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Effects of Damper Winding on Commutation
of Commutatorless Motors

Yoji TAKEDA*, Yasutsugu HAYASHI** and Takao HIRASA*

(Received November 15, 1973)

This report deals theoretically with effects of damper windings related to commuta-
tion characteristics on various kinds of commutatorless motor, such as the lapping angles
and the allowable armature current limits, and describes the experimental results on
three typical types of the motor in which the commutator elements are 1,2 and 3 pairs.
As the results, the allowable armature current limits are considerably increased by the
g-axis damper winding for the 1 pair’s motor, but for the 2 and.3 pairs’ motor, the
current limits are increased scarcely, consequently the g-axis damper winding is not so
effective. The d-axis damper and field windings are able to improve remarkably the
commutation characteristics for all the machine types.

1. Introduction

The most important problem of commutatorless motors using thyristor commutators
instead of mechanical commutators on a DC motor is commutating actions of the
thyristor commutators. On an induced voltage commutating system which depends on
only counter e. m. f5 as commutating power sources, the ability of the commutation
is so small that the commutation failures are taken place on some driving conditions.
In order to improve the commutating actions, the commutatorless motor commonly
needs the damper windings.’~% In this paper, the effects of the damper windings on
the over-lapping angle and the maximum allowable armature current are described.

At first, the commutatorless motor can be classified into two great divisions
according to the commutating action. One is provisionally named “reversal commuta-
tion” in which the direction of the current in the armature winding taking part in
the commutation is reversed in the commutation period. The other is named “removal
commutation” in which the armature current is removed from the conducting arm-
ature winding to the next winding. With a number of commutator elements n and
an active armature winding coefficient 2 which is the ratio of the active armature
windings in the commutating period to all the armature windings,” each of equiva-
lent circuits for two commutating systems is given, and then the generalized equations
of the over-lapping angle and the allowable armature current limit are theoretically
derived. At last, the experimental results on three typical types of the commutatorless

motors are shown as compared with the theoretical ones.
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2. Commutating Systems

The various kinds of the commutatorless motor are shown in table 1.

Reversal . .
Comumutation ] Removal commutation
Armature LN
2 | connection| 0 Armature connection

b

2 2 °—-ﬂ-——>
3 3 ‘J'%\ &

k=%, %

¥ Broad .pointed' line shows the commutating armature
winding from—> to —~—->

Table, 1. Various kinds of commutatorless motor.

2.1 Reversal co..mutation

In this commutating system, all the armature windings are always conducting,
therefore £ is unity. As an example, the armature windings in the commutating
period for #=3 and k=1 are shown in Fig. 1. The axis of the active armature
winding @—@®’ is shifted to the axis ®—®’ by the switching actions in that period.

axis of reversal
. commutating
winding

(lay S Fig. 1. Armature winding for reversal
a © K -

d-axis commutation.

The directions of the currents in the armature winding (2)’ and (2)” are reversed,
_ but the currents in the remaining armature windings (1a)’, (1b)’ etc. are not changed.
The armature windings that the currents are reversed are 1/n of all the armature
windings. The angles of the axes (1)’ and (2)" are different by =/2. Consequently,
the mutual inductance between them can not exist. The equivalent circuit of the
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reversal commutation including the smoothing  reactor is shown in Fig. 2. Arranging
the two parallel windings (1), (1)” and (2)/, (2)” into one group, and removing the
non-commutating winding (1) out of the thyristor bridge, Fig. 2 can be rewritten as
Fig. 4(a).

reversal commutating winding
Lo
Y
smoothing
reactor

Fig. 2. Equivalent circuit on reversal

commutation.

remainning armature winding

2.2 Removal commutation

As an example of this commutation, the armature windings for #=3 and %=2/3
are shown in Fig. 3 and Fig. 4(b). The armature current is. removed from the
conducting armature wiriding (3) to the other non-conducting winding (4). Con-

sequently, all the armature windings are not always conducting, so that %2 is smaller

than unity.
L1, Ry, e
o Lo, Ro ®=220_ 1‘
g s
VA%
L2,R2 ez b
V. \
. Ir=_ 177
r
g-axis |
\ 7 \
. 6="/3 , )
o oSk S ® ®
. [s] . % -1
=0 a"xsw'\“&\“ (a)

1‘[6)(“{ (3) ‘>

. (4)
®:~\\\‘LL0JI d-axis

ia Lo, Ro @i M3 K1 el

|
(1) [
: L4,R4,e4
i
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) L3, Rses3 Mo M
\ v M1, Mz (3) (4)| 4L M3

R\ . :

\\\.' i3 '
\ ® Sa - @ ®'sf Su

®
. (b)

Fig. 3. Armature winding on removal Fig. 4. Equivalent circuits of reversal and

commutation. . Removal commutation.
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3. Analyses of Commutation Characteristics

3.1 Reversal commutation
In an over-lapping period all the thyristors are conducting in Fig. 4(a), the

armature currents £,(0) and ,(0) are

() =K—0"1(1 —&For’) —%[008('94? Bi— o) —e"Tor’cos(B1—po) ] +7a (0)e~T 01’

£2(8)= — 22 [co(0+ fa— ) — €708 By po)] =i ()6 T? wovesvorsvees (2)

where,

V¢; the DC source voltage,

®; the angular velocity,

0; the angle in electrical unit,

E,; the maximum value of the counter e. m. f. e, of the armature winding (1),

Bi1; the phase angle of e, for the g-axis,

E,; the maximum value of the counter e. m. f. e; of the armature winding (2),

Bz ; the phase angle of e, for the g-axis,
Ru=Ry+R,, Ly=Ly+L;, Tu=Ry/wLy, ¢un=tan"'(wLe[Ro).
Ty=R,[oL,, ¢,=tan"(wL,|R,)

At the end of the over-lapping period, the current equation is
to(u)=di, () e (3)

where u is over-lapping angle.

Therefore, from eqs. {1}, (2} and (3),
{Zg'i [cos(u+ B, — 1) —e~Tor%cos (B — %1)] _%.01’1 (1— S—Tmu)}
_% [cos(te+ Bo— o) —e~T2%cos(Ba—2) ] =174 (0) (e™T01% +£~T2%) weveree (1)

In this equation, however, the value of the initial armature current #,(0) is unknwon
and the commutating over-lapping angle % is included in the cosine and exponential
terms. In order to get the value of # a method of trial and error is needed. Therefore,
it is very difficult and troublesome to calculate #. For the easy analysis of %, the
following assumptions are magle,

1) The smoothing reactor has so large inductance that the armature current is
enough smooth. Therefore, 7.(0) is equal to the average armature current I,

2) As the armature inductance is much greater than the armature resistance, the
first term of the left-hand side in eq. (4) can be neglected, and eq. (4) is replaced

with the following equation,

sin fo—sin(u+B,) =2wL.1.[E, e (5)
where,y

L,=L,sin*(z[2n)

E,—oM., I sin(e)2m) } ............ (6)
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L, ; the inductance of all the armature windings,
I;; the field current
M,;; the armature inductance between the field and armature winding.
From eqs. (5) and (6), the over-lapping angle is given by
u= sin"‘[sin ‘Bg—wj_ B e (7)
ardy :
The allowable armature current limit Ismae is the greatest value of I, in eq. (5).

But in-eq. (5), the right-hand side term becomes the largest value at siu (u+8;)=~1,

that is,
u=—zl2—Bs - (8)
Substituting eqs. (6) and (8) into eq. (5), then
. M.,I, SRAN e
Iamax——z——-—LaSin(n_/Zn)(l+s1n Bs) - = (9)

3.2 Removal commutation
Considering the boundary conditions of the armature currents, the current of the
winding (3) #3(0) is

~

(0= 2‘1/;:13 (1—e"To18%) -+ (¢T3’ e~ To1s?) te 50)

__Eu
2Z01828

[Zm cos(0+ Bza— Pors— ps+ ©o1) — Zo13 05 (B3 — @g)s T3¢

+écos (Bsa— Pors) 5_T°13”] ~ Ly [cos(0+ 13— Pors)
2 2Z5

—cos(Bg—porg)e~Tows?] e 10)
where,
eg=e;—e,=Eqyelfs— E g/bi= E3, s/ P34,
en=e,+eg=Ee/f1+ Ege!fs=F g1,
Roa=Ry+Ry+ Ry, Loy=Lo+ L+ Ly, Zoi3=vV'Ri3+ (@0Lor) %
T g15=Ro1s[ 0 Loss, pos=tan~'(@Los/ Rois),
Ryy=Ry+Ry, Ly=Ly+ Ly, poy=tan~*(@Lo[Re1),
T3=Ry|wLs, ps=tan~'(wL;|R,)
e, e and e,; the counter e. m. fs. of the armature winding (1), (3) and (4),
B1, Bs and B,; the phase angles of e, ¢; and e, for the g-axis.
As i3(f) becomes zero at the end of the removal commutating period, the over-lapping
angle u is solved from Z3(#)=0. But in eq. (10), the initial current i, (0) is unknown.
Therefore, the analysis of # must be taken by the method of trial and error, as well
as the reversal commutation. In order to get the approximate solution the same

assumptions in the reversal commutation are made. Then eq. (10) is

sin(u+ Bsa) —sin fas=20L(M)gloa[Esy . e 11)
where, L(M)3=Ls—Mg=(1—03 cos Bso)Le sinz(ﬂ:/2n),
E;= [Es(efﬁa—s’h.)[ ............ (12)

= |wM o;I; sin(x[2n) (e/fa—elfs) |
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Msj,; the mutual inductance between the windings (3) and (4),
o3, ; the coupling coefficient between the windings (3) and (4).
Over-lapping angle « is given from eq. (11)

u= sin"‘[sin Bad+ 24— a?:liisl‘f:z;)flt’:;afz le:; (=/ ZH)J“ Bsa . e (13)

and # for the allowable armature current limit can be obtained at the maximum
value of sin (#+fs) in eq. (11), that is,

u=mn[2— B, S Lieeeeneeee (14)
Substituting eqs. (12) and (14) into eq. (11), then

|Masls(efPs—eita)|
2(1—034 cos By,) Lg sin(z2n)

(I—sin fag)  ereereereen (15)

Iama.r=

From eqs. (7), (9), (13) and (15), it is seen that the commutating characteristics depend

on the inductance of the commutating armature winding.

4. Effect of Damper Winding

In order to improve the commutation characteristics, the armature inductance
associated with the commutation must be made as small as possible. Decrease in the
inductance brings decrease in the over-lapping angle and increase in the allowable
armature current limit. Consequently, the damper windings are needed for above
purpose, because the damper windings are able to decrease the commutating inductance.
In this chapter, the effects of the damper windings are explained in association with
the leading commutating angle, The positions of the commutating winding on the
typical types of the commutatorless motor are shown in Fig. 5. The commutation is
begun when the angle between the commutating windings’ axis and the d-axis
becomes 7. On the small leading commutating angle 7, the d-axis damper winding
placed on the d-axis exerts a favourable influence upon the commutating inductance,
and the ¢-axis damper winding has little influence upon it. But with the increase in
7, the inductance is more greatly influenced by the g-axis damper winding. Generally
speaking, the field winding placed on the d-axis effectively acts as the d-axis damper
winding and produces analogoﬁs effects®. Consequently, the ordinary commutatorless

motors have essentially the effects of the d~axis damper winding.

g-axis g-axis g-axis

|2
— |
n=1 ] =
=2 n=

Fig. 5. Position of commutating armature winding at y=30°,
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5. Experimental Results

On the experiments, two motors of same capacities and ratings and different types
are employed. One has four salient poles without the damper winding, but the field
winding produces the analogous effects of the d-axis damper winding. The other has
the same poles with the g¢g-axis damper winging. As a result, the one is with the
d-axis damper winding and the other is with the both of d- and g¢-axis damper

windings.

2.0

Fig. 6. Inductance of commutating

armature winding,

o——e—n=1
0.5{ - 0ecc@-n=2 2
—o.—-e n=3 3
d-axis o
d-, g-axis
Damper windings |

Inductance of commutating armature wiiding (mH)

0

0 20 40 60 80 100 120 140 160( )180

Position of commutating armature winding
based on d-axis

-The measured inductances of the armature winding are shown in Fig. 6. Care
must be taken that the inductances with the d-axis damper winding are small at the

d-axis and large at the g-axis. But, on the machine with the d- and g¢-axis damper

Theoretical value ¥ Exprimental value
— :d-axis damper winding —o- d-axis damper yvinding. )
—+-:d-and g-axis damper windings --e-- d-and g-axis damper windings

7F ! 7F
,/
6F S . 6F
;A
_ 5F // ’/ 5k
s / I
~— o — b 7
5 4 //‘/f 5 4 .
st L 3k ,’{)’
4 ,’ ///)’
2r 0 2r Lt
) s ’/'/
1t //a 1r P
4
0 I 1 1 L 1 L 0 - 1 L 1 1 i 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
L(A) I.(A)
(a) y=30° (b) y=60

Fig. 7. Over-lapping angle v, s armature current,
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windings, the inductances are reduced especially near the g-axis by the effect of the
¢-axis damper winding. ’
The experimental results of the over-lapping angle are shown in Figs. 7 and 8.

Theoretical value Experimental value
— d-axis damper winding —o~ d-axis damger winding .
~--d-and g-axis damper windings __g. d-and g-axis damper windings
12L /s 12F lzr
4
104 ,’/ <10 10}
S
8} Y st |
> ‘ <
S6f W 5 6F X
4r /;/ it .
2r /4 2k B
0 ”. 1 i i " " 0
0 2 4 6 8 10 12 0 0
Ta(A)
(a) n=1

Fig. 8. Over-lapping angle v. s armature current.

There are considerable differences between the theoretical and experimental results.
As the reason, it may be seen that the measured inductances are not necessarily exact
values. There are, however, a similar tendency between them. The over-lapping angles
are incseased by the increase of the armature current and decreased by the increases
of the commutator elements and the leading commutating angle.”’®. As mentioned
above, the g-axis damper winding causes the decrease of the commutating inductance
near the g-axis, so that the over-lapping angle for the d- and g-axis damper windings
becomes smaller than that for only the d-axis damper winding, especially on the large
leading commutating angle. This tendency becomes more remarkable with smaller »n
as shown in Fig. 8. Fig. 9 shows the allowable armature current limit. For 2=2 or 3,

the allowable armature current limit for the d- and g-axis damper windings is little

t
Theoretical value Experimental value

+— d-axis damper winding ~o— d-axis damper winding
~=~ d-and g-axis damper windings -@- d.and g-axis demper windings

15k ‘st
Lo=116.3(mt) /, /)
//
. 10} 10F
< =
o , ~
5r Vi 5k
7
7
7/,
y/
A L 1. 1 L 1 L 3 " 1
O 0. 20 30 %% 10 20 30 % 10 20 30
7" 7(%) 7"
(a) n=1 (b) p=2 (¢) n=3

Fig. 9. Allowable armature current limit v. s leading commutating angle. .
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difference from that for the d-axis daniper winding, but for n=1, that difference
becomes considerably large. From eqs. (8) and (9), the maximum over-lapping angle
at which the allowable armature current limit is given is 7. Consequently, it is con-
sidered that the allowable armature current is effected with a mean inductance
between © and 7 in Fig. 6. The difference of the mean inductance for 7=2 or 3 is
slight, but for #=1 that difference considerably large. These facts may be extended

to the allowable armature current.

6. Conclusion

A summary of the results is shown below;

(1) The field winding works as the effective d-axis damper winding and
improves the commutation characteristics such as the over-lapping angle and the
allowable armature current limit.

(2) The g-axis damper winding is able to decrease the armature inductance
near the g-axis, so that the commutation characteristics become better for n=1,
especially on the large commutation angle.

(3) But for #=2 and 3, the commutation characteristics are hardly effected by
the g-axis damper winding.
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