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ABSTRACT 

This is a report of consultation and assistance provided by 
ae as a UNDP Consultant to CEERI for the perioo February 26, 1987 
through Karch 24, 1987~ The obje~t was to contribute to the 
UNDP/UNIDO Project Research by CEERI to devise Electronic Systeas 
for AC Motor Drives to use in transportation ap~lication. During 
this period, five lectures were presented on technical topics 
relevant to variable frequency aotor drives and application of 
GTO thyristors. In addition, two of the *ive lectures were using 
the· Over Head Projector using ay fre~ hand transparencies: the 
technical substance of the reaaining lectures was using a slide 
projector. 

Technical advice ~ provided .!!!!.:.. 

(a) Ef ficieney iaproveaent techniques !?r the inverter fed 
ind-uction aotor drives. 

(b) Accoustic noise aeasure•ent. • 

(c) Reduction on electro aagnetic interference aeasureaent. 

(d) The design consideratio~ techniques of GTO gate drive 
circuit, Snubber circuit, Circuits inductance reduction 
and the equipaent layout of the GTO in~erter for 
trans~ortation tnverter-induction aotor drives. 

(e) Technical 
techniques 
abstraction 
inverter-AC 

suggestion was provided on - protecting 
of the induced electroaagnetic wave 
to coamunication line for transportation 

•otor drives. 

The aupport concludes with suggestions and recommendations 
for further work in related topic. 

1. INTRODUCTION 

I arrived in Delhi on Thursda~ evening, February 26, 
accoapanied by my wife. We met the travel agent at the airport 
and received my return flight ticket from Delhi to Tokyo. Then we 
went to CSIR Science Centre. On Friday, Kr. P.K. Mukherjee, 
Adaintstrative Officer, CEERI alongwith Mrs. Bhalla came to aeet 
us and escort us at Science Centre. I was taken to the UNDP 
office at 55-Lodf Estate escorted by Mrs. Bhalla. In UNDP office, 
I received a bcief ing on ay Assignment f roa the officer and then 
received funds ftoa the Finance Officer after lunch ve vent to 
the CEERI office in Delhi. We left Delhi by car at 3.30 PM and 
arrived at the Sidhu Guest House in Pilant at about 8.00 p.m. We 
ate our evening meal and then retired. On saturday evening, Dr. 
G.N. Acharya, Director of CEERI and his wife invited us to our 
welcome dinner. 
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· On Monday •orning, Karch 2, Dr. C.H. Acharya aet ua at the 
Gueat Bouse and took ae to CEERI. Dr. Acharya deacribed CEERI 
activities; ve visited · laboratory; I bad further general 
diacuasiona vith Dr. Acbarya, Kr. U.K. Rao, Kr. Perlekar and Mr. 
Vinod H. Valivadekar on plans for •Y work. Ve agreed that I woul 
first present five lectures starting on 10th Karch, 87 at 4~30 PM 
and continue daily one lecture - I prepared a draft of the titles 
for the lectures which were reviewed by Dr. Acharya and then 
revised and finalised. After autual discussions with pove~ 
electronics group we decided to·work on following topics:-

1. Keaaureaent and Reduction of Acoustic Boise f roa 
_Inverter fed induction aotor. 

2. GTO Inverter Considerations. 

3. Efficiency Iaprove•eDt technique• for inverter 
drive 

2. EXPERIENCES!!!!!!!!!, PERFORMED!!. PILANI 

2.1: Lectures 

The following lists of the five lectures were presented in 
the CEERI Auditoriua. 

Karch 10 

March 11 

March 12 

March 13 

March 18 

. . 

. . 

. . 

. . 

. . 

Research activities at Meiji Univ., Tokyo. 

Analysis and Characteristics of Nev 
Source GTO Inverter Fed Induction 
(1),(2) 

Current 
Motor 

lap roved Curre:it source GTO Inverter for 
High Frequency Induction Motor Drive (3) 

Steady Stace Analysis of Inverter Fed High 
Frequency Induction Motor Drives (4). 

Application of GTO, Design Consideration for 
Circuits and Application of GTO for AC 
traction drives (S) - (10) 

The techni~al substance of the lectures vas presented using 
specially prepared visual aids with the slide projeccor (Karch 
11. 12 and 13) and the over head projector using •Y free-hand 
transparencies. 

2.2: Measurement & reduction of acoustic noise -................................ - -- .......................... ------
(A) Accoustic noise reduction !!. Induction Motor 

Accouatic noise generations. 
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Accoustic noise in In~uction Motor-is generated due to 
follo~ing factors: 

(1) Mechanical Noise. 

There are two types of noise: 

(a~ Viad noise. 
(b) Magnetic no~se of the unbalanced circuit. 

(2) 1 Baraonic Boise. 

Thia will be present when the Input to the motor 
Baraonica. 

(B) Senaiti•ity !!! Buaan· ~ !.!_ the sound 

contains . 

The sound le•el attenuation 
Huaan Ear is shown in fig. 1. 

as a function of frequenc~ .of 

Froa the figure, it is clear t~at the ear is aost sensitive 
in the frequency range 1 Kqz ~~ 4 Khz. 

The sensitivity decreases towards low frequency as vell 
as towards higher frequencies. 

This suggests that the accoustic noise should be minimised 
in the frequency rang~ between 1 KHz, where as relatively higher 
level of .noise can be tolerated frequencies go below 1 KHz or 
go above 4 KHz. (11) 

(C) 

(i) 

Nature of the Accoustic Noise ------
The accoustic noise increases with 
frequency except with PWM waveform, in 
slowly increases up to 25 Hz and then 
trequency. 

the fundamental 
which case, !t. 

decreases with 

(ii) At any· frequency with V/f constant the accoustic noise 
with PWM and PAK is more than in case of sine wave. 

(iii) up to 2.5 Hz Noise with is mo~e than that Jue of PAM wh~re 
as above 25 Hz, it is vice-versa. 

(iv) Harmonics noise is in pulses and the frequency depends upon 
~ the switching frequency. 

(D) Suggestions ~ reduction !!!. Accoustic noise 
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Mechanical Noise 

The vlnd nols~ and aagnetic noise can be reduced the 
f ollovlng vay. 

(1) · The phasevlse. syaaetry should be aalntained in the 
aecbanicaL·structure of the aachine. 

(ii) T~e aagnetLc circuit of the aachlne should be as balanced 
as possible. 

. . 
(111) The aechanical aounting of the aacbines should be tight so 

aa to reduce the aecbanical vibrations. This la because if 
the freq~~bcy is closing near to the aecha~ical resonance 
frequency the noise and vibrations are aaplified:-

{iv)- Space haraonic f la~ is reduced by a., increased · length of 
air ga~. 

Baraonic Noise 

In order to reduce noise due to haraonics which are 
generated in non-sinusoidal input~ The following are suggested. 

Th~ switching of the non-sinusoidal pattern is to opti•ise 
that. 

(i) Least har~onics are 
between 1 KHz to 4 
sensitive. 

generated in the frequency 
KB~, where huaan ·ears are 

range 
aost 

(ii) Baraonic frequency (Apparant switching frequency) aay b~ 
shifted at higher frequency side where ears are less 
sensitive as shifting lt to lover frequency side aay cau•e 
torque pulsation. 

(E} Suggestion ~ Measureaent !?.! Noise power 

When aeasuring 
filter aay be used, 
the ear so the readfars 
be better understood. 

the total noise pov~r vith level aeter, a 
whose characteristic is siailar to that of 

are aore near the real and its effect aay 

(F) lxperiaental Observations 

A measur~•ent set-up vas prepared to conduct .acoustic noise 
aeasureaent. The aeasureaents were conducted Kith · following 
equipaent. 

(1) Ohaidirectional aicrophone ha•ing 60 db .sensitivity. 

(ii) Audio aap11f ier with 60 db gain. 

(111) Spectrum Analyser. 
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~iv) Tvo special lov voltage AC-Induction Machine. 

(v) 40 ~VA PVH Inverter. 

(v.i} D.c. Generator for -loading the aotor. 

The observations are gjven in table I,II and III. It aay be 
.noted that the noise picked up by aicrophone consists of 
l~verter, both aachines .and emrironl!ient noise. 

(i) Fundamental Frequency 

(ii) Distance of Microphone 
f roa Induction Motor 

(iii) Condition 

(i) 

ttoiae Frequency 

100 Bz 
196 Bz 

· "364 Bz 
456 Rz 
544 Bz 

Pundaaental Frequency 

(ii) Distance of Microphone 
f roa Induction Motor 

(iii) Condition 

Boise Preguency 

32 Hz. 
98 Bz 

128 Bz 
160 Bz 
230 Bz 
268 Hz 
322 H~ 
452 Hz 
644 Bz 

TABLE-I 

. . 

. . 
5.8 Bz, PVH wavefora 

O.S Meter 

: Induction Motor without load 

Aaplitude .!!. !!!!_ 

2.51 v 
0.21 v 
0.23 v 
0.15 v 
0.60 v 

TABLE-II 

: -10 Bz, PVH vavefora 

: 0.5 aeter 

: Induction Motor without load 

Amplitude !l!. !!! 
o.a1 v 
2.84 v 
0.38 v 
O.lS v 
O.S6 ' 0.47 ' 1.07 ' o.42 v 
0.62 ' 
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TABLE-III 

(i) Fundaaental Frequency 

(il) Diatance of Microphone 
f roa lnducti~n Motor 

(iii) Condi~ion . 

Boise Frequenc1 

32 Bz 
9E Bz 

232 Bz 
316 Bz 
469 Bz 

. 

. • 15 Bz, PVll vavefora 

:. 0.5 aeter 

: Induction Motor vihout load 

.. 
A•plitude !! !!! 

0.20 y 
2.72 y 
1.26 \' 
0.72 v 
1.45 \' 

2 •. 3: ill, inverter deaign conaideration 

Following topic• vere diaeaaaed in detail• 

2.3.1 CTO gate dri•e circuit. 

2.3.2 Turn on and Turn off anubber circuit•. 

2.3.1 ill, gate dri•e circuit 

In order to turn on the CTO, it ia neceasary to feed a turn 
on (forward) current to the gate. The typical current vavef ora i• 
abown in fig~ 4. The turn on gate current ~onaiat of two 
parta. -The fir•t part • provide• the required riae time and the 
peak gate current while the other part provide• average on atate 
gate current. This current i• required to aaintain (V~) on atate 
voltage drop to ainiaua. 

To turn off the GTO, a negative volt·age is applied to tlie 
gate with respect to cathode. The turn off mechanism can be 
explained by tvo transistor analogy shown in fig. 2. 

8hea gate i• applied negat1Ye bi•• with reapect to cathode 
then the BE junction of T2 ia reversed biaaed and the collector 
current of T2 decreaaing vhich reault• in further "decrease 
of ICl, ao the rate riae of re•erae voltage and peraiaaible 
re•erse voltage and current dictate• the turn off tiae and 
aechani1J••· 

The circuit discuaaed in detail la given in f ii• 3 

To turn OD the GTO transiator QI i• turned OD the capacitor 
C3 discharge• t~rou1h 11 and C~ junction of the CTO providing 
tirat pulae and auf f icieDt ri~e t!ae. Late~ on capacitor Cl 
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discharges through R2 and Rl GK junction of the GTO providing 
average gate current. To ~urn off the GTO transistor Q2 is turned 
on causing negative voltage connected to the gate. The zener 
diode-diode network is used to eait reverse volt3ge to the safe 
operating liait. 

(2) Snubber Circuit 

The recoaaended circuit for snubber is as shown· in fig. 5. 

It is coaaon practice that aanuf acturers of GTO provides 
. the value of Cs depending on load current. 

The value of Rs is aainly decided by permissible discharge 
current and the reapplied dv/dt of the device. 

The turn on di/dt choke is decided siailar to that of 
thyristor but Ri and Di are essential to dissipate the stored 
energy in the choke. The diode selected for Ds and Di should be 
of High Frequency type tb·e di/dt choke shou.ld be air core 
aultiturn with current carrying cap&city same as that of GTO. 
Other snubber circuit discussed were shown in fig. 6(a).(b). 

Designing ~ gate drive circuit 

Gate turn off thyristor under considerastion is SG JOOUll 
(Toshiba) 

Specifications 

VDIUt 
IT (RMS) 
ITGQK 
Peak forward gate voltage 
Peak forward gate current 
Minimum gate on state 
voltage 
Minimum gate on state 
current 
Gate turn off ~~ltage 
Gate turn off current 
Storage time 
Gate turn off time (Tga) 
Tail time 

. . . . 1600 v 
120 v 
300 A 

15 Volts 
15 Amp. 

1.2 volts. 

0.5 Amp. 

20 v. 
80 Amp. 
13 ps 
16 )JS 

58 p.s 

In figure 3 •Cl is the filter capacitor and depends on 
power supply ripple. To reduce the ripple content· genPrally high 
frekquency square wave A.C. source is used. The output of this 
source adjusted to voltage requirements of GTO for turn on and 
turn off by providing transformaer tapping (Sl, S2 in fig.3)Xhis 
o/p rectified and filtered using Cl and C2 capacitors. 
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The first pulse requirement of CTO decides the value of R2 
and CJ. The peak gate current and peak forward gat~ volc~ge 
decides the continuous collector current and VCEO of cransiscor 
QI. 

The capicitor CJ is charged to VD when the transistor QI is 
turned on, the capacitor C3 first discharges· through R2 and gate 
eathode junction of CTO providing sufficient ris~ time and p~ak 
forward gate current. 

The peak forward gate current 
The peak forward gate voltage 

Then R2 • 15volts • 1 ohms. 

15 Amp 

15 Amp. 
15 volts. 

The value of C3 depends on permfss~ble rise time of forward gate 
current. 

for SG300Ull is 7 A/us 

Relation between tw and (R2CJ) capacitor time constant is 
empirical and ~s given by 

0.5 t 
w 

C3 can be calculated with R2 known tw is defined in d~ca 
sheet as ton for SC300ull ton-7.0 and td-2 psec. 

; 10.5 )JS 

0.5 x 3 Cy• 15.75 µF 
C3 • R2 

Sinze the avg. on state current is 50v mA for SG 300Ull 
therefore the value of RI is calculated 

To 
voltage 

VD 15 
R • •--,---- • 30 ohms 

1 IFG(av) 500 mA 

turn the conducting GTO co off stntc r~quires a 
across CK junction by turning on Transistor Q2, 

9 
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connected to gate of GTO. The capacitor C2 discharges through 
gate cathode junction via transistor Q2. The aaxiaua peraissible 
GK reverse voltage is specified in aanufacturer data sheet. To 
liait the reverse voltage ze~erdiode-diode (ZD-D) is connected 
across gate cathode as shown in fig. 3 • The turn off gate 
current required for turning off the anode cu~rent is 80 Aap and 
aaxiaua reverse voltage is 20 volts. Transist~r Q2, VCEO should 
be aore than Vs and the collector current aust be at least 1.5 
tiaes the peak gate current. 

The aost iaportant point in GTO gate drive circuit is the 
wiring inductances should be as saall as possible and the gate 
cathode leads aust be twisted to cancel the inductive effects. 

2.3.2:Analysis of Snubber Circuit 

The generally recoaaeded circuit for GTO snubber is as 
shown in fig.6(c)along with half bridge. 

The snubber circuit component plays important role in 
liaiting voltage spike and ~ver shoot and to protect the device 
fro• damaging due to excessive rate of rise of on state Anode 
current. The wiring indµctances plays very dominant role is 
generation of voltage spikes and overshoots. Therefore, the 
equivalent circuit along with wiring inductances should be 
considered, while designing snubber circuit component and its 
influence on overall system performance. Fig. 6(c) indicates the 
GTO half bridge circuit with all leakage _inductance~. 

The circuit operat!on is divided in three parts. 

Mode 1 Assume load current IT is constant through out turn 
off process and the GTO Gl is conducting. 
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At any instant to the GTO GI is applied turn off pulse. 
Then the· voltage drop across GTO slowly rises and the Anode 
current of GTO slowly decreases. During this period the snubber 
ca~acitor starts charging through Ds and load. maintaining load 
current constant. 

i ~i 
A S 

diGl di l 
-dt (11+12)+VAK = __ s(l +l )+-fi dt 

dt 3 4 c s 
s 

di 
s 

= LDP dt 

or 
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Mode 2 During this period GTO turn off. The 
current is almost constant. This situation prevails 
capacitor voltage becomes equal to Ede. 

capacitor 
till the 

Mode 3 In this mo~e capacitor start over charging. Thus 
Diode is reverse biased and the capacitor charges through RS. The 
capaci~ or current starts decreasing and nov the load current 
ia supplied by diode D4. 

In this case 

and 

$ubstituting = i -i T s 

Sol~e above equation for i • s 
then substituting 

= Ed+{w~ -w(1 3+1 4 )}1Tsinwt 
s 

where w .. l 

Thus the overshoot is given by 

. IT 
or 6V = - = . viC 

s 

l~ r./;c: s 
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Thus the peaking voltage and overshoot can be calculated. 

3. RECOMMENDATIONS: 

At present CEERI POWER ELECTRONICS group is engaged in 
thyristor inverter aainly because of the availability of 
thyristors in India~ under the present prograaae CEERI is 
developing AC •otor drives for transportation applications. After 
discussions vith the personnel of Pover Electronics group1 I 
observed that CEERI is planning for road vehicles operating from 
lov input voltage and aain line locomotives" f roa bigh input 
voltage. In this regard I recoaaend Pover transistors inverter 
for road vehicles and GTO inverter for aain line traction. 
Onf ortunately CEERI is unable to procure power transistor & GTO's 
in tiae which aay haaper the progress of the project. Even though 
CEERI is trying their best to procure these devices I suggest 
th2t UNIDO should put special efforts to procure & supply pover 
transistor, GTO's, GTO gate drive aodule, S.I. Thyristor and also 
s.I. transistor _ fro• Japan to CEERI for research and devel~paent 
work for the project of Electric vehicle 

Regarding the aeasureaents of accoustic noise, I suggest 
that this needs further investigation in following ways. 

(a) Coaparison of the noise by PWM input and sine wave input. 
This clearly shows the effect of haraonics on accoustic 
noise. 

(b) Separation of the accoustic noise produc~d by: 

3) induction motor. 

b) inverter 

c) environment 

As the power electronic• group of CEERI in having limited 
personnel this type of theor tical study needs extra personnel say 
one or two to strengthen the group. 

Already CEERI designed and developed transistor inverter 
using 100 Amps transistor. I suggest that CEERI should put more 
efforts in developing GTO inverter. 

In my view I feel that CEERI power electronics group is 
having plans for transportation similar to that of what Japan 
thought of in early eightiez. As Ja:;ia.:1 !:as alre"lc:· do:1e a lo-:: o:' •:ori-: :.n 
AC Motor drives for transportation it is advisable that CEERI 
Scientists of Power Electronics group should visit Japanese 
Universities and industries to get more practical knowledge about 
transportation equipment. As a first step Mr. U.H. Rao, CEERI who 
is going to university of Wiscosin in near future may have a stop 
over in Japan during his return 1ourney for a short time. Hr. 



U.K. Rao ••7 aead his ezact prograaae so as to fix his •isits in 
.Japan. I also atroagl7 reconmend other en&ineera of CEElll for 
loag tiae stay under ezchaage prograaae. 

Vblle working oa GT\> 1a•ertera, ·1 suggest that CEElll should 
·~- read7l7 •••liable gate dri•e circuit• instead of de•elopiag 
thaa. 

Plaall7 I recOlllllend the following equipaent to entrance 
the facilities in power electronics lab of CEElll. 

I- alao recoJ11D.end to CSIR, Go•t. Of India· and other 
rele•ent bodies that it is worth thinking of ha•ing a 
collaboration project between CEElll, Meiji University and 
possibl with a Japanese iaduatr7 on AC Motor dri•es which willplay a 
•ital role la industry aad traaaportation in near future. 

Detailed discaaaioaa with 
electroaica group, I ha•e, aad 
electronic• group ls ~ngaged. 
future for further collaboration. 
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1. INTRODUCTION 

The content of this lecture is as follows: 

. The first is "Gate Turn Off Thyristor" that includes 
principle of GtO operation, Ratings and characteristics of GTO. 

The eecond is "Deaign consideration for circuit" that 
includes gate drive conditions and circuit, vaveforas of gate 
current/voltage and anode current/voltage, gate drive circuit and 
snubber circuit. The tnird is "General Application of GTO" that 
includes GTO Converter, -GTO inverter and Active filter. The final 
subject is "Application of GTO for AC traction drives" that is 
coaposed of Pre3ent status in the GTO Inverter - Fed AC traction 
systea in our country and aain subjects of GTO inverter, 
Induction aotor and electroaagnetic interference for traction. 

2. ~ ~ ill Thyristor 

2.1: Principle~.!!!! Thyristor 

The bas~c principle of operation and construction of- GTO 
thyristors are siailar to those of ordinary reverse blocking 
three-teraina~cbyristors. However, the GTO is carefully deviaed 
to aaziaize .Jc8 function of interrupting a ~oad current by 
injecting a negative iate current. 

Figure 7 _s\~ws a theoretical cross-section of a ~~yristor. 
The thyristor hr.a a construction of four layers, Pl, Bl, P2 and 
R2. The layer Pr is foraed into an anode electrode, the layer M2 
into a cathode, and the layer P2 into a gate. This tbyrist~r can 
be assuaed as a coabination of tvo transistors, as shown in 
figure. I 

I vieh to oait the illustration of turn-on operation. 

~n order to return the thyristor f roa on-state to off
atate, a reve_rse biaa aay be applied for a certain tiae between 
anode and ca~t.ode, or the load current aay be kept below the 
holdi~g level. In order to apply a reverse bias between anode and 
cathode, an ordinary thyristor calla for a coaaulation circuit to 
sustain a flow of reverse current against the load current. 

Figure 8 shows an off-operation aodel of the GTO thyriator. 
Assuae that a positive biaa is applied to the cathod and a 
negative biaa is to the gate between gate G and cathode t, as 
illustrated. 

At that tiae, a current flova froa fhe gate to estract the 
stored carrier in the baae region of the the R2-P2-Rl transistor 
and to apply a reverse bias to the 12-P2 junction. At the aaae 
tiae, th~ negative gate current cause• the collector current Icl 
of the Pl-11-P2 transistor to reduce forward ba¥e current of ll
P2-B2 transistor because R2-P2 junction 1• reversed ~aaed. For 
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this reason. the N2-P2-NI transistor loses its base current and 
assuaes an off-state. 

On the other hand. the supply of base current to the Pl-Nl
P2 transistor is suspended because N2-P2-NI trnaistor is in off
state and the collector current lei stops also. Thus the GTO 
gains in blocking state. 

The gate reverse current keeps flowing and then stops when 
the collector current of the Pl-Nl-P2 transistor is finished. 

However. this current has to be •aintained below a holding 
current. Otherwise. this current lei becoaes a base current of 
the N2-P2-Nl transistor. which can be a cause of retriggering. 
The turn off capability of the GTO by injecting negative base 
drive is described. 

This capability is called the function of 
extinction. self-arc-

For the Power GTO's the following characteristics are 
called for: 

i) 
ii) 
iii) 
iv) 
v) 
Vi) 

Controllable on-state current is large. 
Turn-off gain is large. 
Reverse gate voltage is high. 
ON-state voltage is low. 
Gate trigger current is small. 
High reliability is assured. 

2.2: Rating ..!.!!.! Characteristics of ~ 

I vill ~how to you about operation, Ratings and 
characteristics of GTO Operation of the GTO should be observed in 
the following four periods: 

(1) OFF State 

(2) Turn-on process 

(3) ON State 

(4) Turn-on proces~ 

Characteristics and ratings in the above •tatu• are 
explained on the basis of the sample selected, for exa~ple • 

. 
Table 1 shows ratings characteristics r~garding the off

status. 
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In these tables, the repetitive peak off-state voltage 
(180~ V) is a aaximu~ voltage th3t can be applied in the forward 
direction under the.r.ondition that the GTO is off. The peak off
state current (400nA) is a maximum lelakage current carried at 
that· tiae. 

If a ste.ep ch~;.nge occurs in_ the applied voltage, the GTO 
cannot aaintain the.off-state unless the rate of change of the 
applied voltage is limited below the critical off-state voltage 
rise rate (1000 V/ps). In addition, it is necessary to keep the 
reverse gate voltage (V/ps) applied between gate and cathode, in 
order to •aintain the orf-state. 

On the other hand, the repetitive peak 
(200V) is a maximum voltage that can be applied 
direction. The peak off-state reverse current 
maxiaua leakage ~urrent carried at tha tiae. 

reverse voltage 
in the reverse 

(40 mA) is a 

Table 2 show ratings and char~ct~ristics concerned with the 
turn-on process. 

In order co get the GTO turne~ on, it is necessary 
a turn-on (forward) current to the gate. The peak gate 
(50A) is a maximum value of gate current which can be led 
damaging the cro at that time. 

If repetitive turn-on operation is intended, 
necessary to suppress the average value of this gate 
current belov the average on-state gate current (4A) 

to feed 
current 
without 

it is 
on-state 

When intending to avoid unusal temperature rise during 
turn-on operation, it is necessary to suppress the rise of anode 
current in turn-on mode belov the crictical on-state current rise 
rate ( 200 A/rs). 

The permissible loss generated in the gate area due to this 
gate current is indicated by the average gate on-state power 
(20W). The time required for turn-on operation is called the 
turn-on time (6fs) and it is specified in the table of 
characteristics. 

Table 3 show ratings and characteristics concerned with the 
on-state. 

The RMS on-state current (200 A) is a maximum rms 
(effective) value of a current that can ~e led through the GTO. 
The non-repetitive surge on-state current (6000A) is an 
overcurrent which can be led in unusal case such as load short
circuiting. 
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The peak on-state voltage (2.3V) is a terainal voltage of 
GTO appe~ring when the on-state current ia carried. This value ic 
specified at GTO's rated controllable on-state current. 

Table 4 show ratings and characteristics concerned with the 
turn-off process. 

In these table~. controllable on-state current (400A) is a 
maximum anode current that can be turned off by applying negative 
gate current. while the tiae requireaent for turn-off operation 
is specified by the turn-off tiae (5 us) • 

.I 

In order to get the GTO turned off 9 it is necessary to take 
out the current fro• gate by applying aaxiaua peraissible reverse 
voltage across gate and cathode as indicated by th~ reverse gate 
voltage (50V). 

above 
The GTO aay be damaged unless the aaxiaua value of the 
aentioned current is kept below the peak gate turn-off 

(220A). Vhen this current flows inside the GT0 9 there 
a voltage drop which is indicated by the reverse gate 
drop (35V). 

current 
arises 
voltage 

Vhen turn-off operation is over. a surge voltages is 
generated by the effect of wiring inductance in the gate circuit. 
This surge voltage should be absorbed otherwise gate-cathode 
junction may be damaged. 

Therefore, this value has to be suppressed belov the value 
indicated by the peak reverse gate voltage (130V) by ainimising 
stray wiring inductances. 

Table 5 shovs the main ratings and characteristics of very 
big GTO's which are available at present. The GTO which is 
ratings of VDRM/4500V and ITGQ 2000A has a aaxiaua ON state 
voltage drop 3.5V with turn off time 10 ~ sec. 

3. Design Consideration !.2.!. Circuit 

3 .1: £!!..!. Drive Cond ... _.ions 

To make full use of the CTO !unctions, the gate conditions 
are the most essential factor1. Figure 9"shovs an exaaple of gate 
waveform vhich aaaures exact on-off operation of the CTO. Let me 
expre11 the gate current required in each mode 1hovn in this 
figure in more detail•. At first, turn-on period (Mode A) is the 
one in which the GTO moves froa off-state to on-state by the 
effect of gate current and the load current carrying area is 
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going to be expanded from a narrow area to the overall area of 
junction. Therefore, current density is very large in the initial 
state and a local temperature rise occurs. 

The greater the gate current, the wider the initial 
conductive area and lover the local teaperature rise. In general, 
it is necessary to lead through the gate a current which is 
roughly 10 to 30 tiaes the gate trigger current apecif ied in 
catalog. 

I will express about the second period that is on-state 
period (Mode B). As I already shown you, the GTO is just the same 
as a conventional thyristor so far as it assumes a turn-on state. 
Therefore, the GTO will be turned off if the anode current is 
below the holding current and there is no gate current if there 
is a lagging load like a motor control inverter. 

I will show about ~uring the thiro and fourth periods, 
turn-off periorls (Mode C and D). Since the GTO aakes itself 
turned off by ieading an off-gate current, insufficient off-gate 
current (IGQ).or a small gradient of that current (digr/dt) will 
result in extension of turn-off tiae, thus causing internal 
destruction of the device due to failure in interruption of 
current. 

The maximum value (IGQK) of off-gate current has to be 
arranged in a circuit configuration where it can be aore than the 
crest value determined by the following expressions: 

IGQK is equal to or is larger than controllable on-state 
current (ITGQM) divideii by off-gain (G). 

The off gain (G) usually lies between 3 and 4. In the 
section of Mode D for the turn-off process, this period (C+D) is 
a time necessry for the recovery of the off-state blocking 
capability through the elimination of carriers of positive holes 
and electrons accumulated in the base layer. 

I will sh6w about during the fifth period, off period 
(Mode E). When the off-gate current stops flowing and the turn
off time has expired, the GTO recovers its blocking capability. 
However, since the GTO is not provided with a cathode-emitter 
shorting construction like a conventional thyristor, the gate 
must be applied with reverse voltage to hold the rated blocking 
voltage. 

This voltage can differ according to the 
construction. It is generally maintained above 10 volts. 

device 

In this statP~ false turn-on cannot occur even though a 
steep rising voltage (dv/dt) should have been applied, provided 
that this voltage is below the permissible level. 
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3.2: Gate Drive Circuit -
I vill shov to you about gate drive circuit for getting the 

above aentioned gate current vavef oras. 

The gate drive current is coaposed of tvo parts: a turn-on 
gate drive currenr, and a turn-off gate drive current. The turn
on gate drive current also has tvo parts; a short ti•~ pulse, and 
a long tiae pulse. 

Figure 10 shows the gate drive circuit for getting the 
this requireaents. 

charge 
and G 
pulse. 

At first,. vhen 
stored . in capactor CJ 
generating the first 
After this period, a 
Resistors Rl and R2, 
transistor Q2. 

transistor Ql is turned on, the 
discharges through Resistor R2, QI 
short tiae high aplitute current 

long tiae pulse current flows 
QI and G. At the turn-off, we 

through 
use the 

In this figure, we have the two parts turn-on circuit and 
turn-off circuit. 

The second gate drive circuit is shown in figure-11 

In 
composed 
circuit. 

this 
of a 

figure, we also have the two parts, 
long time pulse circuit and a short 

but 
time 

which 
pulse 

The generation of surge voltage during turn off demands a 
low leakage inductance type pulse transformer and also we ehould 
be to reduce the inductance including the turn-off circuit. 

3.3: Snubber Circuit .!.!!.! di/dt liaiting chock 

I will shov you ~bout the snubber circuit. At first, I will 
express about why we !"eq_u5.!"e the snubber circuit in parallel 
with GTO, ant the di/dt limiting choke in series with GTO. 

Figure 12 shows the waveforms of the anode current and the 
anode voltage of the GTO. In this figure, the solid lines 
indicated the voltage and current with di/dt choke and dv/dt 
snubber circuit. The dotted lines indicated the s same without 
di/dt and dv/dt ckt. A~ you can eee if yDu do not have the di/d, 
l!~it choke, the increasing rate of the anode current beco•e• 
greater and then the switching loss 1rows up in the turn-on 
period, which may result in internal destruction of the device. 

27 



The snubber circuit is used to reli~ve the voltage duty 
vhen the GTO has been turned off. When the GTO is turned off, a 
spike voltage is generated as ahovn iu this figure by dotted 
lines. 

Figure 6(c) shows the circuit of oae phase of the GTO 
inverter and vaveforas of current an~ volta~e in this circuit. In 
this circuit• 1.1 to ls shovs the wiring inductance in parts of 
this circuit. 

I vill ·shov to you hov to calculate the spike voltage VDP 
and the overcharged=voltage • We can diTide the operation in 
the three aode the coaulation period fro• the GTOl to free vheel 
diode 04. 

In this; case, ·ve give an off-trigger signal to Gl but the 
load current ccntinues to flow because of lagging load. 

In the aode 1, the snubber dio~e. Ds, conducts at first. 
So, the load current flows through Gl and the capacitor Cs and 
diode Ds. In this period, ve get the voltage equation, this one. 
Therefore, ve can obtain, the equaeion for spike voltage (VDP). 
As you can see, ve should decrease the inductances £1 to l4 for 
reducing the spike voltage. At the end of this aode, the 
anode current of. the GTO goes out. 

Next, in aode 2, the snubber current is constant. At the 
end of this a01ie, the voltage VAK has reachel to the value Ed. 

In the aode 3, diode D4 conducts the current because the 
snubber capacitor is overcharged by the snubber current. While 
the diocle 04 conducts, the overshort capcitor voltage is applied 
across Gl. At the end of this internal, the current ~nto the 
snubber capacitor goes out and the load current flow through the 
diode D4 only. At the end of this made, ve calculate to the 
incrlnaental voltage .DV of the GTO, that is equal to YAK ni11us Ed. 
In this mode, we obtain the equation. 

Fina~ly, we get the relation between h 
voltage '3V and capacitor Cs. t e overcharged 
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4. General Application ~ ~ 

4.1: GTO Converter 

Fig. 13 ahovs the circuit 
is a very important proble• hov to 
leakage inductance of source line. 
GTO converter have been proposed. 

for PVH controlled converter. It 
treat the energy stored in the 
Several different circuit of 

I vill talk about nuaber (c) circuit in aore details. 

Figure 13 (c) shows the aain circuit of the GTO converter. 
The circuit is coaposed of tvo •ain parts: One is a new auxiliary 
circuit vhich includes an auxiliary capacitor C and the other 
is the GTO controlled rectifier. 

Nov. the nev auxiliary circuit is developed to treat the 
coaaulating energy generated in the ac source leakage reactance 
during circuit coaaulation. 

The Coaulating energy is stored te•p:>rarily in this 
auxiliary capacitor and then discharged to the de load side in a 
pulse after each coaplete coaaulation. Futheraore 9 the auxiliary 
capacitor connected in this position also helps to li•it the 
voltage spikes ~o the saae voltage level Ecd. 

On the other hand, the GTO controlled rectifier is 
operative in PVH aode so that PWM vavef oras of line input 
currents and controllable de output voltage are obtained. 

4.2: GTO Inverter 
~ 

Figure 14 shows the aain circuit of voltage source GTO 
inverter for the general purpose application. In this circuit. ve 
get the senusoidal current by PWM controlled converter with the 
adjustable power factor of source line. 

Figure 
inverter. 

15 shows the main circuit of current source GTO 

Figure 16 also shows the main circuit of other current 
source GTO inverter. 

I 

Figure 17 shows the other main cir.cult of current source 
GTO inverter. 

I 
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These three types of current source GTO inverter differ tht 
aain circuit fro• each other depending on the treataent in the 
load~inductance. 

4.3: Active Filter 

Figure 18 shovs the principle of Active Filter. As shown in 
this figure. without being liaited to special haraonics only. 
supprEssion of haraonics of any order is possible vith the use of 
PUii circuit. 

Major gen~rl Application of GTO's are: 

(1) VVVF Pover Supply 
(2) OPS 
(3) ACTIVE FILTER 
(4) GTO Circuit Breaker. 

5. APPLICATION .Q.!~ !!!!. !£.TRACTION DRIVES 

5.1: Present status~!!!.!..!£. Traction Srste• ~Japan 

Table 6 shovs the state of ac drive syste• applications 
to electric car. not electric locoaotive. in our country. The 
beginning of the practical application vas to apply the street 
electric car in local big tovn in 1982. 

At pre~ent 9 the total nuaber of electric car of ac drive 
systea is eq~~l to 110 cars including bogies. The type of 
inverter is the PVK controlled voltage source inverter, and in 
general an individual inverter unit is provided for one. tvo 
in gen~ral an individual inverter unit is provided for one, two 
or four tractive aachines i.e. induction aotor in one car. 

In 
entered 
attended 
month of 

the Japanees National Railways, the AC 
the · stage of practical application in 
the practical experiement in the normal 

January, 1987. 

drive 
last 
lines 

system 
year. I 

in the 

The AC systea was 207 type of ten bogie. This photo ishow 
the front view of the electric car. 

For example, I will show you the 
0

power circuit schematic 
diagram of AC traction drives in figure 19. 

In this system, 4 induction motors are provided in motor 
coach, and a one-unit of voltage source PVH inverter drives a 
total of 8 machines driving motor coaches. A filter leactor and a 
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filter capacitor are provided at the trolley line side of the 
pover unit. which function t~ pre•ent a higher har•onic current 
generating the ivnerter circuit flowing out to the trolley line 
side. This equipaent suppresses the electroaagnetic interference 
by •eans of the shorter wiring between the i•nerter and filter 
capacitor and using a luainua ahilding of inverter equipaent. 

Let ae show the specification of this s~stea in table 7. 

S.2: Relation· aaong Ratings !!!_ GTO, Inverter .!.!!.!!. Motor 

Finally. table 8 shows the relation aaong the ratings of 
GTO. inverter and aotor. As you can see. the ratings VDRM

9 
ITRHS. 

ITGQK and tgq of GTO are related to the rating of voltage. 
current and frequency of inverter, and the· ratings of voltage, 
current. and speed of aotor. 

Therefore, it is very iaportant problea that the ratings of 
VDRK. lTRKS. ITGQK and tgq of GTO is dev~loped. 

6.0 CORCLDSION 

In this lecture. I told to you about Gate turn-off 
thyristor. at first subject, secondly. design consideration for 
circuit. at third subject, general application of GTO. and, 
finaly Application of GTO for AC Traction drives. 

I vish to express ay great appreciation to Dr. Acharya, 
D!rector and I vish you all good luck for CEEll 

I want to coae here once again if it is possible for ae. 

Thank you for your kind attention. 

BAHUT DHANYABAD 
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TABLE l 

Ratings 

...... 
Pal orr--.. CU11W11& 

.... ___ a... 

~off----~rise ... 

TABLE 2 

Ratings: 

hem 

s,.11111 .... 
... 
dvldt 

1800 

200 

~ 

T; •T.-
V.•V-

T; .y..,_ 
V.•V-

T; .y,._ 
v. •213"-
Va• 15V 

Symbol Ratings 

Critical ClfHlMe current rise rate c5/dl 200 

Puk ;ate c:urrem IG6oo 50 

Aver• gas. on-state c:urrem ic;. .. .., • 
Characteristics: 

hem Symbol COf lditions 

Tum-on time c., 
Vo• 1/2V-

(delay lime) t4' 
lno• IYGO 
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.,_ :15V 

V.. :15V 

Mn. 5'mndlld .... _ Unil 

40 mA 

40 mA 

1000 V/,,s 

Unit Conditions 

A/,,s "• ITGo. v, • 112v-
IGD~SA. -~15A 

A iw:S-100,.s 

A 

Min. S11nd8rd Max. UM 
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------------------------------------~~~~~~~~~~~~~--

f ,:\BLE 3 Ratings md charact•istics c:o11cemed with the on-state 

bn! Symbol Ratings Unit Concil••s 

RMS_... currer! 1r- 200 A Tc•ao•c 
~ ........... ... 6000 A Hllf sine ...,. 1 cyde 
CllllWlt 150HzJ 
Pt,.,,.,,,.._ Pt 160000 A:S 1ms-t0ms 

1---=- v ..... ._ 
Unit 

TABLE 4 Ratings and characteristics concerned with the tum-off process 

Rati_ngs: 

Item Symbol R8tirl!I Unit Conditions 

Pak ,.,,... pee voltage ' v- 130 v -Reverse ge1e voltage VGll 50 v 

Conuolable on-stM• current 
._ 400 A Cs• 1,.F, Vs::f400V 

d iGald t~ 100A/jlS 

Pak pie tum-off current IGaM 220 A 

Reverse pie energy e... 10 Ws 

Aveqge CPt• rwerse loss PliG!AVI 10 w 

Characteristics: 

Item Symbol Conditions ~· Sranclwd Max. Unit 

Rev•se CPt• voltage drop v- 35 v 
Gare tum-off time t111 lrG0•400A 5 /IS 
(storage timel ts Vo• 1200V 4 /IS 
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""" V1 

TABLE 5 MAIN RATINGS AND CHARACTERISTICS OF VERY BIG GTO 

A B c D E 

VDRM 
REPETITIVE PEAK OFF-STATE 2500 A 2500 2500 4500 4500 
VOLTAGE 

ITGQ 
CONTROLLABLE ON-STATE CURRENT 1800 A 2000 2000 2000 2500 

' 

IT 
RMS ON-STATE CURRENT 860 A 700 800 940 800 

VTM 
PEAK 0N-SiATE VOLTAGE 3.0 v 2.8 2.5 3.5 3.5 

OJ/OT 
CRITICAL ON-STATE CURRENT RISE 300 A/JJSEC 300 450 300 300 
TIME 

ITSM 
NON-REPETITIVE SURGE ON-STATE 11000 A 14000 11000 13000 16000 
CURRENT 

TGT 
TURN-ON TIME 10 µsec 15 10 10 15 

F 

4500 

3000 

1000 

3.5 

300 

16000 
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TABLE 6 The state of ac drive system applications to electric car in Japan 

Start of 
Railway & Type 

Number Power 
Device end C9mposltlon Mortar service 

of Car Source 
running .. 

KUMAM01'0.M.T.B. 8200 2 DC600V RCT2500V,1000A' 1S1P6A· ' . I 120kwx 1 1982.8.2 

'l'OKYU 6200 

' 1 DC1500V OTO 2CSOOV ,2000A 2S1P6A 165kwX4 1984.7.25 

DClCSOOV OTO 4SOOV,2000A 1S1P6A 165kwX 4 
• I KINTETUS 1250 2 1984.10. 3J .. 

OSAKA 20 30 DC '150\I OTO 2500V ,2000A 1S1P6A 1 •""'· w x 4 1984.12.24 

SEIBU 8500 12 DC '150\' OTO 2500V ,lOOOA 2S1P6A 95kwX1 1986.4.26 

'l'OKYU 6300 It· 1 DC1500V OTO 2500V,1800A 2S1P6A 160kwX4 1986.4.30 

'l'OKYU 6000 ~· 1 DClCSOOV OTO 2500V ,2000A 2S1P6A 186kwX4 1985.4.30 

SAPPORO.M.T.B. 8500 2 DC600V RCT2500V,1000A 1S1P6A 60kwX2 1985.5.13 . 
HANKYU 2720 2 DC1500V OTO 4500V,2400A 1S1P6A 150kwX4 1985.7.17 

SHIN KEISEi 8800 8 DC1500V OTO 4CSOOV,2000A 1S1P6A 136~wX4 1986.2.26 . 
K.INTETUS 3200 12 DC1500V OTO 4500V ,2000A 1S1P6A 165kwX4 1986.3.1 

TOKYU 9000 8 DC1500V OTO 4500V,2000A 1S1P6A 170kwX4 1986.3.9 

ODAKY.U 2650 ~. 1 DC1500V OTO 4500V ,2000A 1SlP6A 17~kwX4 1986.3.17 

K.INTETUS 6400 4 DC150(1\' OTO 4500V,2000A 1S1P6A 166kwX4 1986.6.10 

TOKYU 7600 ~· 6 DC1500V OTu 4500V ,2000A 1SlP6A llOkwX 8 1986 . .5' 
KJTAOSAKAKYUKO 8000 8 DC750V OTO 2500V ,2000A 1S2P.6A 140kwX4 1986. 

J.N.R. 207 10 DC1500V OTO 4500V,2000A 1SlP6A 150kwX4 198'1. '2. 

* - --remodeling 
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11---........... ~c .......... ,~----.~--------~-~--------~-----
"Bl 

OCVD ~--· -_!j 

PAN : Pantognph 
PF : Pantognph fuse 
MF : Main fuse 
MS : Main switch 
HB : High speed circuit breaker 
FC : filter capacitor 
FL .: filter reactor 
NVR : N~voltage relay 
DCVO : DC voltage tr.msduc:er 
OVR : Over voltage relay 
OVCR : Current relay 
OVCRF : Over voltage 1hyristor 
CT : Current transducer 
IM : Induction molor 

FIGURE 19 Power circuit schemalic diagram 
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TABLE ] Specification of AC Propulsion System 

Electric system DC 1,SOOV (900-1,8SOV) 

Train formation 4-motor coaches 
2-trailler coaches 

MaximUlll speed 100 Jaaih 

Acceleration ~= 3.2 kJA/h/s (0.89 a/s/s) 

Deceleration 8= 3.5 Jaa/h/s (0.97 a/s/s) 

Wheel dia1neter 860 - 780 mm 

Gear ratio 14:85 s 1:6.07 

Traction motor 3-phase 4-pole 
cage type induction motor 

One hour rating llOkW l, l30V 7 3A ,1, l80rpm 

Type of inverter 3-phase GTO PWM inverter 

Output frequency 3 Hz - 150 Hz 

Cooling Freon evaporation cooling 

(submerged system) 

Rating of GTC 4,SOOV, 2,SOOA/BOOA(r.m.s.) 
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TABLE 8 · RELATION AMONG RATINGS OF GTO, INVERTER AND MOTOR 

RAT{NGS 

IGTh] .I INV~RTERI IM0~
1

0RI 

I L---, --' ---
REPETITIVE PEAK OFF-STATE i 
VOLTAGE VDRM INPUT VOLTAGE 

I 
OUTPUT VOLTAGE~~INf~f VOLTAGE RATING VOLTAGE 

RMS ON-STATE CURRENT ITCRMS) OUTPUT CURRENT RATING CURRENT 
I 

MAXIMUM OUTPUT CURRENT MAXIMUM CURRENT 

CONTROLLABLE ON-STATE I 
CURRENT ITGQM MAXIMUM SUSPENDED CURRENT 

TURN-OFF TIME 
TGQ ----MINIMUM PULSE WIDTH RATING SPEED 

I I 
MAXIMUM OUTPUT FREQUENCY MAXIMUM SPEED 
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APPENDIX II 

30 KVA, 3 Phase Inverter 

(O.C. Supply Voltage: 600 volts, 1 d.c. max.=.500A). 

Comparison of Trcnsistor Inverter, Thyristor (SCR) 

Inverter & GTO Inverter 

Parameter Transistor SCR GTO -- -
Switching Losses 0 + ++ 

Power Losses 0 + ++ 

-
No. of Semiconductor 6 Tr 12+6 diodes 6 G TO-t6 diode 
Devices 

No. of Electromagnetic 6di/dt 6 di/dt 6 di/dt 
Devices &: snubber one main -f-) comm, choke 
devices snubber choke 6 snubber 

... 12 snubbe1 

EMI + ++ + 

Accoustic Noise ... ++ + 

Speed/Frequency ++ 0 + 
Range 

Capital Cost 
(Due to Device cost) + 0 ++ 

Running Cost 0 ++ + 
including maintenance 

Need of need not - yes -
commulating circuit . 

-
Volume 0 ++ + 

Reliability 0 .. .. .. 

Availability .. • .. 

Highest ++ Medium + Bad 0 49 
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Comparison of Machines for 30 KW Power Rating 

Switched Reluctance Asynchronous Synchronous Induction Reluctance 
Motor Induction Motor Motor Motor 

or Brush less type 

1. Optimum Power Not available Easily To difficult Not available commercially, 
Rating for Operation Commercially available to procure (In R&:D Stage) 

(In R&:D stage) 

2. Efficiency + ++ +++ 0 

3. Cost ++++ Highest +++ 0 ++ + 
0 lower 

\Tl 
C> ----

4. Size/Weight ++ 0 +++ + . 

.5. Accoustic Noise. NO DAT A AVAILABLE +++ NO DATA NO DATA 

6. EMI NO DATA 0 NO DATA NO DATA 

7. Type of Input Pulse in put 30 sinusoidal 30 sinusoidal 30 sinusoidal 
most suitable input input input 

8. Control Method Pulse number/sec v/f constant v/p constant v/p constant 
for speed &: Pulse Amp. 
fir tirgue. 

9. Power Output/ +++ 0 ++ + 
weight 

• ~ 




