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Abstract 

The operation of the converter-fed synchronous machine (CFSM) is determined by the 
fundamental harmonics and the mean values. The harmonics cause essentially only addi­
tional phenomena (additional losses,' torque pulsation, etc.). This publication is presenting 
a simple method for the investigation of harmonic conditions. 
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1. Introduction 

The CFSM is often applied in high power speed controlled drives. In the 
CFSM shown in Fig. 1 both the line-side converter (LSC) and the machine­
side converter (MSC) operate with line (machine) commutation. In the 
motor operation of the CFSM the LSC converter works as a rectifier and the 
MSC converter works as an inverter, in generator operation the converters 
work inversely. Changing the phase sequence in the firing of MSC converter, 
a 4-quadrant drive can be obtained. 
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Fig. 1. Circuit diagram of the CFSM 
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2. The Simplified Model 

We presume a synchronous machine with cylindrical rotor and of symmetric 
build up. Then the synchronous and subtransient inductances in the d and 
q axes are equal: Ld = Lq and L~ = L~ = L". The equivalent circuit of 
such a synchronous machine can be seen in Fig. 2. Neglecting the rotor 
resistances the subtransient flux 1i;" and the induced subtransient voltage 
it" = d1i;" I dt consist only of a fundamental harmonic component, so in a 
stator reference frame their Park vectors are 

01." _ ,T,II jW1 t 
0/ - ~ e , -11 U-II jW1t u = e , U- II - 'W,T,II - J l~· (la,b,c) 

The commutation of MSC converter is dependent on the flux 1i;" , the volt­
age it" , the subtransient inductance L" and the stator resistance R. The 
MSC converter is only in the Wl ;::: RI L" speed range able to perform with 
safe commutation. The results of the classical converter theory can be ap­
plied if in this so-called. machine commutated range the R resistance is ne­
glected and an id = Id smooth direct current (LF = 00 inductance) is pre­
sumed [3]. Calculations are performed in the CFSM machine commutated 
range in per unit system, presuming a machine having 2p = 2 poles. 

a) 

Fig. 2. Equivalent circuits of the synchronous machine 

3. Current Harmonics 

Because of the MSC converter, the synchronous machine receives a nonsi­
nusoidal supply. The Park vectors in the standing coordinate system show 
a six-sided symmetry. Therefore in the synchronous machine harmonics of 
v = 1 + 6k (k = 0, ±1, ±2, ... order, v = ... , -11, -5, 1,7,13, ... ) will be 
developed. The Park vectors can be expanded into a Fourier series, and 
thus e.g. the current can be written in the following form: 

(2) 
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In (2) I has been separated into two parts: the I1 fundamental harmonic and 
to the AI deviation from it. Since Im = 1i;" j Lm consists only of fundamental 
harmonics, by the application of the Im = I + Ir nodal equation 

(3a,b) 

can be obtained. 
Applying Park vectors, it is advisable to turn to a coordinate system, 

which rotates with W1 synchronous speed, as in this case the fundamental 
harmonics are stationary. If the real axis x of the synchronously rotating 
coordinate system is fixed to the ii," induced voltage, then in accordance 
with the I* = Ie- jW1i transformation equation for the stator current, the 
following equation will be obtained (v - 1 = 6k): 

(4a) 

It can be seen that the frequency of the current harmonics is coordinate 
system dependent. Besides the frequency, the phase angle of the complex 
amplitudes of the current harmonics depends on the coordinate system as 
well. Likewise, if the current vector is written in a d - q coordinate system 
which is rotating with synchronous speed, then 

(4b) 

where ]vdq = ]vej(90o+f3) and 90° + f3 is the angle between the x and d axes. 
Fig. 3 shows conditions in a coordinate system rotating with syn­

chronous speed. It can be seen from the figure that the a (or ap) firing 
angle unambiguously defines the angle of the I* current vector at the in­
stant of firing (in the point F). The three phase conduction (overlap) cor­
responding to the commutation lasts from F to E, and from E to F the 
two phase conduction following the overlap. The latter is positioned on the 
arc having 60° - 8 angle of the circle with the radius of 10 = (2j../3)Id (8: 
overlap angle). At the instant of extinction (in point E) the angle ofI* will 
be determined by the K, = a + 8 extinction angle. The leaf shaped curve of 
I* current vector becomes closed with a tact timing of T = 7r j (3W1) and re­
peats itself with 6!I frequency. The]l fundamental harmonic points to the 
time weighted center of gravity of the curve. The angular velocity of the 
harmonics is (v - l)Wl (v - 1 = ... - 12, -6,6,12, ... ) according to (4a). 
The harmonics give in pairs (v -1 = -6,6; -12, 12, ... ) elliptically shaped 
paths. From the figure it can be realized that .6. * = 30° - .6. is the angle of 
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x q 

Fig. 3. Current vector in the rota.ting coordinate system 

the 11 fundamental harmonic measured from the firing point F, and thus 
cp = 1800 

- (a + 6.) is its phase angle (cp + 900 = 1J is the torque angle). 
Completing the complex expansion into a Fourier series for the 111 

complex amplitude will be obtained 

111 = ;: ,,(,,;8_ 1) { - [cos(a + 6) - jv sin(a + 6)]e -jll(a+6)_ 

-(vcosa + j sina)e- jlla + (v + 1)e- j (II-1)a}, 

(5a) 

(5b) 

where Is .= ~"/ L" is the short circuit current. Knowing the a( 6) con­
trol characteristic based on it, the 1; = 111/18 normalized harmonic cur­
rent can be determined. The" = -5.7 harmonic currents belonging to 
various extinction angles are demonstrated in Fig. 4a. (M is the torque, 
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M/Mmi is the normalized torque, Mmi = lJ!/IIs/2). In practice a more useful 
result will be obtained if the harmonics are related to the 11 fundamental 
harmonic. Fig. 4b shows the 111 /11 harmonic/fundamental harmonic ratio. 
In the case of M = 0 (8 = 0), Ill/I! = Il/vl. 

III I~ = 1»lIs 
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Fig. 4a, b. Amplitudes of current harmonics 
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From the current harmonics, both the flux and the voltage harmonics can 
be determined: 

(6a,b) 

It follows from (6) tha.t w~ = Wll/W" = I~ = Ill/Is = U:/lvl = Uv/lvU"I. 
From the current harmonics to the additional copper losses, from the volt­
age harmonics to the additional iron losses can be concluded. 
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4. Additional Copper Losses 

Knowing the amplitude values of the current harmonics, the Park vector 
effective values of the currents can be calculated by an infinite series: 

00 

I;ff = I: I; = If + .6.I;ff, (7a,b) 
v=l 

co 

12 "12 12 12 2 2 reff = L....J rv = rl +.6. eff = If + .6.Ieff· (7c) 
v=l 

U sing the six-sided symmetry of the?; stator current, the vectorial effective 
value of the stator current can be defined by the definitive equation 

12 1 J ,,,;,,2d 1 J ":"ld eff=-;' t t=-;. u t 
(T) (T) 

(8) 

even in closed form. Carrying out the integration, after the reduction the 
result will become: 

2 2{ 3[ 8 Ieff = Is (1 - A)(l - cos8) -:; (1 + A + cos8)'2-

(9) 

where A = cos(2a + 8). Knowing I;ff and If. .6.I;ff can be obtained by 
(7a). In Fig. 5 the effective values of the currents (I;ff, .6.I;ff and I;eff) are 
given. Applying the normalized scale (denoted by *), according to I;ff = 
I1I:ft and .6.I;ff = i! .6.I:ft they can be defined for any machine data. The 
I;eff = I1I;;ff square of the rotor current can be obtained from the figure 
only by having L" / Lm = 0,2/1,3 ratio. For the sake of better reading the 
ten times value of flI;ff has been represented. 

It follows from (6.a): 

11 
.6. Weff = L .6.Ieff, 

.6. W:ff = fl Weff/WII = .6.Ieff/ Is = .6.I:ff. 

(lOa) 

(lOb) 

The copper losses of both the stator and the rotor can be divided into two 
parts, to the fundamental harmonic (.6.H and flPr1) and harmonic (flPlI 
and flPrll ) losses: 

ilP == If RI + I: I;RlI = flH + flPlI , (1la) 
lI:j:I 
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Fig. 5. Squares of the effective values of currents 

tlPr = I;lRrl + L I;vRrv = tlPrl + tlPrv . 
v#1 

311 

(llb) 

In the equation RI is the stator resistance at the h fundamental harmonic 
frequency, while at the Iv h I harmonic frequency it is Rv; Rrl is the d.c. 
resistance of the rotor, while at I(v - l)hl harmonic frequency it is Rrv. 
The influence of the skin effect on L" can be taken into consideration in 
the approximate calculation by using the L" belonging to 6h. If the skin 
effect can be neglected (Rv = R = const., Rrv = Rr = const.), then the 
effective values of the currents determine the copper losses as well: 

(12a) 

(12b) 

To make the order of magnitudes perceptible, If and 1;1 have been drawn 
in Fig. 5 as well. It can be seen that in the CFSM the additional copper 
losses deriving from the nonsinusoidal currents are very small. For example', 
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in the point denoted by N, 11 ::::: 0.95, If ::::: 0.90, Ir1 ::::: 1.51, fA ::::: 2.28, 
D.I;ff ::::: 0.04. According to (12) the values mean that with resistances 
R = Rr = 0.02, D.P1 ::::: 0.9·0.02 = 0.018, D.Pr1 ::::: 2.28·0.2 ::::: 0.046, !:1Pv = 
D.Prv ::::: 0.04 . 0.02 ::::: 0.001 copper losses will be obtained (in this same 
point according to Pm = MWl = 0.8Wl mechanical power is a function 
of the angular velocity). In the sinusoidal rated point M ::::: cos 'PI = 0.8, 
11 = 1.0, If = 1.0, Irl ::::: 1.73, 1;1 ::::: 3.0, !:1Pn = 1.0· 0.02 = 0.02, 
D.Prn = 3.0 . 0.02 = 0.06. As in point N D.P < D.Pn and !:1Pr < !:1Prn , and 
thus in spite of the additional copper losses caused by the harmonics the 
CFSM is able to exert its rated torque even in this point. 

The current distortion factor is 

(13) 

If there is no skin effect in the stator, then the ki = !:1Pv / D.Pt equation 
can be obtained; i.e. in such a case this factor is characteristic to the 
additional stator copper loss as well. Fig. 6 shows the ki current distortion 
factor as a function of the 8 overlap angle. The value of ki ::::: 0.043 in 
point N means that the stator copper loss increases by 4.3 % because of 
the nonsinusoidal current compared to that of the sinusoidal operation. 
Neglecting the overlap {8 = O)kiO = {1r/3)2 - 1::::: 0.097. 

0.1 K 
io 

Fig. 6. Current distortion factor 

It can be seen from the calculation example that neglecting the skin 
effect, in point N the proportion of the harmonics is 5% out of the stator 
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Fig. 7a. 5th and 7th current harmonics in rotating coordinate system 

copper loss, and it is only 2% out of the rotor copper loss. However, in the 
rotor the skin effect cannot be neglected (primarily because of the damp­
ing cage). The f:j.Prv rotor additional copper loss in (llb) may become by 
one order of magnitude greater as compared to the case without skin effect. 
Warming up of the rotor increases because the utilization of the damping 
cage by the harmonics is not circle symmetric , as the component of the 
harmonic rotor current having J-LiI frequency (J-L = Iv - 11) is in the syn­
chronously rotating coordinate system such a current vector which is trav­
elling on an elliptic locus, which shows in the d and q directions various 
projections. The reason for this is that in the synchronously rotating coor­
dinate system the current harmonics having J-LiI = 6iI, 12iI, ••• frequency 
are composed of positive and negative components. In Fig. 7a, for exam­
ple, the harmonics of the order v = 1 - J-L = -5 and v = 1 + J-L = 7 cor­
responding to J-L = 6 are represented individually and as resultants in the 
synchronously rotating x - y coordinate system. 

The currents in the d - q coordinate system can be written in the 
following form: 

(l4a) 

(14b) 

where I r1d = If, Irlq = 0, f:j.ird = -f:j.id, f:j.i rq = -f:j.iq. The harmonics of 
the order v = 1 + J-L and v = 1 - J-L are developing iJ.1.d and iJ.1.q components of 
J-LiI frequency which are contained in the d and q components of the current 
harmonics, and thus they can be obtained by the projection of the current 



314 J. SCHMIDT 

Fig. 7b,c. 5th and 7th current harmonics in rotating coordinate system 

vector moving along the elliptic locus according to 2(Hp)dq + 2(1-p)dq onto 
the d - q axes: 

ipd = Re (2(HP)dq + 2(1-P)dq) = Re (2(HP)dq + i(l-P)dq) , 

ipq = Im (Z(HP)dq + Z(l-p)dq) = Im (Z(HP)dq - i(l-P)dq) . (15a,b) 

The vector 2(Hp)dq and £(l-p)dq rotate with fLWl angular velocity in the 
same direction, and thus for the amplitudes the vectorial summation can 
be applied: 

I pd = I(Hp)dq + l(l-p)dq, 

Ipq = I(Hp)dq -l(l-p)dq' 

(16a) 

(16b) 

The component having 11 frequency is of IfJd = IIfJdl amplitude in the d 
direction current component and of IfJq = IIfJql in the q direction current 
component. Based on (15, 16) 

(17a) 

(17b) 

where <{Jpd = arc (IfJd) , <{JfJq = arc (Ipq). Fig. 7b shows the amplitudes and 
angles belonging to fL = 6 for the orders of v = -5 and 7. The current 
deviations in the d and q axes can be calculated by the infinite sums of the 
Fourier series according to: 
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Fig. 8. Disintegration of l::.I;ff 
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(l8a) 

The effective values of the current deviations in the d and q directions are: 

(18b) 

Since the d and q components are perpendicular to each other, the 

(19) 

equality is obviously valid. Fig. 8 shows the decomposition of !:.lI;ff into 
the direct and quadrature axis. It can be seen that about the rated torque 
M ~ 0.8 !:.lI~efr » !:.lIJerr, so that in point N !:.lI~err ~ 0.03, !:.lIJerr ~ 0.008. 
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Fig. 9. Dependence of .6.I;ff and .6.I~eff on the Lm 

This means that the harmonics utilize primarily the coil of the q direction 
if K, = 160° (Fig. 3). Therefore, the damping cage of the synchronous 
machine of the CFSM is advised to be designed with the minimum skin 
effect in the bars next to the axis d. 

The decomposition of 8I;ff in the d q directions depends on the 
L" / Lm ratio. Fig. 9 shows the decomposition of ,6.I;ff in the d - q directions 
for various Lm inductances. It can be seen from the ,6.I~eff curves that the 
change of L m , even within a broad range, modifies the decomposition of 
,6.I;ff only to a small extent. 

In Figs. 4, 5, 6, 8 arid 9 the curves belonging to K, = constant extinc­
tion angle mean at the same time the supplementary angle curves which 
belong to the 0: = 1800 

- K, firing angle. 
From the investigations carried out follows that from amongst the 

additional copper losses, the stator loss can in general be neglected, but 
the rotor loss, because of the skin effect, has to be taken into consideration. 

5. Additional Iron Losses 

The upper harmonics in the fiuxes (in the volt ages ) cause additional iron 
losses. From the investigations it can be established that the additional 
iron losses in the CFSM can be neglected. 
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6. Torque Pulsations 

The instantaneous value of the torque is: 

m = ii.; X I = ii.;" X I. (20) 

The equation with the subtransient flux is the most expedient as ii.;" consists 
purely of fundamental harmonic. A particularly simple result is obtained 
in the synchronous rotating coordinate system: 

,T," -;* ,T,I'R (-;*) m=~ Xz =~ ez . (21) 

The I* current disintegrates to the Ii = i1 fundamental harmonic and to 
the iJ.I* deviation, according to m = M + iJ.m, and the torque disintegrates 
to the M mean value and the iJ.m pulsation as well: 

M = 'IF" Re(iI) , iJ.m = 'IF" Re(iJ.~*). 

x 

F 

E' : I, 

Q) b) 

ViVo 10, Current vector 'i* alld torque 711. 

EI~A)I 

'¥ 10 I 
i 
! 

W,t-c.: 

(22a,b) 

In Fig, lOa in the x - y coordinate system current vector I* = i] + Sz* 
is given again; in Fig. lOb, however, the torque is calculated on the basis 
of (21, 22). The torque m(t) repeats itself at every 1/6 period with 6h 
frequency similarly to t*(t), and accordingly it has components of Ilh fre­
quency (11 = 0 denotes the mean value, 11 = 6,12 ... the pulsations). It can 
be seen from the figure that in the section where there is no overlap, the 
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torque travels on a 60° - 8 section of a sine curve of \].i" 10 amplitude. It can 
be seen that the 0: firing angle determines the torque in the point F of firing, 
however, the K, extinction angle determines the torque in the point E of ex­
tinction: m j = \].i" 10 sin( 0: - 60°), me = \].i" 10 sin( K, - 120°). In the figure at 
the same time m j is the maximum and me is the minimum torque. In the 
point N, M = 0.8, mmax = mj ~ 0.98 and mmin = me ~ 0.64 will be ob­
tained, and thus the resultant amplitude of the torque pulsation is tlM = 
(mmax-mmin)/(2M) = (0.98-0.64)/1.6 ~ 0.21. From Fig. 10 reveals that 
near the extinction limit (K, = 180°) mmax = \].iIlIo > mj, mmin < me. 

The periodically varying torque can be expanded into a Fourier -
senes: = 

m(t) = L MI-' COS(J-LW1t + 'PI-'m). (23) 
1-'=0 

The J-Lth (e.g. 6th) harmonic of the torque is caused by the v 1 - J-L 
and 1 + J-L (e.g. -5 and 7) current harmonics which in pairs form an 
ellipse. By the application of (22b) for the two current components, for the 
instantaneous value the equation 

(24) 

and for the amplitude and the phase angle 

(25) 

are obtained. Here II-'~ = III-'~I = 111+1-' + 11-1-'1 is the amplitude of the x 
direction component of the ellipse consisting of the current harmonics of 
the order of 1 + J-L and 1 - J-L. These equations are similar in their structure 
to equations il-'d and II-'d (15a) and of (16a). In Fig. 'le the 16~ = 17 + !-5 
(and the 16y = 17 - !-5) current amplitude and the 'P6m angle are shown 
for J-L = 6 (for v = -5 and 7). 

Fig. 11 shows the M6/M and MIZ/M amplitudes of the J-L = 6th 
and 12th torque upper harmonics related to the mean value. In point N, 
M6/M ~ 0.19 and M12/M ~ 0.045 will be obtained (M6 ~ 0.19·0.8 = 
0.152, M12 ~ 0.045 . 0.8 = 0.036). It can be seen that especially the 
amplitude of the component having 6!1 frequency is very significant. In 
general purpose drives which operate in the !1 = 5 Hz range, the pulsation 
of the torque does not cause any problem in spite of the large M6 amplitude. 

7. The 12 Pulse CFSM 

The pulse number can be increased at good motor utilization only with 
special connections. Such is the series connection solution shown in Fig 12 
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Fig. 11. Harmonics of the torque 
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which contains two stator windings and two converters. If the I and II coil 
systems are shifted in the space by 30° and the MSCI and MSCII converters 
are controlled similarly with a 30° shift in time, the a CFSM having 12 
pulses will be obtained. 

NAI 

LSC[ 

. NAif 
~ 

Fig. 12. 12 pulse CFSM with double star winding 

In Fig.13a, band c the equivalent circuits of the synchronous machines 
are shown which possess two coils shifted in the space. In Fig. 13b and 13c 
the rotor number of turns is referred to the stator. The leakage inductances 
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+j 
Q) 

bIl 

~ LIs 

b) 

Fig. IS. Equivalent circuits of the double star SM 

of the stator LIs and LIIs takes into consideration the proper leakage of 
the two coils, however, Lsm considers that of the common leakage of the 
two coils. The Fig. 13c becomes true only if for the stator leakages the 
Lsm = 0 and the LIs = L IIs = Ls equalities are valid. 

Were the two coil systems unidirectional, then~ I = ;j; II = ;j; and 
~I = ~II = ~/2. Connecting the coils of the same direction into series, then 
with the equivalent circuit shown in Fig. 2a the synchronous machine of 
the 6 pulse CFSM would be obtained. The Park vectors having J subscript 
(;j; I and ~ I) refer to the coil system J, and the ones having If subscript to 
the coil system J J and are formed in their own (a I, b I, er and all, b II , ell 
respectively) coordinate system from the phase quantities according to their 
definition. In the common coordinate system according to Fig. 13c the 
same ;j;" subtransient flux is connected to both of the stator windings, and 
thus the u" induced voltages are equal as well. 

The two converters commutate separately from each other because of 
the approximation based on the constancy of the subtransient flux. In their 
proper coordinate system both the ~ I and ~ I I currents change according to 
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the 2 current vector calculated with 2L" of the 6 pulse CFSM. Observing 
from a common coordinate system, according to the shifting of the coils in 
space by 300 and the firing control in time by 300

, between both Ir and 2II 

currents there is an angle difference of 300 both in space and time, at the 
positive direction of rotation: 

(26) 

The resultant current vector which is proportional to the spatial excitation 
of the stator can be obtained by the 2 = 2I+2II summation. The 2], 2II and 
2 current vectors are shown in Fig. 14 (presuming 8 < 300 overlap). The 
tacts which begin with the firing of the NC! and NCII thyristors are made 
thicker, and the marks of the conducting thyristors are entered as well. 

"'1--­
+j 

\ 

PAl PArr NCl PAll 
NBI HBll PAl NBll 

NCI Nell 
PAl PAll 

Fig. 14. Current vector of the 12 pulse CFSM 

For the numerical calculations the 21 and 2 II currents were expanded into 
a Fourier series according to (2). The lIv and lIIv current amplitudes 
obtained in their proper coordinate system are equal to the amplitudes 
calculated with the 2L" of the 6 pulse CFSM. From (26) follows that in 
the common coordinate system there is an lIIv = hvej(1-v)-;r/6 = lIve-jkr. 

relationship between the amplitudes (v = 1+6k). Taking this into account, 
at the summation of 2 = 2 [ + 2 II 

(27) 
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will be obtained. It follows from the (1 + e-jkr.) multiplication factor that 
the Iv amplitude of the resultant of the current harmonics belonging to 
the zero and even number values of k is twice as much as the l Iv ampli­
tude obtained for coil I. This kind is the 111 = Ill1 fundamental harmon­
ics (k = 0, v = 1) and are part of the harmonics (k = ±2, ±4, ... ,v = 
-11,13, -23,25, ... ). These harmonics of the resultant stator current cor­
respond to the values of the 6 pulse CFSM calculated with L". The har­
monics belonging to k = ±1, ±3, ... (v = -5,7, -17, 19, ... ) drop out of 
the resultant current vector. This is in accordance with the phenomenon 
that the I resultant current vector seen in Fig. 14 in consequence of the 
12 sided symmetry, can have only harmonics of the order l/ = 1 + 12k 
(k = 0, ±1, ±2, ... ). Thus the name 12 pulse CFSM is derived for Fig. 12. 

0.03 

0.001 

0.02 

- 6 pulse CFSH 

---12 pulse (FSM 
( '¥" =1 , L" = 0.2 ) 0.01 

o 

Fig. 15. 6..I;eff in the 6 and 12 pulse case 

From what has been discussed until now can be established that while 
III the individual stator windings harmonic currents of v = 1 + 6k are 
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Fig. 16. Time functions in the 6 pulse system, rated point 

flowing, in the resultant m.m.f. of the stator only the harmonics of v = 
1 + 12k order are present. From the point of view of the effect on the 
rotor, the ~ resultant current is authoritative. Thus in the rotor l:l~r = 
l:l~ = -(l:l~I + D.~II), i.e. harmonic currents of v = 1 + 12k order are 
flowing (k = -1, -2, ... ). It follows from the (22a) torque equation that, 
from the point of view of the M mean value, the utilization of the 12 pulse 
CFSM with double winding is as good as that of the 6 pulse one, since the 
fundamental harmonic m.m.f.-s of the windings are added up algebraically. 
At the 12 pulse circuit in the l:lz- current deviation of the synchronously 
rotating coordinate system and thus in the D.m torque pulsation of (22b) 
as well, there are only components having fLit = 12kit frequency (k = 
1,2, ... ). The M'lI M relative amplitudes - because of the mathematical 
summation of the Ill' and f llu current harmonics having v = 1 + 12k order 
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Fig. 17. Time functions in the 12 pulse system, rated point 

of harmonics - correspond to the amplitudes of the 6 pulse circuit having 
the same order of harmonics. 

It follows from what has been detailed above that certain harmonic 
characteristics of the 12 pulse circuit can be read from the 6 pulse figures 
discussed. From Fig. 4b the 111/11 ratio in the stator winding can be ob­
tained. From Fig. 5 the D.1;ff characteristic of the additional loss developed 
in the stator winding can be reac!. From the current harmonics which can 
be determined from Fig. 4b, 1-11 and 113 flow through the rotor as well. In 
Fig. 15 the D.1;ff = D.1;eff of the resultant current deviation of the 12 pulse 
CFSM is given. This is characteristic of the additional winding loss devel-

2 oped in the rotor of the 12 pulse CFSM. In the same figure the D.1rdf curves 
of the 6 pulse circuit were sketched again. Comparing them, it can be seen 
that in the 12 pulse circuit D.1;eff significantly decreases compared to the 6 
pulse circuit (e.g. the measure of decrease in point N is cca 1 : 20 as D.1;,,11" 
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changes from 0.039 to 0.0018). This results in the fact that in such a case 
the additional winding loss developed in the rotor can be neglected even at 
significant skin effect. From Fig. 11 the M12/ M ratio can be determined. 
For example, the amplitude of the torque pulsation having the smallest fre­
quency will decrease in the proportion of M12/M6 - 0.045/0.19 - 1/4 in 
point N if instead of the 6 pulse circuit, a 12 pulse circuit is applied. 

It can be stated that the 12 pulse CFSM having a double winding 
is equivalent to a 6 pulse CFSM on the basis of the mean values and the 
stator harmonic currents. In respect of the rotor harmonic currents and 
that of the torque pulsations it behaves like a 12 pulse circuit. 

In order to demonstrate the differences between the 6 pulse and the 
12 pulse CFSM circuit, in Figs. 16, 17 the time functions of N motor 
point, respectively, are shown. The starting points of the time functions 
correspond to the firing of the NCI thyristor. In the t:::..m torque pulsation 
and the ird, i rq rotor current, respectively, the advantageous properties 
of the 12 pulse circuit can be clearly seen. For instance, the resultant 
amplitude of the torque pulsation has decreased from the 6 pulse t:::..M -
0.21 to b.M - 0.05 in the 12 pulse operation. The ia = Re(I) component 
is in the 12 pulse circuit merely a fictitious current. 

It is advisable to apply the 12 pulse double winding CFSM at large 
power requirements when the division of the stator winding and MSC con­
verter is necessary anyway. 
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