_¢
—_— T
L" L hf L“
LLe Ly 3
=A-__
h L L -L2 Kl * 2

ff hh Bf

= - .35
) (B - .35)

K
=[5 si -.25 L =L -
B =[5sin(+30)-.25] L' =L -G/DILK~+LKI
L" =L -3/21IL K|

d 2 R

A = (/3/2) + cos ( @+ 30)

q
Appendix - B

The integral functions W and H can be obtained from the following:

(/3 .
W=___¢ J[cos(8+ @+ 30) — cos (§+@ +7Y - 30)]
(®/3) -
+|esln(8+u +Y)
- (/31
H=_____° [sin(§+ @+ 30) - sin(§+ @+ 7Y~ 30)]
(=/3) -y

+1 cos (§+ @ 47)
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