Brushless self-excited single-phase synchronous generator

Part I - Impact of rotor excitation modes on harmonic contents
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Brushless self-excited single-phase synchronous generator (BSESPSG) is a three-phase
induction machine where the stator constitute the excitation winding and load winding,
while the rotor windings are connected through diodes to rectify double frequency induced
voltage. The generator operates synchronously to produce output voltage where residual
magnetism is needed for self-excitation. This paper presents theoretical and experimental
investigation for transient and steady-state performance based on voltage equations in real
machine variables. The analysis is performed for different rotor excitation modes. A good
agreement between theoretical and measured results was observed.
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1. Introduction

A large number of attempts have been
made by some authors in the development of
the brushless . self-excited single-phase
synchronous generator BSESPSG [1-5]. This
is due to its various advantages over
conventional synchronous generator such as
simplicity in structure, no separate dc source
for excitation and above all least maintenance.
Ref. [1] presented the original BSESPSG and
studied the analysis at no load only while
neglecting machine resistance and action of
diodes in the rotor circuit. On the other hand,
ref. [2] proposed a three phase induction
motor of slip ring type to replace reference [1]
system as shown in fig. 1. Two stator phases
are connected at their neutral point to act as
the load winding. The remaining phase serves
as the excitation winding where a capacitor is
used to supply the necessary leading reactive
power.

Ref. [3] presented a self-excited single-
phase synchronous generator. The stator is
provided with a main winding and an auxiliary
winding which are in space quadrature. The
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excitation circuit is made up of the auxiliary
winding, capacitance and diode rectifier bridge
which supplies the conventional synchronous
machine field winding. Although the generator
is simple in structure, and has low voltage
regulation, the generator needs frequent
maintenance due to the presence of the
collector ring and brushes.

Refs. [4, 5] presented single (three) phase
self-excited synchronous generator. The stator
is equipped with two separate windings having
different pole numbers. One is the single
(three) phase load winding and the other is the
dc exciting winding. The rotor consists of the
field coils short circuited with diodes.
Although the structure is complicated, the
output voltage can be kept constant over a
wide range of load by adjusting the stator dc
current.

This paper studies in detail the system
proposed in ref. [2], fig. 1. Two rotor
excitation modes are studied to indicate the
effect of varying the diode configuration on the
spectral analysis of output voltage waveform.
Fig. 2 shows these proposed diode
configuration.
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2. Voltage equations in machine variables

The voltage equations in machine variables
are based on the mathematical representation
of the three-phase induction machine given in
ref. [6, 7]. The winding arrangement for a 2—-
pole, three-phase, star—-connected,
symmetrical induction machine is shown in
fig. 3. The stator windings are identical,
sinusoidally distributed windings, displaced
1200, with Ns equivalent turns and resistance
rs . The rotor windings will also be considered
as three identical sinusoidally distributed
windings, displaced 120°, with N; equivalent
turns and resistance r;. These voltages may be
expressed as:

Vas = I's ias + PAas, (1)
Vbs = I's ibs + PAbs, (2)
Ves = s ics + PAcs, (3)
Var = It iar + PAar, 4)
Vbr = It ibr + PAor, and (5)
Ver = v er + Pher ©6)
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Fig. 1. Construction of BSESPSG using two diodes.
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Fig. 2. Different rotor diode configuration (a) one-diode

(b) two-diodes.

craxis

Fig. 3. Star-connected balanced 3-phase induction
machine.

The flux linkages A are related to machine
inductances and currents by the following
equations:

Aas = Ls ias — (1/2) Lims (ibs + ics ) + Lgr l iar cOS 0
+ ipr cOS $1+ icr cOS §2 ], (7)

Abs = Lg ibs — (1/2) Lms (ias + ics ) + Lgr [ iar cOS ¢2
+ ipr cOS O + i cos ¢4], (8)

Acs = Lg ics — (1/2) Lms (ias + ips ) + Lgr [ iar COS ¢l
+ ipr €OS §2 + icr COS 0], 9)

Aar = Ly iar — (1/2) Lumr (ibr+icr)+ Lsr[iaacose
+ ips COS §2 + ics COS 1], (10)

Abr = Ly ipr — (1/2) Lmr (iar + ier ) + Lgr [ ias COS ¢l
+ ips CcOS B + ics cos ¢2 ], and (11)

Aer = Ly er — (/2) Linr (lar +ipr ) + Ler [ ias COS 2
+ ips COS ¢ + ics cos 0]. (12)

Where;

Ls =Lis + Lms,

Ly =Ly + Lmr,

Lms =(2/3) M,

Lur = (Nr / Ns )2 Lms, and
Le = (Nr / Ns) Lms.
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3. Saturation representation

For satisfactory modelling of this machine,
saturation in the iron parts must be taken
into account. Magnetising inductance M and
related machine inductances can be
determined by evaluating the magnitude of air
gap mmf aided with d-q transformation. In
such case the equivalent air gap mmf in the d-
q axis as monitored by equivalent stator
current assuming rotor rotating reference
frame is given by [7]:

Ia = (2/3)[ias COS O + ibs COS $2 + ics COS §1
+(N;/ Ng)(iar+ibr cos(-271/ 3)+icccos(2n/ 3))],(13)

Iq = (2/3)[ias Sin B+ips Sin ¢at+ics sin ¢
+(Ny/Ng)( ibr sin(- 21/3) + i sin(2n/3))]. (14)

Having determined the equivalent values of
d-q axis currents, the peak value of
magnetising current Iy is then given by:

Im=VIa2 +12. (15)
q

From open—circuit test, the relationship
between the rms magnetising current I, and
magnetising reactance Xu is plotted. Then the
relationship between Iy = V 2 In and Xu is then
plotted. Therefore calculating In using eq. (15)
determines the corresponding value of the
magnetising reactance Xu and consequently
other machine parameters will be calculated.
The proposed generator is analysed using the
above equations under the two configurations
mentioned earlier.

4. One-diode configuration
For this connection ipr = O & icr = — iar.

4.1. Excitation winding

Ve= = Vas=(1/C) [ ias dt = Q/C, (16)
where ,
Q=/iasdt ie. pQ = ias. (17)

Substituting eq. (1) into eq. (16) we get:

Ls Pias = — I's ias <Q/C~V 3 L p[ iar cos ¢4 ]. (18)

4.2. No-load analysis

Output winding
At no-load ips = ics = O,

VNL = Vbs = Vs
= 3Lsr CcOSs ¢3 piar - 3Lsr [O)] Sin ¢3 ial-. (19)

Rotor windings
Two states are possible.
- Diode D-OFF

jar =0 & ip=0.

Substituting the above conditions into egs.
(17, 18) we get:

) - y
Plas _ Ls 0 =1 =1/C| | ias ’ (20)
pQ 0 1 1 0 Q
Vb = Ver = Var
=V 3 Lg [ COS 5 Pias — O Sin ¢5 ias J. (21)
- Diode D-ON
iD = ia; ’
V[) =Vcr"‘Var == O-

Substituting the above conditions into egs.
(17, 18), (4 and 6) we get :

-1

Pins Lg ‘/;Lsr cosg 4 0
Piar = ‘/;Lsr cosqs4 2L" 0 X
pPQ 0 0 1

rs V3 @sin e

¥ Lsr®sin ¢4 =2rr ia
1
L ¢ 5 Q

where Lir = Ly + (1/2) Lmr.
4.3. Load analysis

Qutput winding

With Ioad IL = ics B o ibs,
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VL = Vbs o Vcs
=2 rgips + 2 Lss pibs + 3 Lg cos ¢3 piar

— 3 Lgr © Sin ¢3 iar, (23)

= — Ry, ibs — Ly Pivs, (24)
where Lss = Ls + (1/2) Lms

Rotor windings

- Diode D-OFF

lar=0 & ip=0.

Substituting the above conditions into egs.
(17, 18) and equating egs. (23) and (24) we get:

pig] H =l V3L cosp, 0O 0
Plar | _ \/§Ls,cos¢4 . 0 3L cosdy
PQ 0 0 1 0
Pips| | 0 3Lgrcosd; 0 2p+L
B SLgosing, -1/C 0
\/ELs,wsin b4 -2r; 0
1 0 0 0
0 3Lsrosin ¢, 0

5. Two-diode configuration
For this connection iar = = ( ipr + icr )

5.1. Excitation winding

Ve= - Vas = (1/C) [ ias dt = Q/C, (28)
where
Q=lissdt ie. pQ = ias. (29)
Substituting eq. (1) into eq. (28) we get:
Lspias="‘rsias_Q/C—'Lsrp[ im-COSG

+ ibr COS §1 + icr COS ¢2 . (30)
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3Ls wsin b3 iar

: 0 0 2
Plas Ls =Is Ve 0 ias (25)
PQI=l 0 1 0 L0 0 Qyp
Pos| |0 0 2ty | (@ O - g*RU||ibs

Vb = Ver — Var
= v 3 Lg cos $s pias + 3 Lsr cOS ¢1 pibs
—V 3 Lo @ sin ¢5 ias = 3 Ler @ sin ¢y ivs. (26)

- Diode D-ON

ip = iar,

Vp = Ve = Var =0.

Substituting the above conditions into egs.

(17, 18), (4) and (6) and equating egs. (23) and
(24) we get:

las

Q (27)

_(2r5+RL) ibs

5.2. No-load analysis

Output winding
At l’lO—load ibs = ics = 0,

VL = Vbs — Ves
= v 3 Lg]|cos b6 Piartcos ¢4 pinrtcos ¢7 pic
— N 3 Ly[sin d6 iar+sin ¢s ipetsin ¢7ic]. (31)

Rotor windings

Four states are possible.
- Diodes D1-OFF & D2- OFF

far = ibr = fer = 0,

ip1=0 & ipy =0.

Substituting the above conditions into egs.
(29, 30) we get:
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=
Pias| |Ls O] |-rs —1/C| |ias
el T G e
Vb1 = Vir = Var

=3 Lsr [ cos ¢7 pias — @ Sin §7 ias I (33)

Vb2 = Ver — Var
=V 3 Lo [ COS ¢5 plas— @ Sin s ias | (34)

- Diode D1-OFF & D2- ON
ip1=0 & ip2 = _icr,
ia.r = _icr & ibr = O,

Vb2 =Ve - Va =0.

Substituting the above conditicns into egs.
(4,6,29,30) we get :

1

-
- Diode D1-ON & D2-OFF - Ls \E[sr cosgg 0
las
ipr=—ipr & ip2 =0, Pier|™ ‘/;Lsr oS5 2Ly G 3
fr = —ir & ix=0, PQ 0 o 1
VDl=vb|'_Va_r =O. L.
Substituting the above conditions into egs. [ - 3 Lo @Sings —1/C| [
(4,5,29, 30) we get: 5 b P 1Y
3Lsru)sm¢5 —2rr foriP
i 1 0 0 Q
Pias Ls ‘/gLsr cos¢p7 0 -
Pibr | = \/§Lsr°°S¢7 2Lrr o = Vb1 = Vir = Var
PQ 0 0 1 = rrier + Lir picr + \I 3 L [ Ccos ¢7 pias
— o si ol 38
-rg ﬁLsrmsindy] ~JHC | [ Has B Sl d e
VLgrosing; - 2r 0 | |iw| - Diode D1-ON & D2-ON
1 0 0 Q
ip1=—1ir & ip2 = - ier,
(35) lar = "(ibr+icr),
Vb1 = Vir = Var = 0,
Vb2 = Ver = Var V1)2=Vr—var=0
. . . cr ar .
= Iy ipr + Lir Pibr + ‘I 3 Ls [ Ccos ¢5 Plas
— O Sin ¢s ias |- - (39) Substituting the above conditions into egs.
(4,5,6,29,30) we get:
Pig [ Ls J.":Ls, cos¢, \ELS, cosps 0 I
plbl’ = \/§Lsr COS¢7 2Ln' er 0
Pler \/§Lsr 0054)5 Lir 2L 0
PRI | o 0 0 1
] ~Ts J3 Lg osin b, V3 L 0sin ds —1/C| |ias
V3 Lg osin b, -2 -t 0 ibr
V3 Lg osin §g _— -2 0 icr (39)
i 1 0 0 0 Q
5.3. Load analysis VL = Vis — ves

Output winding
With load I = ics = — ibs

=2 I's ibs + 2 Lss pibs +\/ 3 Lsr[ cos ¢6 plar
+ COS {4 pinrt COS ¢7 pic,]—'\l 3 Lgo| sin ¢6 iar
+ sin ¢4 it sin ¢7 ice, (40)
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= — Ry, ips — LL pibs. (41)

Rotor windings
-Diodes D1-OFF & D2- OFF

lar = ibr = ler = O:

i|31=0 & i02=0.

Substituting the above conditions into egs.
(29,30) and equating egs. (39) and (40) we get:

Biag dLs 0 by =18 0 R
Po (=l 01 0 140 0 Q

Pinal | © O Zes'iL | L® ° “Crtml |ib

Pias Ls \/§Lsr cosp; 0 0
Pibr | _ V3 Lsr COS¢5 2Ly 0 3Lg cosdg

PQ 0 0 1 0
Pibs 0 3Lgrcospy 0 2Lg+LL

—rs \/ELS,cosimb-, -1/C

ﬁLs,wsinqp, - 21 0

1 0 0

0 3 Lgrwsin ¢g 0

Vb2 = Ver = Var

=I5 ibr + IJn- pibr * J 3 Lsr [ COSs ¢5 pias
— o Sin §s ias | + 3 Ler [ cOS ¢1 pibs

- 0 sin ¢ ibs| . (46)
-1
p ias Ls \/§L5r COS(I)S O O
Picr & JgLsr cos¢s 215 0 3Lgcosd,
PQ 0 0 1 0
Pibs 0 3Lsr cosd’] 0 2LserLL
—Ts \/gLS,msinq)s -1/C
\/5[,5,.(0sind)5 -2 0
1 0 0
0 3Lgosin ¢, 0

3Lgosing, | | icr

Vb1 = Vir = Var
=V 3 Lo [ cOS ¢7 Pias — © Sin ¢7 ias |
+ 3 Lsr [ cOS ¢ pibs — 0 sin ¢g ips |, (43)
Vb2 = Ver — Var

=V 3 Ler [ cOS 5 Pias — @ sin ¢5 ias |
+ 3 Lor [ cos ¢1 pivs — 0 sin ¢y ips |. (44)

-Diode D1-ON & D2-OFF

ipr=-ipr & ip2=0,

lar = —ipr & =0,

Vb1 = Vir — Var = 0.

Substituting the above conditions into egs.
(4,5,29,30), and equating eqgs. ((39) and (40)we
get:

3Lgosindg | |ibr

o (45)

=(rs+Ryp)| Libs

-Diode D1-OFF & D2- ON
ipr =0 & ipp=-—ier
ia_r =5 - icr & ibr nd O,

Vb2 = Ver = Var = 0.

Substituting the above conditions into egs.
(4,5,29,30) and equating eqgs. (39,40) we get:

, (47)

"‘(zl’s"'RL) ibs
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Vb1 = Vir = Var -Diode D1-ON & D2-ON
= Irier + Lo Picr + V3 Lot [ COS 7 Pias
- @ sin ¢7 ias ] + 3 Lsr [ cOS ¢s pibs ip1=—ipr & ip2 = — icr,
- o sin ¢g ips |. (48) lar = — (dbr + icr ),
Vb1 = Vir = Var = 0,
Vb2 = Vi = Ve = 0.
Substituting the above conditions into egs.
(4,5,6,29,30) and equating eqs. (39) and (40)
we get:
- 5-1
[p ias [ Ls \[jLsr cosg, ‘[?;Lsr cosgs 0 0
Pibr ‘/gLsr COS¢7 2Ly L 0 3L COsg
Pigr [ = \BLS, cosds Lo 2L 0 3Lgcosd, | X
pPQ 0 0 0 1 0
[Pibs| | 0 3Lsrcospg  3Lgcosd, 0 2L +L ]
[ - rs ‘/ELS,o)sinq)-, ﬁLs,wsinq)s -1/C 0 | s |
ﬁLs,wsin ¢, -2y —rr 0 3Lgosindg | | ibr
V3 Ly @sin ¢ _— By 0 3pgosing || icr (49)
1 0 0 0 0 Q
| 0 3Lgwsingg 3L wsing, 0 -(@rs+Ryp)| Libs]

6. Experimental and simulation results

The experimental set up is made of a slip
ring, three-phase induction machine whose
specifications are: 4 -pole, 220/380 V A/Y,
11.3/6.5 A, 2.2 kW, 50 Hz, 1390 rpm, rotor:
100 V Y, 14 A. The phase parameters as
obtained by standard tests (no load and
blocked rotor tests) are as follows:
rs =1.92Q,1r=0.32Q, Lis =9.3265 mH ,
Lir = 0.78304 mH , (N, / Ns) = 100 / 345
M = 286.48 mH IMm<1.77 A
M=359.9-41.481Iy mH 1.77 <In < 4.7A
M=2458~172Iyn mH 4.7<Iyu<7.8A
M=111.6 mH Im>7.8A

The induction machine is connected in the
BSESPSG mode as shown in fig. 1 and
mechanically coupled to a compounded dc
motor to adjust the speed of rotation. To
obtain an output voltage having a frequency
f=50 Hz, the speed of rotation is adjusted to
1500 rpm. Voltage building up in this
generator is a transient phenomenon and it
takes place by virtue of residual magnetism
present in the magnetic material. The residual
magnetism should be represented by

assuming initial value for excitation current ias
equal to an arbitrary value say ias = 50 maA.
Self-excitation of BSESPSG is achieved by
using an excitation winding where a capacitor
is used to provide the leading reactive power

required. Computer programs written in
Pascal were developed for simulation
purposes. These programs are used for

predicting the performance of the BSESPSG.
For the simulation results, Euler method of
numerical integration was used. The time
increment for numerical integration At was
chosen to be (1 / 500f), i.e At =4 x 10-5 sec.
For  comparison  purposes, results
obtained from real system are compared with
those obtained from digital simulation.
Performance characteristics of BSESPSG were

determined wunder no-load and loading
conditions.
Fig. 4 shows the experimental and

simulation results for one-diode configuration
at no-load with an excitation capacitor C =
40pF. fig. 5 shows the case of two-diode
configuration, with an excitation capacitor C
= 80pF. From fig. 4, it is observed that the
output no-load voltage is highly distorted.
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Fig. 4. Experimental and simulation results of one-diode configuration at no-load.
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Fig. 5. Experimental and simulation results for two-diode configuration at no-load.
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Fig. 5. (Cont.)
Therefore, this configuration, from the Fig. 7 shows the spectral analysis for the

practical point of view, is useless. Therefore it
will not be considered any further. From fig. 5,
the output no-load voltage is highly improved,
although there is still some distortion. It
should be noticed that comparison between
results for real system and those taken from
prediction performance shows an excellent
correlation between them.

Fig. 6, shows the experimental and
simulation results for the two-diodes
configuration under load condition. The load
used is an inductive load having the following
parameters: R, = 55 Q & L, = 16.58 mH .
Again excellent correlation occurs between
actual and predicted waveforms. It should be
noticed that with load the output voltage
waveform is improved compared with those
under no-load condition.

Regarding field current (diodes current)
waveform, it could be observed that the
amplitudes are not equal. This could be
attributed to the fact that diode conduction
period depends on the reactance to resistance
ratio of field circuit.

242

two—diode configuration at no-load and load
condition.

7. Conclusions

In this paper, analytical model for BSESPSG
has been developed. The mathematical model
is seen to be suitable for predicting the
generator performance under transient and
steady-state conditions. Self-excitation voltage
build up has been introduced. Self-excitation
of BSESPSG is achieved by virtue of residual
magnetism and an excitation winding where a
capacitor is used to provide the leading
reactive power required. Experimental results
showed that build up time is short. This could
be attributed to the low operating frequency.
Study of output voltage waveform revealed
some waveform distortion due to the existence
of large 3rd, 5th & 7th harmonic components.
Predicted and measured results have been
shown to be in good agreement which
indicates the validity of the proposed
analytical model.
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Fig. 6. Experimental and simulation results of two-diode configuration with load.
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Notations

C

ias y ibs ] ic:«)
i&l’ » ibl' ’ icr

Vas, Vbs, Vcs

Var , Vbr , Ver

Aas , Abs 5 Acs
Aar 5 Abr , Acr
Lis
Lir
Lms
Lmr
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Fig. 7. Spectral analysis of output voltage for two-diode configuration.

excitation capacitor,
instantaneous stator currents
in phases a , b & c respectively,
instantaneous rotor currents in
phases a, b & c, respectively,
instantaneous stator phase
voltages for phases a , b & c,
respectively,

instantaneous  rotor  phase
voltages for phases a , b & c,
respectively,

flux linkages for stator phase
windings, '

flux linkages for rotor phase

windings,

leakage inductance of stator
windings per phase,

leakage inductance of rotor
windings per phase,

mutual inductance between
stator phases,

mutual inductance between

rotor phases,

Lsr

25

g

p
Ri.;.Ly

VL
Vit Iy

D,D1,D2
Vb, Vb1, Vb2
ip, ip1, ip2

maximum mutual inductance
between stator and rotor
phases,

stator self inductance per phase
rotor self inductance per phase
magnetising inductance per
phase,

rotor angular position , ( rad ),
rotor angular velocity,
(rad/sec),

differential operator (d / dt),
load resistance and inductance
respectively,

no-load voltage,

load voltage and load current
respectively,

diodes abbreviations,

diodes voltage,
diodes current,

91 =0+ (2n/3), b2 =0-(2n/ 3)
¢3 =60-(n/3), ¢a =6+ (n/6)

¢s =6+ (7n/6), ¢ =0-(n/ 2)
¢7 =0+ (5m / 6), ¢s =0 + (n / 3)
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