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A Study on Design and Characteristics for Commutatorless Kramer
Type Slip-power Recovery System of Induction Motor

Yu, Choon-Sik

Abstract

The induction motor is broadly used in shipboard power drive
equipment and various industrial drive applications because it is
robust, relatively simple and cheap to manufacture. However, it
has a disadvantage in that the induction motor has lower effi-
ciency and narrow width of its speed control compared to the d.c.
motor,

In this dissertation, the design, slip power recovery and
the characteristics of a commutatorless static kramer system
(so-called slip energy recovery system), where the speed of three
phase induction motor is controlled by changing the exciting
e.m.f of the secondary circuit, are described.

For the purpose of this investigation, the mechanical commutator
of the auxiliary machine for the conventional kramer system is
converted into the static thyristor commutator using semi-con-
ductor switching devices,

The proposed control design consists of a 3¢ wound type

induction motor, a synchronous motor, a silicon rectifier con-

verter, a current source inverter and a gate pulse generator.
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Through theoretical analysis, the speed control equation of this
system is derived. Also, two methods of speed control, such as
the field control method and the firing angle control method,
are discussed,
In addition, a new simplified and approximated T-type equivalent
circuit is proposed in order to analyze the tested motor char-
acteristics. The equation of stator and rotor current, secon-
dary induced e.m.f., motor torque, power factor, efficiency,
and electric power are derived using this equivalent circuit.
Through experiments, If-N, input power-slip, torque-slip,
current-slip and slip power recovery characteristics of the
tested motor are obtained, and the various needed constants of
the induction motor and synchronous motor are determined.
The computed values obtained from the above equations of the
equivalent circuit are compared with the experimental values

under the same conditions.

The main results of this study are summerized as follows,

1. Maintenance and repair of the mechanical commutator
is obviated by adopting a thyristor commutator in place of the
mechanical commutator in the conventional krimer system. Thus,
a commutatorless static kramer system is designed.

2. The experimental results of developed torque, input
power, and stator current are generally coincide with the nu-

merical values by the derived equations, proving their validity,
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3. This system was simulated and the following operational
characteristics were obtained with respect to suitable design
values:(a) The speed control range of 9.5:1 is obtained when
the turn ratio of induction motor is lowered to about 3:1 to
4:1 and the generating constant of auxiliary synchronous motor
is increased to 120-170 range.

(b) Its efficiency can be increased to 75-85%, the range
for static scherbius system. The efficiency is high at low
values of synchronous machine field current, thus guaranteeing
safe operations.

(¢) 1Its power factor takes values in the range of 65% -
80%, which is twice of the range for static scherbius system.
This is an exceptionally superior property which is not found
in other slip power recovery systems, The'power factor can be
controlled with the field current of synchronous machine.

(d) The speed regulation with respect to load variation
occurred in the range of 3 to 14%, which is comparable to the
range of d.c shunt motor. This shows that the system has good
slip power recovery performance,

(e) By determining the poles of the synchronous motor
according to its speed range, stable slip power recovery is

obtained without dependance on the control firing angle of in-

verter,

This is a very desirable characteristics from the viewpoint of

series concatenation type speed control method.
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Nomenclature

stator to rotor transformation ratio

inductive susceptance accounting for energy
storage (U)

condenser, capacitance (F)

direct current reactor or D, C link

induction motor self electromotive force (V)
rotor induced e.m.f per-phase at standstill (V)
rotor induced e.m.f per-phase at slip S (V)
armature induced e.m.f of synchronous motor (V)
output voltage from converter (V)

frequency (Hz)

gate pulse generator

conductance per-phase (U)

stator current per-phase (A)

rms rotor current sinusoidal referred to
stator (A)

D, C Link current (A)

field winding current of the synchronous motor (A)

magnetizing current (A)
complex number operator, N-1
constant

filter inductance (H)
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Ns

Py,Pmt
PIV

Xy

Rp
R¢
Rm

Ts

FEMTHBS MEAT oM SHEHEMA L] Bt R Hikel BT BwR
number of phase
motor speed trpm)
synchronous speed (rpm)
number of poles, electric power (W)
mechanical power output (W)
peak inverse voltage
resistance of the stator winding per-phase (Q)

rotor resistance per-phase referred to stator
turns (Q)

equivalent resistance of inverter (Q)
filter resistance {Q)

equivalent resistance (Q)

equivalent resistance of inverter (Q)
slip

motor torque (T-m)

turn-on time (sec)

turn-off time (sec)

turn off time (sec)

reverse recovery time (sec)

line to line voltage (V)

semiconductor voltage drop (V)
or enegy (joule)

stator leakage reactance per-phase (Q)

41



48

Xz

Xm

Ym

Xs

BERBHF AR AP R3E £88
rotor leakage reactance per-phase at standstill (Q)
stator magnetizing reactance per-phase (Q)
magnetizing admittance per-phase (Q)
armature reactance of synchronous motor (Q)
stator impedance per-phase (Q)
rotor impedance per-phase referred to stator (Q)
control firing angle of inverter (deg)
magnetic flux (wb)
speed regulation (%)
angular velocity (rad/sec)

angle of overlap (deg)
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dated 3-8 (%IAEA €3 (slip< e mEHRE B
g weEd s, A%, AEsE 4% %3 - #ERKY (torque—
speed characteristics ) & Axna Tajele RERRAE we® g
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Aol WA oz A nvlo]l a2 =2 A4 (microprocessor) &  § Ao
d9do] HEBmm AAE FRums BRTFREM@oz Ui
HABEBHEY waozsq =2 (trans vector ) o] 28 3 843}
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8% 38 (synchronous rotary converter ), XHEERTEDHR 9 =B
#F (commutator) & 7tAl A FoE, s4d AL AUl
%5t Ao}~ A% (Scherbius system) 3t FEAEF7 S ol 7]
Ad A= Wil =Zam A28 (Krimer system) o] vk
ol ¥ WMEMEL EEF S47724 Axdel B Axn #
AAE AFY ZzAFoR $ALE AAHAs FotAe ATl
gle] AE3bt MFE  fEh

22y, 19609l AHEUEAL 4RI TEo] L EE
B AR SmEs Ausdd 2 KEBEASRS il A3
= g, o

223t TAldE F2 FiERX Avlejx A £¥ (static Scher-
bius system) ol A& @F HhIA Bwsier

8 B|iFX BHRE (static rectifier) & o] &3l £¥AHL K
el ol AFAFA ostd FEAFASFH w@dste 2
Azg 9 25 oy FHTd SAe BPFEBE A brushless
9 Commutatorless{t ®)'9:'1) gtd 7A|H AHZ A 7 2@
A9 mtR, & E%d 7% BE(spark) ¥ 4£FE AATZ
=g ozl Akg std AAHTF (direct driving) 3, ILIEF
' ste AFgel Ak

P ATFdAE BIEF adnAdsdY HPEDHMEA FAMNEBHRM
£ ol fstel WERTMAD AzdE Adstm, of A4 B
W B, KATEE ¥ 2 &ke WAz s

o] AruHe HEBHEARD I e FPoldA, 2REUHE
r VVVFRX EERTEDHD &E< 713 Relsh B A
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ol 2RAH P, &
Py =E,ols €cos B, ooceromemmmmmiii e, 2)

o] e},
A7l Ent 23EUAGE 1AE ag golm, I, = 23
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A7l ¢+ 4F ARG AgdAdE A gFFo=: I, sin
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'Fig.1. - Per unit power flow of induction machine by 2nd excitation.
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A4 24 A2 - E4 +Past EEEFAA ¥A ws
shestel weh RmkEel W@ Per Unit #E (S, - S )7 weby
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AN

i) £ Pevt 2R BAAEHRY A4z Hd
PR A
i) Pt BWEOoEZ [EYE o
5 E o 3 #% ( Scherbius system),
i) £Pe 7t EEEE@OoZ HiE
E HMAEM (Krdmer system ),
o] Hw +Prds S<S, ZEEx S<O02A <£E7 Fobx R
HEAY £xs =, —Pede] S>S, 2 Ho $E7 wop
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oAy B4 aFARAAA dele 2i447 F <Y 3

4ol 9% Eea-&EAc 4oy

2 - 2. BEHT Bk Az B HERE B

%ﬁﬁﬁ% g =l A 4" (commutatorless static kramer
system) & Fig.2elA4 #Hd 34 AAY FzAF7d Fee 7l
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b
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Fig, 2, Commutatorless static Krdmer drive system,

mE TRV EEHH FTHL it
AN E 2REMEEHE Addtsd
ARE e fEE Aolstd HEBPEE
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£23¢ @x 23 AR
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-
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+

Qi B Z7 (auxiliary machine) & A g < glow rholgl Ly

l.,_g

Hole =el FikR FBI#8 (static aux.equipment) o2 A28 &
T4 4 A7 #Eelt

ol 2xREHFBARI vl wdd FA4LE AFEsH  Fig. 3V 3 3}
FEASAS AL BEEANAE SxAels AR oA A
2ol 2 AR FE ARISIE HWAHBRENEES &Y A2 ERHEKR
(short time duty) $x¥el & <+ ged olRAL Fig.3@e D
2 Bl A% o] EHEEREA AL HEol wixy] = Foltt
Ae BIEX Audz A28 Aoz BRH WA 34
< wW JdxdEE Adel AFAAA JAgAHo] L AEE W
el o3 zWPow 34 nz HEMM )

59



60 REWEKRE KBl HRL %88

1.0
2 ® 10
Y ’ ’g -_’_/___(_o)___________,___-
2 o8
3 /0 g (©
& 05k (A) : © < 06 /
] (B)
) ok
- , (B
02...
03 ‘ . ' 1 73 a5 73 0
P giiga_% 0 Stip ~———
(a) (b)
Fig, 3., (a) Measured efficiency (at rated torque )— slip character-

istics,
(b) Power factor (at rated torque)—slip characteristics.
A)— Scherbius— line feedback ;
B)— Krimer — auxiliary IM stator feedback ;
{C) =~ Krdmer — auxiliary IM stator feedback through trans-
former ; ([D)— rotor resistance control ;
(E) — theoretical maximum with closed rotor.
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A ¢ K (64), (66), (70) o &
REBE YIS TN AY e gedoer Fojac
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=
Ec-t E.- emin® [
0 = ; Iq = tIq '——.0.388E = e (72)
2 cos™ (—=) - In 3cost (F) -1y Fmax
Im In
I -t 1.5 ¢t Itmax -t
C= q — L q -:‘O.SQ_L___‘_L... (73)

I I Ecmin
2 cos™! (—Ii) + E. 2 cos™! (I—L) - E.

awe o] AR AMAL weolelze o =10[{pslolz R
Bl AER Ivv 6(A) (EHERS 150% )72 2§ + 3
o aEla #EREdAL 27 FA #H4AY Ecmin S 1750 (rpm)
oA 34 welx sl AFHT Gl F 8.3(ViHEolmnE
AL FEI JEHEHRX (72) (73)e d st @WHA TUA

&
ok eldEe FEET AFA 8(pF]), 10(pHI=2 AA, AU

3 -2, A4 BImEE (Sequential firing circuit)
3-2-1. HEMHE

Azl x5 dWelH e EIl AHE®RE 7 fAstd AxH
o Hiol HEHRMEEE A

FEAFAE 4Folm 60(Hz) 9 AYoz TEHA=RE RAHEE
= 1800(rpm] o] =k

BE F77% oA sAHezr EHEs dorme HERME
Bl o] X EAE (photo sensor) 7} 360 ([Hz]® fAHE EEZ

25 & 317 YA BB oZYMAMK (disc)dl JAF T 124
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360 _
( 800,60 127N E “\lfz‘: e A2 FHdded Bz B
Xetel 2= (LED) % XEmA£¥ (photo transistor) ¢ ¥E X
+BEE T4E ETEAAN A Azde Fxd sse B

s Azyg 4+ A A=
3.2.2. F/V 2ol

Fig. 9 & F/V ZHAHEE uetd iliEOID}. I A (photo
encoder) ol 4 AEH FNAEMNY &xi& fuE EA AlE
(schmitt trigger gate) 74LS14o] sl A HFRE=E BEIIL C-R
A2 (HAEK)AA FAHY wER B2z H- 24F dolod
= S.Del d#A @Y Fgol AAHz, =te e NPNY =
WA 2E] 2SC1061 ¢ wlo]xel 7psiAl =k
B Welulo] walo] B (monostable multivibrator) 24 A& 5 o]

A NE55598 EzA wxld: =dxzdd o Arsed ol

+15V
*]
2002

5K 5K$ | C.%rE LPF
T4LS14 8

LED

Fig.9. F/V converter circuit of control firing device.
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P Eve 841

E21 A whaberel 2 st W~ (negative going pulse)dwj 2
AA Ce e NES559 Wiel Qe mEAEAA2dd o
A stato]l =o] wrdol s

°lef NES555¢ %% High: =t =g 7 20 (k)
¢ 2AACS BrEM (time constant)o] ] 3fed <44 Cx A
°b e 2 FA Aol 2/3Ve (Ve AYAY) A} 2L 0lv)
b w2k, 29w "®asl High (Ve level ) 2 x| <5
= Az Te = 1.1RCelth?™  Zejm NE5559 2dL xq
Y (low pass filter) & S35z Ud Falfel v #Esle Al grol
=k

o 71 A, 7pw A &

How Agad

Fato AL 6E zEs] 9w =

rlo

o] 3E2dAE T3l P2 a4l O(HzZ) ~ 360 (Hz) o
= ZHIAcE
Ton A1 742 F/VEHAHY g¥o]l 360(Hz)Yw Uy ( LP

FHAGLE 0(VI~12(V]Z YoEE

F)ol Zde] 12(V)eld 360(Hz) oA

Ton : Tott = 4 10]nl:]_ _“%]_I:]-

w2} 4] Ton

fl

1 4
—— —_ = O T
360 X 7 = 2.22(ms]elrh

Fig. 102 F/VZvelHifed AHAEHKS %Ha HHIBEY &
g LE o F4e dsw 4F H exE dehyy



FUEHHS RERT oo SAMNEMA 2o BEH 2 Kol PG B

14

R’k

VOLTAGE ( V)

computed values

©-o-o-measured values

0 100 200 300 400
———> frequency(Hz)

Fig. 10, F/V converter characteristics for input frequency vs,
output voltage,

3:2:3, V/F &35

Fig, 11 V/F Zdele8 F4& LEZ4% (block diagram ) 2 |}
bl o] e}

V/F T e He FUshd 7] (sawtooth wave generator), BE
# W HEB R (voltage level shifter), TEMM 58 (zero crossing detec-
tor ), wkold He|ulelr o] B (monostable multivibrator) 308
4=l Atk F/VENAHY £¥ § I 59 &SE& FV
Zwoleel gl == o] AL HEKE (canparator) E A
A4 FUst w4l QlrisiEL
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—-——>] V.R for
v 4 ~ control

F, h to inverter
trom /V R @ gating
converter H i

. H - distributor
comparato: : i :@; vollage © zerocrossing monostable
Mﬂlqmlulw H level shifter detector muittyibrator
'

H
dischargingl | sqwtooth
circult ! wave

il ...._,.t... ...} generator

Fig, 11. Block aiagram of V/F converter in control firing device,

U=t w4sle F4& Ued Aol Fig, 12(a) ol o Z Y51y
< JEld el Fig, 12(b) o]tk

discharging

circuit ,‘F“
o discharging
L >C ST \e____!___ R
e
R;
-I-—W\l— L -~ o
- " ~charg |- — 1(sec)
i 1c3 > -able

b
(a) (b)

Fig. 12, Configuration and waveform of sawtooth wave generater,

A71A, FUst LA BEHEE (integrator ) 9 A 3] 2 (discha~
rging circuit) 8 TFAHe glonm Q¥ Enol Qlrsyd 24
A Ciol Agtol FA A}



FAEHR) KEMT 2078 SABNEKA 2] Bat R Kol WY FE
olel E A Cid <wdel Vel #HL Az KEEEKS %
e @5 wAe]l #d" 54 ERA Cid Fdol =Ha ukd
°of He FHET WEIA FUSE HHYALE

FUSEACe 24 ($M9) & REAUEBEA QAHL 9y
ol4  9l7}5l &= negative (=) AT mEol Heol Fusiazlye] HwB
Hel, o] Fold Fusles dHAEAA 0(VIHel HAEHc
FAAEZAA e T (-)R Fste P (negative
going pulse) & wl =wtqtA Heluloln o]y st E= Asw %% High
level o1 =tk olw High level o] ALHE AL wkatA e
dlel nalel 8 FrEBE A" Atk xRt HelulelraolH Y
9 ¥ on-—pulserst o}F Folep dted AL KEMEREL
ondH & Al7+E& @A Aol

olgA st WA wtAFEjupol vaolHE 2HL AN
o el Xz FH¥stY dRE HWEBEAA G wAs=Rd
b= ek |

Fig.119 £XBPEL Fig. 13, 28| 4 A é]i—% Fig,14
ol JEbWS R

V/F 2 o8 &8 dFAgel ot £F3F359 FA4T AL Fig
1561 Bk

85



86 REWE AR AR R B E

Ve
A\
Vp"""‘ e e
0 negative voltage
:-:::' (b) — time
g
Z ok A1 A
/ l/ 1/ —>time
(c)
Vies ,
-\ —> time
(d)
0 | 7 . ——>time
(e)
O—” U | —time
(f)

Fig, 13, Waveforms at different points in V/F converter of

control firing device.
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70
] 60} ’
ASO"‘
>‘ - /‘//
o 40 o
)
- ,,
3 30+
L -
20
Y --0--0--0-- measured values
1ok I ————— computed wvalues
0 1 ] s | 1 | 1 ] 1 | 1 | 1 i
0 2 4 6 8 10 12 14

—————> VOLTAGE (V)

Fig, 15, V/F converter characteristic for input vol tage vs.
output frequency,

3:2-4. Alo]E EAH L HiRRE

e

V/F Exejel2 Ry deojxl T3} H2AF5E o} 34 q
Holei o 6709 AelEAAdGFolel BAMAFZl dS 1FAd 7
Z 60°8 NHES e EUAMLE wEoWe RXoE  Fig.lé
< 34 AdoHY AolE ErARL SMBd WI¥I2ZE Y
=},

V/F 2wl o2 2y wAd" 0~360(Hz)Y A YA 3 (serial
pulse) 7t o] E E2]A ¥ o] B (schmitt trigger inverter ) & A=A
A FHE EEM 4 -9 EFHH3E (synchronous up/down 4-bit counter)

(74LS193)9 EcA gxd Qldsz A+59 4-uEe Wds



HUTHR] KEHT 2B $AEHEMALRS BEF R Kikol BT %

, s Q.
presettable synchronaus _ — G
u%own 4&bit counter ’;:
- 1 Q,
a Aslys 1|2 = — G
Qb—Adu  lF =
n Ax 13 2
3 Z l
7415193 7415422
from %conver{er 5 z
0«360/-2 B g l »
clock 5 6 g
7
reset decoder

Schmitt trigger gate

Fig, 16, Gating distributor circuit of control firing device for
main power inverter

4 (4-bit parallel output ) & ©|R2 (decoder) (74LS42)9 4 —
MlE W™ Ed AgHe 0~974AY 1049 Hz-d A58
Low2 ¥4 vk ols) 6wa cl@o% (decoding) 43S
"l E E2lA Aol E (schmitt trigger gate) & AX A $r]e g 4=
(reset) ol AA3t" AF7le 0~574x9 HPSZ 685 A<4s
t €3 PUAES 0~57x <gysiudA A <A "k
0~572¢ Low 2o A58 Fig.160148 7o sty =}
A2 R-S FF (R-S flip flop)¢ Sel 2 2w 43= R
423" QuiAele AelE 479 Azt A AW, o] (FEE
& vehd Rel Fig, 170

89



90

WM AE KBb AL B @

tput
i e e O
74193 input sig.

P l |
74193 reset sig:
1 __
%42 Q A — L L

inPut Qi A J L
SIg. Q. A | ] |
0 — B L
;
2 L
3
L = ——
: e J —
T
—  t(sec)
o A R | f
a, .
Ol
Q, J
| D
Q. T A
Qs I L

Fig, 17, Timing chart of gating distributor in main power inverter,

3-2-5, AlolE HWIFH

SR & Moz He =AY (digital) 437 AlolE FE Y
d#=d (Fig.20%2 ) o A%+ C-R3Ze A8 #HHE 2 (
Fig.18(b)) 7} HI Ve(+5v)el odd=" A3l Y 2,5 EE
ulolol 2= ok (Fig, 18(c)),

o} AZs FulE ElA gl o] B (schmitt trigger inverter) ol ¢
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a\
@) ] ’
¥ &
(o —
o

ZL'SV ’1‘_(:;-----‘-——'--->
(©) ¥
@) ﬂ """""""

e) [ l

Fig, 18, Waveforms at different points in gate pulse amplifier
of control firing device.

45l Fig. 199 #vlE =24 Awolse 54 o o8 Figls

(diell A SE# (upper trip point)ql 9]¥ = qto] 0.82E olslz m

A= ¢2el Yol High(4.0(V))2 Sz = Ja¥% (lower

trip point) Sl Q& alceke] 1,68E ol4toz HE L7164 2o
Low(0.25(V]) 2 =o F-el4telZ (duty cycle ) o] - 22 o
Ad" £ (digital pulse) 7} ole}zle} °1FA g 7 a9 o] %)
d¥LE E2 WA 92 3e49 A5 g OR gate (IC

7432) % FAA7E oY o &2 (Fig. 18(e)) 7t =t}

of A& EAAN2 wojzel ssim Edf A £ 9 ZTHYH ol
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+152E0 13 FAol HAYZ oF@x HzEWXE (pulse trans-
former ) 8] 2 %% ozt AFS Adel FFHA dHeI 2
(double pulse) A& (Fig.18(f)) 7} dolAd Hrewdxd 2 23 ol
As gHrr 2R dimsAFs QoA AETAAHFAA A

olEAlz2 AbEsth

A
N
©
.\(_1'4
fru
I
Ky

Fig. 202 3tue 4ol gt AolEd LT

£

40V L 7
r Y

| N —
® 6

utp LTP  ——>Vn

Fig.19. Schmitt—trigger inverter characteristic,



93

2 Feitol IS HRE

HHTHR KBAT oo SYRHEKA 2R B

*30149p Butrry joijuod ur 1dt1jijdwe asynd ajen) “0Z B4

ZEL ;
wo\% 0
%0 4 %
g u
) J 0
u il
—U\Q\lﬂ < 12
D /J
ngO\.- 19 oLy
u u /Am I 470
“Q : GA 1“
vl . T
7iS77L vOLY
'™
1901952 X
EA D g VO0LY AS
1 o
) 1ld
H1 v vz
AGL+



BEREAE K$ AE £8R

AR A2WREHE AFHd ¥ BR

4 - 1. AfFA Ao EuEnits

0.75 kwo] 4£¥ 34 AAY FEAFTINE dA ALt BEETF
AL ZeviAarle 2% 23 AxE sty YW wEIRA
0.5 kw 34 REBHESL “1Adoz ANAsz Arldezye f#
A OEDEY 2xE¥E A4eEA R/ (RECL)E AH43 ny=x3
A3 AFe B (d.c reactor ), 34 w3 =AY clolelzE gl
HE A F7AF579 dddel =HAEE slg

a2zl FAEFZY IAEEE RS (encoder) 2 X EH A

iy

st AldlE FMELEB(GPG)d gHstz o7l wEdal =

2l A = A (trigger pulse) 2 thol2j 28l E Eial A H o}

(4
4

EA2%, FVEWHE, VF

DHEEEES, Aol EfFHR EER T2

o714 AlE AT LAz

[»

Fd ol f, AlE EA H
2 TARE

®x F779 RyEfKe 4 Ade <Sebol= (slidac ) 3
AeE€ ZFERB[B(REC2)EF AH AF2 & =& 50(0V],
22000 pF]) 2¥lA 8HE ez oHstd olze® 2 F (ripple)
BrE AAstS 32EA Pk

BEBES 232 g8 71543 (starting resistor) 2 o3}
q Yo BBEH(low stating current) & =2 7|F E2 3 (high

starting torque) 54 & o]l&Fogy s E4] BEHE AT Avdy

‘_{_ol

Hoafgade &£4% wAYL
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B 27 24 HRB A3 EHABEESE (DCG)d
A4 Fad AFstd PR, $EE A 29y E#e A o
ZA e o] E (tacho-generator) & HBRBELZ 23tk AREB
Bigol LAste Ee=e HHML EETFY AMd 4T BE
il (potentiometer) 2} A= 8 I/HE (spring type tensionmeter)
= g

WhEHE GREBR 2HAE HA455F Adse] $4F
EEFo 4ste KAd s Jdeds 2AAY aEY fe] 4
3¢ Eoeas Ager ZAsE FAon

2Rz Azl Bdste AA EozE Efe] 4x® ==
v Bale]2¥  FHA (prony brake type dynamometer) @ 23§t}

Fig.212 4gAx A% MkMol= Fig.22+= 4832
AE Aol

Table 1€ A&el 432 HEASY], EHM, Qe TEHKE, ]
ARl Agd HEAUE celetse HEULTHE HHBT
o) o ‘ .
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Fig. 22, Photographs of experimental apparatus.
(Upper : direct coupled motors and instruments

Lower : converter, inverter and gate pulse generator .
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Table 1. Rated values of experimental apparatus

(1) Wound type induction motor
0.75(kw)
4

output
pole
frequency :60 (H:)

full load current :3 . 5(amp)

(2) Synchronous motor

output 0.5(kw)
pole 4
frequency : 0-60(H,)

(3) Silicon rectifier

model SW 08 PCRO075

max.current .75[A)

{4) High speed silicon diode

model : 12JG11

P.I.V :600(v]

rpm 1750

phase 3¢

voltage : 200

rpm 1800(at 60Hz)
phase 3¢

voltage ; 10-120(V]
P.1.V 800(V]

It(AV):12(A)
tyr imax 0_2[#%]

{(5) High speed silicon controlled rectifier

model :SC16C-60]
P.1.V :600(v)
didt :50(A/ps)

(6) Load machine
type d.c generator
rpm 1750

current :5(A]) excitation

I7(AV) 1 16(A]
t g max 10{ ¢s ]

dv/dt iminl00{ v us)

H.P:1/2
voltage:115

:separately excited
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4 2. B B X REHEAE

HRERMT 1,=0.41[A), 1350(rpm), AHEH 2.85(A) Un|
&L L syl

Fig.23¢ H#EAEAY 1245+ TFHL ALALH sfo] o
d 233 #7% AMPY HPe drde Fig.2eE  thele

FE IHAHY FYsaty o] PRBEH (pulsating current) 24 2 F

o

& ol T¥sm Yeormg FWFMHEEK (smoothering circuit) S
ARE-E A A S "HAd Al FA edE2L2ILZ R 3

ted 2l Aolw

X
ol

Fig. 23. Voltage waveforms of 1.M stator(lower) Fig. 24. Output waveforms of three phase full-wave
rectifier(upper) and d.c., reactor(lower).

and rotor{upper).
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100
A% A WY F

Fig.23e4 34 H=a%79
2 z}&o0] ac 51(v), 15

4= 1x206] ac 215(v]), 60(H,) o]z, &
(H) 24 S=0.25¢ 453 Fstg9 sxdde] Fr5dE=:

Fig.24 9 rloje 9= Fwely FHay (4 )d 23R &

FHREKSAF A AASA EHAKEAA
o 63(vdc] 2 o] EART ta

F 4ol

Aokl frl = 9wk
V/Fawelt 2¥siyoz
Frd MEEET A& + Adw

Fig.25% JyAt 0.5(v])~ 12(v)

ool Al iy gkel wld =

Pulse waveforms in gate distributor for

Fig. 25. Output waveform of V/F converter in Fig. 26.
Thl(upper) and Th2(lower) of main power inverter

control firing device(1l ms/div, 2 v/div).
(1 ms/div, 2 v/div).
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Fig.26 2 V/F&ueltz ¥ H2AFE ot 6742 cholel
262 EEIA A4 (firing sequence) ol wel TAHOE % 3.4 7
s 9el 60cpAoE AMARN stHeR A4 B TR A
s 3lA]  60°2 wAlse]l ol &3 H LA

Fig.27 2 HAME=E I FHd2% % 1~28E HEE F
da s mdAd ol a2HE EAANZ F JdomE AdE T
a4 o 152E o4 Fxy =2V Fz=2 FIAZ AH
olek, T chelE 4o EEA 4771 4

#  60°fMMES ZE FF3 ] 2= 2~ (amplified double pulse)”t

[~
s
i
[w)}
<
o)
s
fo
e

AolE IMIEEME e o] Eo wA F wAHAT U=

Fig.28 ¢ wxdoz 600348 dEdze AdEAIZE AwH
CowelHE SR W AEAd LBAME AT A d
Wolre MABHEES 233 Roz o&zx} & dAdte I

& HERES SAEz Ao @ Qg =lEA

Az
2
2]
ol
Rl
2
32
K

BT (O

Fig. 27. Amplified firing pulse waveforms for Thl Fig. 28. Output current waveform for main power

(upper) and Th2 (lower) of main power inverter. inverter.
(1 ms/div, 10 v/div)
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7e2la  Table 2=

A A st

=
=

BHKTE
HEEE
¥ AT (rated load) &

v

el =

BEEE~

abgl =

rlo

e -1 1A
8 o
A1

I EN 7 5k

1350( rpm] o] 4

A A4

7143 £ ol 4]

R A,

1350(rpm]) &2 HHA))

FAAA, F251510(rpm) o] A

1750( rpm] ©. &

A =
SEF

REMEE

Fig.8 9

1750 (rpm] S A} of] 4]

752}

=)
7k 3

BmAz

BILE zdEbnAsgorn

54

ihd =

7 81

0.75kw, 3¢ HAY FHEAF7e 574157

A5

%

Table 2, Experimental values when rated load was applied
to no load 1510 rpm condition

Measuredggtem if:loi*‘nitg.S No load| Rated load [Unit
IM stator current ” 2.8 3.5 amp (ac )
IM rotor frequency i 13 H,
converter imput voltage 2% 34 29% (43) | vac
converter output voltage d 47 40 (64) | vdc
d.c reactor current e 0.3 2.5(0,3)! amp(dc)
V/F converter output frequency f 50 47 H,
INV. line to line voltage g 41 35 vac
INV . line current h 0.2 1.9 amp(ac)
INV . output frequency i 50 47 H,
S.M induced frequency j 50 47 H,
S .M field current k 0.2 0.2 amp(dc)
Tested motor speed 1 1510 1415 rpm
slip m 16.1 21.4 %

Response for variation of speed setting with control parameter .
at deceleration :880ms
at acceleration :750ms
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4 - 3. FREKA AT ®ttE Hz

BEHRT SEE Idadqzde BSpEse s 1Hd A8 @
BEUTHERER (Fig.7) 2 ¥ 22 R (43),(44),(49),(50),
(55),(57),(58),(59) o, ZH= AG2H4Y, HHER (blocked ro-
tor test), MAWKE (no load test) 5€& A1 sd AR H5a
719 B2 EFI1Y # EBME (Table 3 ) & dta, Aoy
o HEEKA (a>150) 22 dYAAL Aol RzES] A
AAF I:9t ¥38F (load variation) o] w=E <% SS  slein

HE gt dAd A= Az e F3yo

Table 3. Various constants obtained from the tested motors

1) 3¢ wound type induction motor

ri = 1,9968 rz =2,2702
x1= x2=3.5512 gm =0,01296
bm= 0,0195 Ym =0.2339
Xm= 34 473 a=0,952

2) 3¢ synchronous motor
re =0.1951 Xs =0,2785(case [)
rs =0,2604 xs =0,3713(case 1)

4714 Ko HwEadHe $dzAste 4de B4 Qe K
WEstS) 43¥ng B9 RRI SN2 BEFERY B34
¢ #9s A% AEE A4fd

Fig.20% A4=Z2ade] 483 F2es—= ol
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subroutine values

T, L0, %0, %, 15 Yo, @,V

dimension
2,2, YY, YY, TMT,PMT, PF, $8=0.¢
; re aa ;

Ti,Ts,%), X3, ks, X5, Yo , @ V] DO 10 I=1 50

mmzaff% )
e |
: (PP el ™

(™

(R

/ write /
2,,2,YY,.YY, TMT,PMT, PF,

call values

no

ES=ES+5.¢

yes

GK=GK-0.1

[ D=Float(1)# 0.02 |

i
[ ss=ss-D ]

L

[ return l
L

C End D

Fig.29. Flow chart of computer program for equivalent

circuit computation,

TANELS A Aygor oBHdor fmsl K (26) o
QW ole e HlMEEIAS UASA (a>150°)% AHAA BE F7
o

CREEEES



FREHSC) RENT 2998 SAWNEKA D) Bat R Hieol Y HE 105
olw] HE —FEL2Z (L3 rated torgue) & XA WYk
Fig.30 & A¥A3} ooz I;—NEHliEoE Casel & ¥2F

71719 Esmx® 1:1.00A) |4 E, =90AB (v)HEF3sd Ky
Ki=52.04 AAdAE 44 AL #o|x, Case [+ E,,=12
ABIvIE sl KgK.=69.322 & wmjo]ck

Alzde] ol&d #HHFH}E Falstrl AHA Case 9 xAd

A4 F AE0Y EEF/EBF HmkE 1:19 SddA Bshy

g ol #al 4AF AFAdAHE Fig.301A42 o] 0.6(A]) vl

o AaAfger Aoy ZE3 EREHEE  1750(rpm) (slip =
0.028) 4 3 1210(rpm](slip=0.328)7}x o] &3} Y54 «

% Aol AU

—
0]
Q
(o)
T

1400

1300

system motor speed (rpm)
>
S
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Fig.32, Comparison of computed values and measured values
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Fig.34. Current—slip characteristic curves computed at

different field current values of synchronous motor.

_ s li=oons(a

1=Q12(4)

== Torque [ N-m }
[o:]
L4

| 1=02(A)
{=Q3A)
6k
|1=
na
2+
0! 1 A i 1 1 | 1 i \
T ® B8 0 06 05 0 BB @ O O

Fig.35. Torque~slip characteristic curves computed at

different field current values of synchronous motor.
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Fig.37. Power factor—slip characteristic curves at different

field currents of synchronous motor.
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Fig.38. Speed vs. input power characteristics in load
variation,
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