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Bridge delay angle 

Commutation angle 

Displacement angle 

rnterval variable 

Thyristor resistance 

Thyristor inductance 

Armature phase current 

r Load current e 

V Output voltage 
e 

Va,Vb,vc Armature phase voltage 

Field current 

Damper currents 

Flux-linkage of circuit i 

Theoretical and experimenfal characteristics of a synchronous machine are developed lor 
HYDe networks with ngorous 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 results 
with the actual test results. 
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Direct-axis subtransient inductance 

Quadrature-axis subtransient inductance 

Inductance between rotor circuit i and j. 

Field current at the end of commutation 
period 

(ig) l' (ih)'Y Damper current at the end of 
commutation period 
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W & H 

Field current at the beginning of 
commutation period 

Damper current at the beginning of 
commutation period 

Integral functions. 

I. Introduction 

Direct -axis synchronous inductance 

Quadrature-axis synchronous 
inductance 

A basic paper by Gerecke [I] extended the classical 
theory of synchronous machines working with 
controlled values on D.C.load. Garrido [2] gave a 
study of steady state and transient analysis of 
generator-rectifier circuit. A similar approach was 
outlined in another paper by Bugenstein [3] which 
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. Perfonnance of a Salient Pole Type Generator 
with Damper Windings Connected to Controlled 
and Uncontrolled Bridge Rectifier for Overlap 
Angle Equal to 1f /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 Re in series with an 

infinite inductance Le connected to its D.C. load 
terminals. 

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

and zero delay. It is now to be noted that within 
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 <.600 and with controlled bridge delay angle (a). 

The case of over-lap angle equal to 1f /3 is very 
important specially at short circuit condition or pure 

Fig. I. The synchronous generator with direct and quadrature axis 
damper winding with bridge load. 

e 
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 
zero. 

2. J 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 "Y = 7r 13; then 

i = I + Y3 KT [sin(<5 + 0: + (3 + 30) -sin 
f f Ie 

( <5 + 0: + (3 + 30)]- V3 Kf i cos ( <5 + 0: + (3 ) 

(2 .1) 

(2 .2) 

( {) + 0: + (3 +30) -

i sin ( 0 + 0: + (3 ). 

(2.3) 

where K
f

, Kh and Kg are defined in Appendix A. 

ih = (if - I~ Kh/kf 

i = 0 + VT K I [cos 
g g e 

cos( 0 + 0: + 30)]+ vi -3 K 
g 

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 "Y = 7r 13 into the 
instantaneous armature voltage equations 

V = (2/Y3 W) I [(L" - L"d) - (Ld- L)] cos 2. 
a e q q 

( <5 + 0: + (3 -30) -

(2/y 3) W i[(L" q - L" d) - (Ld - Lq)] COS 2 
(o+o:+{3) -

( 1/ vi 3) (p j) [(L" q - L" d) - (Ld - Lq)] sin 

2( {) + 0: + (3 ) + W L~fCOS(<5 + 0: + (3 ) -(21 v'3) 

W lecos(<5+o:+{3) [L"q- L")(cos(<5 + o:+"Y - 30) 

( 71' /3) - "Y 

W 1 sin ({) +0:+(3) 
- cos ( "Y + 0: +30)} - (2/y'J) e( 71' /3) _ "Y 

[L -L j[sin(o+0:+"Y-30)-sin( 0 + 0: + "Y+30)]. 
d a 

(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 
b e. 

easily adapted to cylindrical type. It can be sImpler 
for the case of zero sub - transient saliency . 

2.3 Displacement A ngle Equation 

The displacement angle equation with the new 
val ues of (j) and for "Y = 71' 1 3 can be written as 

r' 0 ' 

follows : (Ld- Lq) sin 2 ( {) +60) = (L'l d- L!'q) KI 

sin 2( {) ) + K sin (2 <5 ) + A(L - L" ) -1'( 11f2 2 d q V ~, 

01 
(L - L" ) - ---!..- Lf sin ( <5 ) (2 .5) 

d d 2 If 

From equation (2 .5), the displacement angle will be a 
constant value for a constani ratio of II Ie' The 
constants K I' K

2
, A and B are defined in Appendix A. 

2.4 Average D.C. Output Voltage 

Substituting for the value of"Y = 71' / 3, we get 

V = 9W 1 h[I I,fJtL - L ) sin 2 ( <5 + 0' + 30) -
e e d q 

L~f sin ( {) + 0' - 60)] (2 .6) 

For a constant excitation, and constant speed, the 
D.C.voltage 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 
71' /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. J Peiformance Equations During Commutation 
Interval 

For a given delay angle, commutation from phase 
b to phase c will commence at (} = (b +0:+(3 + 270). 
During commutation, the rotor angle €I; = 
(6+0:+(3+270). «(3 is the interval variable). The 
current matrix is then a column matrix shown for a 
star cOlUlection . 

1=[1 -I i-iif ihiF 0.1) 
e e g 

Also the voltage matrix is a column matrix, 

d Ij.t d I/; 
V = [V V V V V V JT -=-=- =w - 0.2) 

a b ~ f h g ot d e 
The derivation of the basic equations start with 

the commutation equation . 

V - V = w ~ (I/; - ¥t) = 0 
b C dfJ b c 

. "",,4)1 ...... ~ , ~.ul 4,.lS"' . ( \ t • \ ) J/~I ~-lA1l , LiLli ~I , ~.ul i".wl ~ 
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From the commutation voltage constraint 

Vt b - Vtc = C (constant) (3.3) 

This can be written also to describe the commutation 
interval. 

Vt -Vt = (L +L) I+3L I cos 
h c sa rna e sv e 

0+ 0 + (j -30) 
- 2 tL + L ) i - 3 L i cos 2( 0 + 0 + (j) 

5.a rna sv 

-[3 [L~r+ Lhih] cos ( " + 0 + 13 ) 
+ 3 [L i] sin ( 0 + 0 + 13 ) = C (3.4) 

g g 

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

13 = 0 i = (j) i = (j ) i =0 and i = (j ) 'r r' 0' h h 0 'g g 0 

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: 

y,. r =-v'3Lr le sin (0 + 0 + f3 +30) + 3Lr i cos 

( (, + 0 + 13 ) + Lrr ir + Lfh ih 

if.' h =-V3Lh Ie sin ( " + 0 + {3 +30) +3 Lh i cos 

( 0 + 0 + f3 ) + LHF Ir + Lhh ih 

if g =-V 3L I cos ( 0+ cx+ {3+30)-3L isin 
g e g 

( 0 + 0 + (3) + Lgg ig (3.5) 

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

ir = (i~o + 3K
f 

(Ie [sin (~ + 0 + f3 +30) - sin 

( " + a + 30)] -1 cos ( ~ + 0 + {3 » 
i
h 

= (ih)O + 3Kh (Ie [sin (" +0 + (:3+30) - sin 

t " + 0 + 30)] -i cos ( 0 + 0 + f3 » 

i = (j) + 3K (I [cos ( " + () + f3 + 30) - cos 
g. go g e 

( " + 0 +30)] +i sin ( " + 0 + (3 » 0.0) 

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 ir ih and ig from equation (3 .6) 

above and substituting (J =0 i=o i r=( i)o ih=G ) and , , f' h 0 

i = (j) we get 
g g 0 

o = Ie[L" d - L
d

] (sin (" + 0 + 30) sin 

( 0 + Q + {3 + 30)] cos ( 0 + 0 + 8 ) - i [L" - [L -
d d 

L +t'd- r: ] ( 0 + 0 + (3)] - I [L - L" 1 (cos 
q qed q 

( " + 0 +30) cos (" + 0 + 8 +30)] sin 

( " + 0 + (3) - (3/2) [Lr (ir)o +Lh (ih») [cos 

( ,,+ () + (j) - cos ( ~ + oJ +(3/2)[LO)] [sin 
g go 

( " + 0 + R ) - sin ( ,,+ 0 )] + I [L -L ] 
/J e d q 

[cos2 «(, + Q + f3 -30) - cos2( 0 + () -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 f3 = "( in 
Equation (3.7). 

3.1.3 Calculation oj 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 c6mmutation is equal to I and that can be 

e 
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 ( 71' /3) -"( 
During. the specific period under discussion, the 
current distribution can be written in a column 
matrix, this interval commences at {j = ,,(, and the 
field and damper currents are (i~ ,(i ) and (i ) . By 
symmetry, the interlude interval 'Yenai at f3 ~'V 600 

with the field and damper currents at their initial 
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values (i) , (i) and (j ) . The current matrix during 
1'0 hog 0 

this interval is given by 

1 = [I - I i'r i'h i' JT 0.8) e e g 

3.2.1 Field and Damper currents equations 

A relationship for field and damper currents can 
be determined from the flux linkage, inductance 
equation, and equation 0.8). With the initial 
conditions stated above, the field equations can be 
written as follows: 

o,/t = -v3L J sin ( 6+ a +{3-30) + LffOr) + Lfh' (j ) r r e h 

o,/t = - J3 L 1 cos ( ~ + a + (3 - 30) + L (j ) 
g ge gg g 

0.9) 
The field current and damper currents for the 

interlude interval between commutations are 
obtained from equation 0.9) by assuming constant 
flux linkages. 

., = (j) + 3 K I [sin ( [) + a. + ~ - 30) - sin 
t r ry r e 

(0 + a + S - 30)J 

i' = (i) + 3K I [sin ( b + a + ~ -30) - sin 
h hy he 

( b + a + 8 -30)J 

i' = (j) + 3K I [cos ( 0 + a + (3 -30) - cos 
g g y g e 

( b +a + ~ -30)] 0.10) 

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 f3 = 600 and i r;~,,(j~o 

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

3.3 Deformation of the A V 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 ir i and i in order to get a 
h g 

relationship for each V , Vb and V ; then we can get 
a c 

(j~, (j) and (j) . The instantaneous value of 
o ho go . . I 

armature voltages during commutatIOn tnterva 
becomes 

Va = (21 13) W I [(LI! - L" ) - (L - L )J cos 2 
e q d 'd q 

( 0 + a + B -30) 

- (21 r3) W i [L" - L" J - (L - L ) cos 2 
q d d q 

(0+ 0. +8) 

- (11 r3) (p j) [L" - L" J - (Ld - L) sin 2 
q d q 

(o+o.+s) 

W Ie COS«(j+IX+-~) 
+ W ~tr cos( 0 +a.+S)-(2//l1 ------

(rr /3) - y. 

W I sin(b+a.+S) 
e 

,T'>' II 
- cos (0 +0+ 30)-(2 I, 3) ------ [L

d 
- L

d
] 

(rr/3) -y 

[sin t 0 + a + "y - 30) - sin (0 +a+"y+ 30))J 0.11) 

Same for Vb and V c' 

Note that equation 0.11) can be easily adapted to 
cylindrical type . They can be simpler for the 
case of zero substransient saliency. 

3.4 Displacement Equation 

Displacement angle is the angular change in the 
intersection of line to - neutral voltage 
waveforms, caused by the load current. It 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 Va and Vb are 
equal at fJ = 60 - IX and this leads to the 
displacement equation. Then 

V - V = 0 
b c 

0 . 12) 

W ~ (o,/t -y; )=0 
de a b . 

(3. J 3) 

Substituting fory; a and t b in above equation with 
S= 60 - a we get: 

. ~4)1 ...... ~ , ;;,.....L:.kl ~ • ( \ t • \ ) J}jl J.wl , C;L.JI -U.:J.I , :i...:--..L:.kl i)...JI ~ 
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Fig. 4. Theoretical and experimental variation of bridge voltage with 
load current of a synchronous generator with h.g damper 
windings connected to uncontrolled bridge rectlner load. 
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Fig. 5. Theoretical and experimental variation of communication 
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load. 
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Theoretical and experimental and variation of displacement 
angle with load current of a synchronous generator with hog 
damper windings connected to uncontrolled bridge rectlOer 
load. 

o 2 J3W Lsv Ie sin 2 ( 0 +60) + [W Lfi!, 

+ W Lh 0h)1 + Lg (p ig)1 sin ( 0 ) 

[Lfp i!1 + Lh (p ih)1 - WLg 0g)l] cos ( 0 ) 

(3.14) 
Where OJII' 0h~1 and Og) 1 are the field and damper 

currents at ~ = 60- a . Also (p i!I' (p ih)l,and (pig)! 

are the rate of change of field and damper 

currents at {3 = 60 - a 

Substituting in equation (3 .14) forO!I' 0h)I' Og)I' 

(p i! I' (p ih) I and (p ig) I we get; 

[L
d 

- L ] I sin 2( 0 +60) = 
q e 

- Ie [LJJ

d
- L) [K

1 
sin2 ( 0 ) 

+ K2 sin (2 0 )] + Ie [L- L"]A+ (.j3/2) Ie [L
d 

- LJdJ 

- ()3/ 2) [Lfi! 0 + Lh 0h) 0] sin ( 0 ) 

( J-Ji 2) [L 0)] cos ( 0 ) 
g go (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 b. 
will change accordingly. 

3.5 The Average D.C. Output Voltage Equation 

The average d. c. output voltage during the 
interlude interval can be written as follows: 

V = vl 3W r Ji 
e 2 L.fT 

(L - L) [cos 2 
d q 

( (3 + a + 'Y + 30) - cos 2 ( 0 + a-30)] + [LrO! + 

L Oh)] cos (0 + a + 'Y ) [L 0)] sin 
h g g 

0+ a + 'Y ) + [Lr O!o+ Lh (ih») cos ( 0 + a ) 

[Lg Og)o sin ( 0 + a )] (3.16) 

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 II. 

Oscillograms of the transients during operation 
with the load variation at different controlled delay 
an~es. for AC phase voltage, field current, and DC 
output voltages were recorded as shown in Figure.s 12 
and 13 respectively. 
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Flg.( I 3. a) 

a = 20· 
If = \.S A,I.= 2 A 

Flg.!13. c) 
a = 20· 

If = 1.5 A , J. ~ A 

4. Conclusions 

Fig. ( 13. b) 

a = 20· 

I '" 1.5 A,I = 3 A 
f • 

Flg.( 13. d) 

a = 40" 

1\ = 1.5 A,I.;= 2 A 

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 HVDe 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 O~o' 0h)O' 0g)o' (j~y, and (j ~. 
A special case for uncontrolled bridge loads, is a~so 
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"d 
and L" would reduce the commutation angle and 
reduce qthe relative influence of the filed in the 
direct-axis, and leads to a decrease in subtransient 
saliency . It is concluded that: 

• reducing the field and damper current perturbation 
to lower the generator losses becomes necessary, 

• reducing the overlap as well as (Ld - Lq) would 
reduce the overlap angle, but the generator voltage 
will contain less deformation due to less commuta
tion angle, 

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

Appendix - A 

l l - l l 
K = f hh h hf 

f l _l2 
IT hf 

Kh = --l-L---L-'Z'---
rr hh hf 

l 
K =~ 

• l ac 

3 
K =A-_ 

I 2 

K2 = (B - .35) A = (,rj/2) + cos ( IT + 30) 

B = (.5 sin (cr + 30) - .251 L" = L - (J/2) IL K + L K I 
d d f f h h 

L" = l - 3/2 IL K I 
q d 2 2 

Appendix - B 

The integral functions Wand H can be obtained (rom the following: 

(11:/3)1 
W = __ ....;.·_lcos !l;+ ir + 30) - cos (Ii+ Il' + l' - 30)1 

(11:/3) -

~ I sin (Ii+ IT +"() , 
_ (11:/3) J 

H = • Isin (Ii + Il' + 30) - sin (Ii + IT + l' - 30)( 
(11:/3) - "( 

+ I cos (0+ IY+Y) 
• 

References 

I . Gerecke, E., «Synchronmaschinemit Stromrichterbela
stung». Neue Tech. pp. 758 - 766 (1961). 

2. Garrido, M.S., «Theoretical and experimental study of 
the generator- rectifier: 1- Eq uations of the generator 
rectifier in steady state condition». Rev . Ee(Belgium) 7, 
(3), pp. 60-71 (I 972). 

3. Bugenstein, W.A. «Transient behaviour of a.c . alternator 
with rectifier output». Proceedings of National Aero
space Electronics Conference. Dayton. Ohio, U.S.A. , 
19-21 May. 1969, (New York .. U.S.A : IEEE 1968). pp. 
233-236. 

4. Franklin, P.W., «A theoretical study of three phase 
salient pole type generator with simultaneous AC and 
bridge rectifier output (Part I and II)>> , lEE. Trans . Power 
A pp. and Sy slem . (U .S.A), Vol. PAS. 92, (2), PP. 543-57 
(1973). 

5. Bonwlck, W.J., «Synchronous generator with unba
lanced bridge rectifier loads», Ins. Eng. Aust. Elec. Eng. 
Trans. (Australia) Vol. EEI0, (1), PP. 39-45 (1974). 

Journal of Eng. Sci., Vol. 7, No.1 ( 1981 ). College of Eng., Univ. of Riyadh. 



Synchronous Machines Performance in HVDe Networks as Affected by Saliency & Controlled and Uncontrolled Commutation 

*** ** * 0))1 ¥ IJ" 'u~1 ..io!jJl ¥ ' )~ ~ IJ"~ .;.I- rr)r 

. vO~)1 ...... ~ - ~.dl ~ - ~L~I ~.dl ~ - J!L :'l..1 * 
. vO~)1 ...... ~ - ~.dl US' - ~L~I ~.dl ~ - .. l.d.- :'l..i ** 

. ~rJl ~ ~),y - .~WI ...... ~ - ~.dl ~ *** 

J. J...; L.p- ~)a.;, ~~ ~1.rJ1 ~lS'.,..l1 v>1,;1. ~L:..:...::.....I 0~UI (~ ;J\ill • .a j 

. (I? ,i L.,s::s 0lS' .1,..) ~,;:..JI, '-,-'1.1i'j1 ~JJ.r )b'jl J. t"',JI e ';WI ~I G~ 

I.a~~, r~ ,i ~\j.J Gw. ~~y. )L.':II J. ...i.:>-':II e J5S (th.JJ .I~~I G':I~\"" c..,.""; ....;, 

J...; ~I GlS'.,..l1 J.:.. ~u..1 G':I~I ~ e j.WJ 4WI • .a t-~ ~ ~..i5', 
. ~;kJI, ~I ~UI c...:.),; ..w ~)JI ~W GL.:':I, 'G~jlL 

.. ..,.;4)1 ...... l:- ' :;,...xJ.1 :i.".lS' . ( \ t • \ ) J.;~I .)..LJI , d.J' ~I , ..,...,xJ.1 i"wl ~ 




