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TRANSISTORIZED POWER SWITCH AND

BASE DRIVE CIRCUIT THEREFORE

FIELD OF THE INVENTION AND CONTRACT STATEMENT

This invention relates generally to a transistorized power
switch and a base drive circuit therefore and more particularly
. . 3 ] i n
to such a &% switching circuit which utilizes a four-terminal FeL ﬁij
RAC 3/31/81
power Darlington and a base drive scheme providing for fast turn-
off. The United States Government has rights in this invention
pursuant to Contract No. DEN 3-65 funded by the United States
Department of Energy between the National Aeronautics and Space

Administration and the Virginia Polytechnical Institute and State

University.

BACKGROUND OF THE INVENTION

One of the méjor efforts in reducing the size and weight of

electronic power processing systems is directed toward developing .

e e e e i s

high power, fast switching semiconductor devices. Several penalties
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are induced are—snduced when silicon controlled rectifiers (SCR) Fco %b’/ﬂ
’ ’ RAL 3/.2./45

are employed as switching devices. Due to high conduction losses,
slow switching speeds, and complex commutation schemes, the SCR
has been forced to take a less active role in power and control
electronics, especiélly when high~efficiency power supplies and
high-frequency motor drives are deemed desirable. These inherent
limitations of ;he SCR device has hastened the development of its
counterpart--power fransistoré.

In recent years, the increasing availabili;y of high power
transistors has opened many new avenues for power electronic
applications. High-frequency, low-switching losses and relatively
simple commutation schemes are just a few advantages of the power
transistor over the SCR. With the present semiconductor device
technology, power transistors with a capacity of Vggo = 600 V, I,
= 300 A can be manufactured oﬂ a sqggle wafer. The development
of giant transistors now make it possible to extend their application
to higher power processing, such as motor drives, inverters,
éhoppers, and uninterrupted power supplies which were predominated

by SCR devices in the past. In particular, the large power

FeL 3k
RAC 3/,
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transistor has been used in an Ac drive system as shown in Figure
1 for a brushless permanent magnet motor for electric vehicle
propulsion.

The power coﬁditioﬁer of the drive system consists of a
chopper and inverter. The chopper regulates the current to
provide torque control and the inverter supplies the 3-phase
cu}rent needed to drive the Ac permanent magnet machine to propelh
the vehicle. The chopper uses a.fast-switching power Darlington

i j
for high%f operating frequency and lowgf losses demanded by an pee 326

. RAC 3/ai/g
efficient DC - DC converter. For the relatively low frequency
inverter, the rugged, slow-switching power Darlington is used.
However high current transistors do not achieve the switching .
speed performance comparable to their narrow-base-width, low— FCL'%A/MV
R 3/2ify

current counterparts. The physical width of the base must be
increased for the power transistor to support higher voltages and

currents. Increasing the base width lowers the current gain. To

- provide the high gain desired,  the power Darlington configuration

is used.
The.boor switching performance of conventional high power

transistorized switches is most recognizable during the turn-off

. period. The relatively slow turn-off is due to a sluggish sweep-

out of minority carriers in the base region. The shift in conduction
from the periphery of the emitter to the center causes an increase

in the resistance between the base terminal and the emitter

terminal, Because of the high series base fesistance, an effective

reverse drive is needed to facilitate a quick turn-off. pLLJ)QQﬂ
4 "72&c‘3/:yki
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' Various schemes have been developed to solve the slow turn- .
off problem. Described below are several commonly used base
drive techniques.

Figure 2 illustrates a capacitively coupled turn-off circuit.

.
-

When transistor Ql is off the totem pole output (pin 5) of the

555 timer is high so that transistor QA is forward biased. An

initial high current provides quick turn-on until capacitor C is

charged. With transistor Ql on, pin 5 goes low, turning on

la FeL

transistor QB which provides reverse current to tur?Atransistor Rac

QS =&, . L Fei
RAC
‘The advantages of the capacitive, coupled scheme are the FeiL

A

3/21 /%1
/0 [y

3/a1/#1

Ifxi /30

3/u J§1

E/XWAL

. fac
¢ al»/-vtz ¥
elimination of a negative, isolated supply,A‘c?:xick urn-on and the i 3/2,-/:;)

simplicity of the drive in opétation. The principal limitation
of the capacitively coupled turn-off circuit is in the finite
amount of charge that can be storgd in the capacitor C. For a
low power switch this circuit is very practical. But for a high
powver transistor the limited amount of charge on capacitor C
would be less effective in sweeping out the minority carriers for
a rapid turn-off.

A pulse transformer is often used for triggering the latching
traﬁsis;or. Figure 3 illustrates the use of this type of magnetic

coupling. When transistor QA turns on, primary current goes into

RAC 3/21140

Sheum i the dourt Fei 3/21/;51

the dos\producing a current flowing out of the dot in the secondary
to turn transistor QS on. Tramnsistor QB is switched on to provide
the opposite effect on the secondary which supplies the reverse

current to facilitate a quick turn-off.

RAa< 3l

rl

i
|
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Initial high influx of current on both turn-on and turn-off
states due to capacitor C aids in quick switching action. Unfortunately,
;vl . t

the magnitude limitation on the saturation flux density and the

A pee 3uffl
. ; - RAc 3
cross sectional area of the magnetic core does not allow full on :

or high percentage, on-time capabilities.

Figure 4 exemplifigs the dual supply approach. Here transistor
Q1 switches on to provide forward drive for the power transistor
QS' For the turn off, transistor Q2 is switched on deliveriﬁg a

reverse current to the base-emitter junction which sweeps out the

pet 321157

minérity carriers of transistor QS. The diodeg D are used to anc 3/u)
YRV IY]

protect against a high voltage being established across the base-
emitter junction caused by the high base-emitter series resistance
during the fall time of the turn—off. poL Zﬁ/ﬂﬁ
N ' .
. RS 3)2 g
Although the circuit requires two power supplies, this base

drive allows full on time and delivers reverse biasing during the

full off time period no matter how long. The circuit also provides

. quiek turn on via capacitor C .parallel to resistor R.

The various styles of turn-off described above are effective
for their respective purposes: The capacitively coupled turn-off

circuit is excellent for low-power applications. But for high

power transistors the capacitor would not be able to store enough

' 21 /87
charge to effectively turn/off the power transistor. The pulse é;f 2;:}s
. ) . e
transformer coupling scheme lends itself well for input-output
isolation. However, the circuit is rendered inoperative when the

power switch is functioning under extreme duty cycle conditions

3 /
or—full—en, because of the finite amount of magnetic flux which FCL/”/‘?

cac 3/u/fsi
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' an-exce££ént candidate for large power devices. But the dual F?(L

‘pair must be used to provide the géin needed to keep the base

may be stored in the transformer core. The dual power supply is

| %kdg/
Qac 328

supplies add extra hardware and cost to the the base drive scheme.
Thus, the conventional base drive schemes discussed above

are excellent- for low power and limited usage, with the exception

FCL.QQVQ’
Qe 3720 /4l

of the dual power supply approach. As the power level increaseé,

so do the constraints on the power switch. The higher power

handling capability of transistofs requires higher injection

levels of dopant on the base region. In turn, the emitter efficiency

is lowered and the series base-emitter resistance is increased.

The high series base-emitter resistance inhibits the charge

sweep-out rate. Prior base drive circuits do not provide the

healthy reverse drive current needed to hasten the charge sweep~-

out rate of the minority carriers to provide a rapid turn-off. Fet ?@}?V
N QA¢'ﬂaﬂ

As the power handling capacity of the transistor increases

the current gain reduces. This is due to lower emitter efficiency

"caused by high-level injection which is aggravated by current f”x'37Wﬁﬂ
M - J

crowding. With the lower current gain, either the base drive ch 3*”/%‘

must be revamped to handle the current needed to successfully
turn the switching device on and off proficientl*)or a Darlington [cl 3#!#?/
RAC 32/
current at a respectable level.
However, the conventional three-terminal Darlington configuration

A ' fiL W@Mg/

has an inherent turn-off problem - the uncontrollable charge Rac 3/3¢ﬂ
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sweep-out rates. Referring to Figure 5 the outer power transisfor
QP requires more time to turn off due to the charge build up in
the base region cauged by the large.drive current of the driver
transistor QD. With a larger minority carrier storage, the outer

transistor requires heavier drive to sweep the minority carriers

deca Fee 3/20 [8]
off the periphery of the base region than/fhe driver transistor. BAC 3/ /s

The problem develops here because as soon as the conduction
shifts to the center of the emitter of transistor QD, the series
base-emitter resistance increases, reducing the effectiveness of
the reverse drive current on transistor QP. Thérefére transistor

D Fee 381

QP turn-of /\1s limited by the amount of current transistor Qf Rac  3afy

will allow during its fall time.

OBJECTS AND BRIEF SUMMARY OF THE INVENTION

Thus it is an object of the present, invention totgiovide a

_for hegh = fower Poalington Lionag /;u, 3ﬁ,/51

base drive circuit which has rapid turn-off jto be used in a power RA< Yafyg

conditioner for an AC motor opérable at high duty cycles.
It is another object of the present invention to provide a
base drive circuit requiring only one power supply which has
and whee Camn) W FCL ]/?//J)/

rapid turn;off e be used asﬂa power conditioner for an AC motor. QA< gu/¢?

- It is still another object of the present invention to
Tmenal M

feur - poc ?2//3 /
provide a base drive for aApower Darlington which-prawides for Rac  3/a/g
rapid turn-off. Fe  3/3i |9
' R\C 3/nfg
It is a further object of the invention to provide a base
drive for a power Darlington which provides for rapid turn-off Fel ;77//37

( bacz ~dred RAc 3!
using a single power supply and two independent reverserturrent fud ?0[/%7

loops. Rec 3720/ .
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The inventors have found that the Darlington power transistor
is an effective power sﬁitch, particularly for high power applications
such as for electric vehicle propulsion, and that the above ‘
described problems of the th;eexterhinal Darlington may be overcome, FVL ?W/?

and rapid turn-off may be accomplished, by using a four-terminal

-power Darlington such as is illustration Figure 6,and applying Feli- 3 ”/8,

. e 12/¢\
reverse current through the emitter-base junction of both the

power stage and the driver stage.

In accordance with one aspect of the invention an electrical
power switching device is provided which includes a four-terminal
power Darlington transistor and means for applying independeﬁt
reverse currents to the emitter-base junctions of the driver and
power stages of the Darlington transistor so as to independently
sweep the minority carriers out of the base-emitter junctionms,
thereby rapidly turning off the driver and power stages at their
own respective sweep-out rates.

In accordance with another aspect of the invention the

o : fzz_ y@%m

~reverse, current applying means includes a current transformer.

A - & pel yuff

In accordance with a further aspect of the invention thgk econdary Qac drafg
( commeded ¢ /U5

w1nding of the transformer is £aped to the base of the power é;; 5/4/
stage of the Darlington transistorAaheﬁehy thexéecon ary w1nding QRAC 32l

“7?1??'”“ pec sju1 8,

eac gafy

provides separate reverse current
respective base-emitter junctions of the driver and power stages

!

of the Darlington transistor. }
\

1

1
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U o Pl 3/1!‘/:5’ "

In accordance wit;-;Xf;;;;;r aspect of the invention the eac 32/

above described switching devices are provided in the chopper and

inverter of an AC motor drive system which includes a power

conditioner comprising an inverter for supplying multiphase
current to drive the mdtor and a chopper)coupled to the inverter) e %Q/y-

, Rac 32,
for regulating current to provide torque control to the motor. -

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects and objects of the invention are
apparent from the following detailed description of the prefgrred
embodiment when considered with the accompanying drawings in
which: .
Figure 1 is a simplified schematic diagram of a motor power
conditioner in.accordance with the present invention;
Figure_Z'is a schematic diagram of a capacitively coupled
turn-off ==srrent of the prior art; Fel 3/2{ €4
RAc 3 s
Figure 3 is a schematic diagram of a pulse transformer
coupling circuit of the prior art;
"Figure 4 is a schematic diagram of a prior art dual supply
turn-off circuit;
Figure 5 illustrates a prior art three-terminal Darlington
transiqtér; :
Figure 6 illustrates é simplifiea four-terminal power Darlington
transistor;
Figure 7 is a schematic diagram of a simplified base drive

circuit in aceerdance with the present invention;

Figure 8 is a schematic diagram of an AC motor and power
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conditioner in accordance with one application of the present

invention; and s Zhe )
Figure 9 is a more.detailed/\base drive circuit =iegrag of RAC 314

the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring first to Figure 7, the electric power switching

.device of the present invention includes a four-terminal power

: D
Darlington transistor 10 consisting of a driver stage q{ and a FCL %h’/fl

Rac 3/l
power stage QP. The base of the driver stage is driven in the
positive mode through a switch SW1 in response to a signél di(t)
through an RC circuit 12. 1In accordance with the present invention,
a transformer circuit 14 has the ability to provide two reverse

circuits independent of each other to the emitter-base junctions

of the driver stage QD and power stage'QP of the Darlington

" transistor 10, allowing these'étages to be turned off at their

own charge sweep-out rates. Circuit 14 includes a current transformer
16 having a priﬁary 18, a secondary 20 and a core 22 and a conductor

24 which taps the secondary 20 into the base terminal of power

4 . - 3
" stage Qz. Secondary 20 is connected between the base terminal of /: /h0é1

Rac 3/aifsi
the driver stage QD and the emitter terminal of the power stage

QP through diodes D1, D2, D3 and D4. One end of primary 18 is
connected to a DC voltage source, the other end being grounded

through a transistor switch SW2 in response to a signal dz(t) at



10

15

20

25

-11 -

Fee 321 /80

As shown in Figure 7, when dl(t) is clocked off
e 3aifri

,signal d,y(t)

is clocked on for a predetcrmined length of time. The pulse

width of dz(t) is proportional to the amount of time needed to

fully turn off the switching device. <This—time—dengtirmay-—eaf- Fei %?1/9/
’ R VAP

2z 2021 /59

e 32y

~—seromtary—20, With dz(t) clocked high, a high influx of current Fcti%ﬁ”k7

ene 3/
enters the primary 18 at the dot shown in Figure 7, By transformer /S

action, a current is induced in the tapped secondary which supplies ¢
two independent currents for reverse biasing the device. -The

magnitude of current needed for the driver stage and the power

stage loop is dictated by theAamount of minority carriers stored

in the base-emitter junction of each stage, respectively. After

the switching device has been cut off, the switch SW2 on the

primary side of the transformer is opened. The flux is then

reset due to the non-ideal nature of the magnetic core 22. The

small amount of energy stored in the core 22 as magnetizing

current is dissipated across the conventional semi-conductor
r—

FZL-3/”A?/

2 ’ .
diode Q{'and zener diode D6 parallel to the primary winding 18. pac /218
: pei3pifef
Along with the reverse current to facilitate a quick turn— /8
Qac 328
off, it is desirable that the base drive should have the means to
on
turn, the power transistor === rapidly. By driving a pulse into Fete 3/3//37
/\ +he Rac 3/ /o
_ the switch at the beginning of each turnf;{—on cycle,Arise time FiL 3/'3,/‘?/

will improve appreciably. RC circuit 12 provides this initial R&C 3f2fs

pulse. Diodes D1, D2, D3 and D4 on transformer secondary 20
provide a high impedence path during the on-state of the power
. bhat = (,/18’)
Darlington to prevent any)drive current from being shunted to the é?;f z/jZ”
; A z 4

ground.
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The four-terminal power Darlington and base drive described
above may be used in an AC drive system for a brushless permanent
magnet motor for electrical vehicle propulsion such as is illustrated
in Figure 8. The power conditioner of the system consists of a
2-quadrant chopper* 32 and a three-phase inverter 34. Chopper 32
(£WO > For 3/
includeikx‘power Darlington switches and corresponding base drive RAc SYEINLT
circuits 32A and 32B. The chopper 32 regulates the current to
provide a torque control for both motoring and regenerative
braking modes. The duty cycle of the chopper 32 (defied by
dl(t)) is controlled by interaction in a two-level threshold
- . ; ﬂ
control (hysteresis contro{)35 of a torque (current) command f%éi 3,4Aka
e .
signal given by the vehicl, operator and the signal picked off of /zcﬂ—ib//?7.
7 A Rac 3/50/4
the current shunt RS which is connected in series with the line
current return path. The chopper is operated at variable frequencies

determined by the system time constant and the motor speed. The

six-transistor block inverter bridge 34 is activiated through a

Hall-effect rotor position sensor (not shown in Figure 8) to L3 Wﬁf/

p .
provide a variable frequency three~phase current waveuform synchroniggg'afnl/w
witﬁ the motor épeed. Inverter 34 includes six power Darlington

switches and corresponding base drive circuits 34A - 34F., A

- choke 40 and the relatively high éhopping frequency of the chopper

serve to smooth the line current entering the three-phase inverters.
The inverter diodes D7 - D12 function during commutation of the

phase currents in the motoring mode and also serve as the rectifier

bridge during regeneration. The system illustrated in Figure 8

is shown and described in even greater detail in a paper entitled
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-hp, 120 volt, 4 Cuit, 7600 rpm samarium cobalt permanent magnet €

-~ 13 -

"A Transistorized Chopper-Inverter Control for Electric Passenger
VehiCﬁ;'Propulsion," International Power Convention, Conference FZL- 9hlé>’

: QAC 3lu/y
Proceedings, Munich, West Germany, September 1980, by Fred C.
Lee, D. J. Schort£ and R. A. Carter, the contents of which is
hereby incorporated herein by reference.

Referring to Figure 9, there is shown an exemplary base
drive circuit for use in the chopper and inverter bridge illustrated
in Figure 8.

Each of the power Darlington transistors and base drive
cir;uits 32A, 32B and 34A - 34F represented in Figure 8 are shown
in detail in Figuré 9. Figuré 9 is similar to Figure 7 but in
additiop illusfrates the sources of switch turn-on signals dl(t)
and dz(t). The basé drive comprised a device 50 which in each of
the base drives of the inverter is optically coupled to the Hall-
effect rotar position sensor to isolate the command signal from

the rest of the circuit. In the chopper the device 50 receives

gt 3/ /51

- 4
" its signal input from hysteres}s control 35. The signal dz(t) is RAc 3j2. [si

provided by a monostable multi-vibrator 52 which controls the

swiiching'time on the primary side of the current transformer 16.

For a power conditioner designed to feed, for example, a 15- , ¢
ole : P(,l, )/»’«// /
ac 3f21/¢!

Yalons . fee 3/2//6’/
motor of 35-hp 1 minute peak.#fediaga the twoXchopper Darlingtons QQ‘_3/u/g

are suitably a high frequency, triple-defused power Darlington

bloek such as the MT 1144 block manufactured by Power Tech
. 4 .
Corporation of Clifton, New Jersey. The inverter 3’ suitably. (34(- 3/21/81
e RAac< 3{2/84
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L’W«For ) L__‘C'f;,‘-;) Iﬁﬂwouyi fower

employes the rugged s1ngleRdefused powered Darlington such as the Fkl ﬁp//é

4 1/1!/5!
MT 1146 block manufactured by Power Tech Corporation of Clifton,
New Jersey.
Tests performed on.the circuit illustrated in Figure 9 by
_broe cument Fet 3/2i €7
the inventors confirmed that the reverse/\klcked through the RAC 33y [g

driver stage QD takes much less energy to turn off than the

energy needed to cut off the power stage QP. 425 longer period

S RP Fel 3f1/5(
is due to a charge build up in the QAc (2(/‘”

ofAthe pOWSE reverse)curre
base region caused by the larger driver current. Therefore, the

power stage requires more time to sweep the minority carriers off
(o, Sn dee T vt g Feo 3/21/8
the periphery oﬁﬂtﬁa base regionl With the two-looped turn-off .
N RAc 3/u/w

control of the present invention, one can also perceive that the
turn-off rate of the power and driver stages are independent of

each other. Therefore, the quickér turn-off of the driver stage

would not prohibit the amount of reverse current needed to effectively
turn off the power device. The independenr loop control allows

both stages of the power Darliﬁgton to be cut off at their own

charge sweep¥out rates.

The foregoirg description of a preferrea embodiment of the
invention has been presented for purposes of illustration and
description. It is not intended to be exhaustive or to limit the
invention tr the precise form disclosed and obviously many rodifications
and variations are possible in light of the above teaching. The
embodiment was chosen and described in order to best explain the

principles of the invention and its practical application to

thereby enable others skilled in the art to best utilize the
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invention and various embodiments and with various modifications
as are suited to the particular use contemplated. It is intended

that the scope of the invention be defined by the claims appended

hereto.
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ABSTRACT OF THE DISCLOSURE

A high power switching circuit which utilizes a four-terminal

Darlington transistor block to improve sWitching speed, particularly

~ in rapid turn-off. Two independent reverse drive currents are

utilized during turn off in order to expel}'the minority carriers Fe- 5’{Lﬂ
_ Rae 3/z21fy

of the Darlington pair at their own charge sweep-out rate. The ©

{
reverse drive current may be provided by a current transformer,
the secondary of which is tapped to the base terminal of the ’
power stage of the Darlington block. 1In one application, the &
switching circuit is used in each power switching element in a 1

chopper-inverter drive of an elegtfic vehicle propulsion system.
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FIGURE 2. Capacitively coupled tum-off
circuit

FIGURE 3. Pulse transformer coupling



FICURE 4. Dual supply scheme
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ABSTRACT OF THE DISCLOSURE

(A1
A high power switching circuitywhich utilizes a four-terminal

Darlington transistor block to improve switching spaed; particularly

in rapid turn-off. Two independent reverse drive currents are

1q

i . ' ' . . , L ’ﬁLﬂ
utilized during turn off in order to expe%{ the minority carriers F ;
: . Rae 3/21f5
of the Darlington pair at their own charge sweep-out rate. The -
reverse drive current may be provided by a current transformer,

the secondary of which is tapped to the base terminal of the

power stage of the Darlington block. In one application;-the

switching circuit is used in each power switching element in a

choepper-inverter drive of an eleqtfic vehicle propulsion system.






