Brushless self-excited single-phase synchronous generator

Part II - Improved rotor excitation technique
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The brushless seif-excited single-phase synchronous generator 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 voltages. A rotor diodes configuration using three-diodes is suggested for
improved output voltage waveform. The effect of changing machine parameters is also
investigated. The generator operates synchronously to produce output voltage where
residual magnetism is needed for self-excitation. This paper presents theoretical
investigation for transient and steady-state performance based on voltage equations in
real machine variables. The study revealed that using three-diodes improves to a large
extent the harmonic content of the output voltage waveform. The study, also showed that
the machine parameters have some effect on harmonic content.
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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] proposed a three-phase motor of slip-
ring type to replace ref.[2] system as shown
in fig. 1. Part I [6] was the scope for
investigating the effect of using either one or
two diodes on the rotor circuit. This paper is
concerned with an attempt to improve the
output voltage waveform. For this reason a
rotor diode configuration is proposed where
three diodes are used instead of two diodes.
Figg 2 shows this proposed diode
configuration.

As the machine runs, and using the
residual magnetism present in the rotor body,
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‘procedure will

a small amount of induced voltage will be
produced circulating current in stator
capacitor winding. A pulsating field will then
result in the air gap due to the circulating
current in the excitation winding. The
pulsating flux can be resolved into two
rotating flux components. The backward
component of flux will move opposite to rotor
rotation and hence induces double frequency
voltage in the rotor circuit. Rectifying this
voltage produces a dc rotor field excitation
which will contribute to increased stator
induced voltage. Consequently the voltage
induced in the rotor windings will grow up
giving rise to more circulating ‘current. The
continue until balance is
reached by virtue of saturation and self
excitation is achieved in this case.

The voltage equations in machine variables
given in part I are used here for the simulation
purposes. Also, saturation effect equations
given in part I [6] is going to be used.
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Fig. 1. Construction of BSESPSG using two diodes.

Fig. 2. Proposed rotor diode configuration.
2. Proposed diode configuration

The proposed generator is analysed using
voltage equations in machine variables
mentioned in part I [6] under different diode
connections. As has been mentioned earlier,

one of the stator phases is connected across a

capacitor to perform as the excitation winding
, and the output voltage will be the phase
resultant of the remaining two phases as
shown in fig. 1.

2.1. Excitation winding

Ve= = Vas = (l/C)Ilas dt = Q/Cy 1 (1)
Where,
Q= Ivias dt it i.e. PQ = igs. (2)

Substituting eq. (1) of part I [6] into eq. (1) we
get:

Ls pias = — I'g las — Q/C — Lgr p[ lar COS O
+ ibr COS §1 + icr COS ¢2). (3)

2.2. No-load analysis

Output winding
At no-load ips = ics = 0,

VNL = Vs — Vs ;
=y 3, Lst| cos ¢6 piart.cos ¢4 pibr
+ €08 ¢7 Pice]- V 3 Lo sin ¢ iar
+ sin ¢4 ipr+ sin $7 icr]. (4)

Rotor windings

Eight states are possible. Using machine
equations given in part I [6] and eqs. [1-4] we
get the following states.

-Diodes D1-OFF , D2- OFF & D3-OFF

iar = ibr = ier =0,
iDl=0, i02=0 &iD3=O

Pias _|Ls 0 & —rs —1/C| |igs
Rl e o

Vp1 == Vpr ;
= = Ler [ COS 0 pias — @ sin 0 igs |, (6)
Vb2 = Vir
Lsr [ COS ¢l pias - ® Sin ¢l ias ], (7)
Vp3 = Ver
Ly [ cos ¢2 pias — o sin ¢ ias ] (8)

“"-Diode D1-ON , D2-OFF & D3-OFF - -

iDl*-'iar ’ ib2=0&i[)3=0,
ibr=oy &‘icr=0
VDl = —Var = 0,
Pias| | . Ls Lgrcos® 0 o
Piar [ =) Lsrcos© L (15
pQ 0 0 1
-rs .Lsr®sin® ~V/C| |ias
Lsrwsin -rr 0 g [ d9)
1 0 0 Q
Vb2 = Vi
= —(!/2) Lmr piar
+ Lsr [ cOs ¢1 pias — 0 sin ¢; ias ], (10)
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Vb3 = Ver
= ~(!/2) Linr piar

+ Lgr [ COS ¢2 pias — ® Sin ¢2 ias ]. (11)
-Diode D1-OFF , D2-ON & D3-OFF
ip1=0, ip2 = —iprand ip3 = 0,
lar = 0& i =0,
Vb2 = Vipr = 0.
Pias Ls Lsrcosy; O
Pibe | = LsrC°S¢| Ly 0 X
pQ 0 0 1
"rs Lsrmsin ¢l -l/C las
Lsr@sin ¢; =rr . 0O ibr
1 0 0 QJ, (12)
Vb1 = =Var
= (1/2) Lmr pibr
— Lgr [ cOS 6 pias — o sin 0 igs |, (13)
Vb3 = Ve
= —(1/2) Lr pior
+ Ler [ COS §2 Pias — ® Sin 2 ias |. (14)
-Diode D1-OFF , D2-OFF & D3-ON
ip1= 0 , ip2=0 & ip3 = —icr’
far = 0 & iy =0,
VD3 = Vcr = O-
& -1
Pias Ls Lsrcosd, Of
Picr |=| Lsrcosé, Lr 0] x
pQ 0 0 |
-rs Lsrosing, —1/C| [igs
Lsrosing, -rr 0 icr
1 0 0 Q], (19)
Vb1 = ~Var
= (1/2) Lur pier
— Lg [ cOS 0 pias — @ sin 0 ias |, (16)
Vb2 = Vir
= —(1/2) Lmr pier
+ Ler [ COS §1 Plas — © Sin ¢1 ias ]. (17)

-Diode D1-ON , D2-ON & D3-OFF

ip1 = dar , ip2=-ibr & ip3 =0,
icr = O,
Vb1 =-Ver =0,
Vb2 =Vipr =0,
Pias Ls Lsrcos®  Lgcosp, O =
Piar | [ Lgrc0s® L -1/ O
Pibr Lsrcos; —(1/2)Lyr Ls 0
PQ 0 0 e
-rs Lsr@sin® Lgosing, —1/C| |ias
Lgr@sin® -rr 0 0 iar
Lgr@sing, 0 —rr 0 ibr
1 0 0 0 Q
(18)
Vba = Ver
= "(1/2) Lmr plar s (1/2) Lmr pibr
+ Lar [ cOS ¢2 pias — @ Sin §2 ias | . (19)

-Diode D1-OFF , D2-ON & D3-ON

’ iD2 =—ipr & ip3 = "‘icr '

V2=V =0 & VD3=vcr=0y

Pias Ls LsrCOSd;  LgrCospy 0
Pibr | | Lsrcos, B ~(1/2)Lne O
Picr | [Lercospy ~(1/DLpme  Le O
pQ 0 0 0 1
-rs ‘Lgr@sing; Lg®sing, —1/C| |ias
Lgr@sing, -1 " 0 0 ibr
Lg @sing, 0 -rr 0 icr
| 0 0 0 Q
(20)
Vb1 = —Var
= (1/2) Lmr pibr + (1/2) Lr picr
— Lgr [ cos O pias — o sin 0 ias |. (21)

-Diode D1-ON , D2-OFF & D3-ON

ip1= dar , Ip2=0 & ip3=—icr
ibr 0,
Vp1=-Va=0 & Vp3=Ve=0,
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Pias 135 Lsr€0s8  Lgcosp, 0 E
Piar Lgrcos® L+ ~(1/2)Lme O
Pic]| |Lacos /B "6 0
PQ 0 0 0 1
—rs Lg@8in0 Ly osing, —1/C| |ias
Lg 0sin0 -1y 0 0 iar
Lgr@sing, 0 -Ie 0 ibr
1 0 0 0 Q
(22)
Fpias- ( Lig Lsr€0sO®  Lgcosd,  Lgcosd,
Piar | | Lgrcos® ke ~(1/2)Lie ~(1/2)Lnr
Pibr |=| Lgr€0sd; —(1/2)L s Ly —(1/ 2)L s
Picr | [Lsrcosdp; —(1/2)Lme —(1/2)Lpy L
Lot 61 e 0 0 5% = p )
e 4 rg Lg®sin@ Lgosing, Lgosing,
L ®5in0 1 0 0
Ls,oosimbl 0 -rr
Lgosing, 0 0 oy
b 0 0 . 0

2.3. Load analysis

Output winding
With load IL = ics = — ibs

Vi = Vs = Vs :
=2rs ibs +.2 Las pibs
+V 3 L] cOS ¢6 piart COS 4 Pibr
+ cOS ¢7 Picr] -V 3 Lero[ Sin P iart Sin da inr
+ sin ¢7 i, (25)

= — Ry, ips — L pibs , (26)
where Lss = Ls + (1/2) Ls.

Rotor windings

-Diodes D1-OFF , D2- OFF & D3-OFF

ia]‘=ibr=ic|' =O,
ip1=0 , ip2=0 &ip3 =0,
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Vb2 = Vir
= —(1/2) Lur piar = (*/2) Lmr picrt

Lsr [ cos ¢1 piag — ® sin ¢ das |. (23)

-Diode D1-ON , D2-ON & D3-ON

ip1= dar , ip2=-ibr & ip3 = —icr
V1)1=—Var=0, VD2 = Vbr =0 & VD3 T Vcr ¥ O',
oT!
0
0%
0
lJ
=1 70T Tag
0 iar
0 et (24)
0 | |icr
0 |19
pigs] [LR00:E sovc TR
pPQ |=({0 1 0
Pibs| [0 O 2Lgg+LL
-rg —1/C 0 ias
1 0 0 Q ; (27)
0 0 -(2rg+RL)| libsy
Vp1 = ~Var

= —Lor [ COS 8 Pias — © sin 0 ia |
— ¥ 3 L [ cOS ¢6 pibs — ® sin 6 ivs |.  (28)

Vb2 = Vi
= Lg [ cOS ¢1 plas — © sin ¢1 ias |
+ Y 3 L [ COS 4 Pibs — ® sin ¢4 ivs ], (29)
Vb3 = Ver

Lsr [ cos ¢2 pias — ® Sin ¢2 ias |
+ N 3 Lgr [ cos ¢7 pibs — ® sin ¢7ivs ], (30)

-Diode D1-ON , D2-OFF & D3-OFF

ip1 = lar , ip2=0 & ip3 =0,
ibr B O & icr = O,
VDl = “Vqr = 0,
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-1

Pias Ls Lsrcos® 0 0
Piar Lgrcos6 L¢ 0 ~/§Ls, cosdg
pQ || o 0 1 0
Pibs 0 J3 Lsrcosdg 0  2Lg+LL
—rs Lgwsin®  —1/C 0 ias
Ls;@sin® ~rr 0  BLgosingg| | ia :
1 0 0 RS LT B (31)
0 +3 Lgr 0sin g 0 =(2rs+Ry) | |ibs
Vb2 = Vir -Diode D1-OFF , D2-ON & D3-OFF
= —(1/2) Lmr piar + Lsr [COS ¢1 Plas
 — @ sin ¢; ias ]+ ¥ 3Lsr [ COS 4 pibs ipi= 0 , ip2=-ipr & ip3=0,
- @ sin ¢4 ivs ], (32) =0 & ix=0,
Vb3 = Ver Vpz = Vir = 0,

= —(1/2) Lmr piar + Lsr [ COS ¢2 Pias
- @ sin ¢z ias ] + ¥V 3 Lar [ cOS ¢7 pibs

- sin ¢7 ibs ]. : (33)
-1
Pias Ls Lst COS¢; _ 0 0
Pibr || LsrCosd; Lr 0 V3Lgcosd,
pQ | | © 0 1 0
Pibs 0 ‘ELsr cosp, 0 2Lg+LL
-rs Lg@sing, -1/C 0 ias
Lsr osin ¢| Iy 0 \/5 Lsr® sin ¢4 ibr | » (34)
1 0 0 0 Q
0 ‘/gLsr“)Sin‘h 0 =(2rs+Ryp) ibs
Viy = ~Var - - Diode D1-OFF , D2-OFF & D3-ON
= (1/2) Lur pivr — Lar | cOS 0 pias _ : ; .
— @ sin 0 ias ] = V 3 L [ cOS b6 Pibs ipr=0 , ip2=0 & ip3 = ~icr,
- o sin ¢ ibs ], (35) jar =0 & =0,
Vp3 = Ve Vbs = Ve =0,

= —(1/2) Lmr Pior + Lar [ COS $2 Pias
— @ Sin ¢2 ias ] + Y 3 La [ cOS 7 pibs
— o sin ¢7 ips |- (36)
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-1

Pias Is Lgrcosp, O 0
Picr || Lsrcosé, I8 0 ﬁLS,cosd).,
po el 0 1 0
Pibs 0 ofSLatonds U Hty
-rs Lgosing, =-1/C 0 igs 4
L ©8in ¢, ~ry 0 3L osin b7 | icr
1 0 0 0 Q
0 ‘/5 Ls; @sin ¢, 0 -(2rs+Rp) ibs ¢ (37)
Vb1 = —Var -Diode D1-ON , D2-ON & D3-OFF
= (1/2) Lur picr — Ler [ €OS 6 pias i ) i
~ © $in 0 ias ] = V 3 Ly [ cOS §s pibs ip1 = dar , ip2=-ibr & ip3 =0,
- 0 sin g6 ivs ], (@8) i = O, - |
. . Vpi1=-Vae=0 & Vp2 = Vipr = 0’
Vb2 = Vi,
= “‘(1/2) Lir picr + Leor [ cos ¢1 pias‘
- sin ¢rias | + ¥V 3 Lo [ cOS ¢4 Pibs
— ® sin ¢4 ips ). (39)
Cota i dy Lgrcos0 Lsrcosp; 0 0 5y
Diar Lgrc0s6 Lt (/DL 0 \/§LS, cosdg
Pibr | =|Lsr€0s¢;  —(1/2)Lpyy Lé 0 VBLgcosp,| x
pQ 0 0 0 1 0
[ Pivs] | 0 ~/§LS, COS(g \/§Lsr cosp, 0 2Lg+LL J
[ -1 Lg ®sin 0 Lgosing, . —1/C 0 Ll
L @sin 0 " 0 0 3 Lor @8in §g | | g
Lsr wsin ¢l 0 Bl | 0 ‘/_3- Lsr(DSin ¢4 ibr
0 0 0 0 Q
e SiLgosings VBLgosing, 0 ~@re+Ry) | Livs] (40)

Vb3 = Ve - Diode D1-OFF , D2-ON & D3-ON
= —(1/2) Lur piar —(*/2) Lmr pibr
+ Lor [ cOS §2 pias — © sin ¢z ias | ip1 = , ip2 = —ipr & ip3 = —icr,

+V 3 La [ cOS ¢7 pibs—0 sin ¢7ips . (41) iar = 0,
Vb2=Vir=0 & Vpz=V,=0,
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Pias Ls Lgr COS¢, Lsrcosg, 0 0
Pibr Lsr cosd’l Lt _(I/Z)Lmr 0 ‘/E)"Lsr c°5¢4
Picr [=|Lsr€08¢y  —(1/2)Lpy Ly 0 ‘/-3_Lsr cospy | X
pQ 0 0 0 1 0
[Pibs| | O ‘/§Lsr cosy ‘ELsr cosp; 0 2Lg+Lp |
[ -1 Lgr @sin ¢, Lgosing, -1/C 0 1 [ias ]
Lgr @sin ¢, -rr 0 0 \/ELS,msin bg ] [ibr
L @sin ¢, 0 - Iy 0 V3 Lo osing, | | icr ’ (42)
I 0 0 0 0 Q
0 BLgosing, BLyosing, 0 ~(2rs+R1) | |ibs]
Vb1 = ~Var -Diode D1-ON , D2-OFF & D3-ON
= (*/2) Lur pivr + (*/2) Loor pler
— Ler [ cOS 0 pias — @ sin 0 ias | ip1 =lar, 1p2=0 & ip3z=—icr,

~V3 L [ cOS ¢6 pivs — o sin ¢o ivs).  (43) ibr = 0,
Vp1=-Ver =08 Vpz=Ve=0,

[ Pias T LgrCOs0 Lsrcosdp, O 0
Piar Lsrcos® Lr ~(1/2)Lne 0 ‘/§Lsr cosdg
Picr [=|Lsr€0s$; —(1/2)Lpy L¢ 0 \/SLS, cosdy | x
pQ 0 0 0 1 0
| Pibs] | 0 ‘[3—Lsrc°s¢6 \/ELS,COS(I»I 0.+ 2L gt J
[ -1 Lg @sin 0 Lgosing, -1/C 0 1 Tas |
Lgr @sin 0 ik 0 0 \/gLsr(DSin b6 | | iar
Ls; ©sin ¢, 0 o 0 VBrgosing,| | i ; e
1 0 0 0 0 Q
0 SLgosing, V3Lgosing, 0 ~@rg+Ry) | |ibs]
V2 = Vir - Diode D1-ON , D2-ON & D3-ON
= —(*/2) Lmr piar —(*/2) Lunr Picr :
+ Lor [ cOS ¢1 pias — © sin ¢y ias | ip1 = dar , Ip2=-ipr & ip3 = —icr
+ ¥ 3 Ls[cos4pivs— ® Sin ¢a ins). (45) Vp1=-Va=0, Vp2=Vi=08&Vp3=Ve=0,
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3. Simulation results

Unfortunately the rotor star point of the
available machine is unreachable, therefore
only simulation results are possible. The
machine used is mentioned in part I [6].

A computer program written in Pascal was
developed for simulation purposes. The
program is used for predicting the
performance of the BSESPSG. Fig. 3 shows
the simulation results of the proposed diode
configuration for no-load and load conditions,
with an excitation capacitor C = 80pF. The
load used is an inductive load having the
following parameters : R, = 55 Q & L =
16.58 mH . It is clear that a large
improvement has occurred as a result of using
this new diode configuration, when compared
with the case of two-diode configuration given
in part I [6].

Fig. 4, shows the spectral analysis of
output voltage for different configurations.
This figure reveals that the new proposed
diode configuration has drastically improved
the output voltage waveform. The harmonic
content has been reduced from 9.391%,
7.758%, 5.063%, 3.797%, 2.997% and 2.103
for the case of two—diodes to 3.744%, 1.477%,
0.783%, 0.988%, 0.67% and 0.578% for the
case of three-diodes, for 3rd | Sth | 7th = Ggth
11th and 13th | respectively.

Fig. 5 shows the effect of changing
machine parameters on spectral analysis of

440

-1

B v R RS Ly c0SO Ls; COS¢, Lsrcosp, —-1/C 0
Piar Lgrcos6 L -/ —A/2)Lpr 0 \/gLs, cosdg
p ibr 2l Lsr cos¢] —(l /2)Lmr Lr —(1 / 2)Lmr 0 ‘/§Lsr COS¢4
Picr| |Lsr€0sdy ~(1/DLme  ~(1/2)Lpr I 0 3Lgcosp,|
pQ 0 -0 : 0 DS 1 0
| Pibs] | 0 ‘/:;Lsr costg ‘/gLsr oS, \/ELsr cosy 0 2LstLL ]
i e L @sin O Lg; @sin ¢, Lg@sing, —1/C 0 Toliad
Lgr@sin 0 - It 0 0 0 \/gLs,wsin be | | iar
Lgr @sin ¢, 0 = 0 0 ﬁLS,msin b4l |ibr
Lgr 0in ¢, 0 0 < pg 0 BLgwsing;| |ic (46)
1 0 0 0 0 0 Q
i 0 ﬁLs,wsin¢6 \/EL,S,(»sincb4 \/?:Ls,(osimb7 0 = (2rs+RL) | Livs]

output voltage. A further reduction in
harmonics content has been realized when
using a machine with modified parameters |
Munsaturated = 0.75*0.28648 H , xir = 0.75*0.246
Ohm |, % = 075293 Ohm |. This

-improvement is 23% reduction in 3rd harmonic

component over unmodified machine from
3.744% to 2.891%.

The harmonic content improvement can be
explained as follows: fig. 6 shows the variation
of maximum magnetizing current Iy for two-
diode configuration and the new proposed
diode configuration. This variation is between
6.59A & 5.9A for the two-diodes, while for the
three-diodes it is between 4.87A & 4.45A for
the case of the original machine, and is
between 3.17A & 2.94A for the modified
parameters. This smaller variation in Iy means
which

more steady magnetizing current
improves the output voltage waveform.  Also,
fig. 6 shows one cycle of maximum

magnetizing current , Iy , variation depicted
on the I - Ia plot. A quick look at these
characteristics show that the locus for each of

‘the above mentioned cases is getting smaller

for the proposed diode configuration. A further
improvement for output voltage waveform
occurs for the machine with modified
parameters showing even a smaller locus.
Therefore, an improvement in the output
waveform could be expected by looking at the
Im variation and/or Iy - Iq locus.
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Fig. 3. Simulation results of proposed conﬁguration for no-load & load conditions.
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Fig. 4. Spectral analysis of output voltage for different configurations.
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Fig. 5 Effect of changing machine parameters upon spectral analysis of output voltage
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4. Conclusions

In this paper, an analytical model for
BSESPSG has been developed using a three-
diode configuration in the rotor circuit. 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.

The study showed some salient features
for the new proposed diode configuration over
that using two-diodes, these are :

1) highly improved output voltage waveform,

2) drastic reduction of the harmonic content,
and

3) reduced magnetising current, and a smaller
variation for maximum magnetising current.

Notations

D1, D2, D3 diodes abbreviations,
Vb1, Vbz, Vb3 diodes voltage, and
b1, ip2, ip3 diodes current.
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