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CHAPTER ONE

LITERATURE SURVEY AND RESEARCH LAYOUT

1-1 INTROD

There are many industrial applications that require bidirectional power transfer
between two systems and there are a number of methods by which this is currently
performed. Before starting with a survey of these methods, it is important to give a

simple explanation of reversal of power flow within the power electronics area.

The simplest system to demonstrate the idea of bidirectional power flow is perhaps
the single phase fully controlled line commutated thyristor converter. This type of
converter has the advantage that its power control switching devices can be
commutated by its own voltage supply without any additional external circuit or
commutation function (1). Figure (1-1-a) shows a single phase fully controlled
thyristor converter with a highly inductive load. The converter also contains a

voltage source (E) which may be reversed, depending upon the required operation of

the converter.

The DC output voltage equals:

1 o+ '
Vg=— V,, sinwt d(wt) (1-1)
T o

Where a. is the firing-angle of the thyristor, measured from the natural commutation
point. For a single phase system, o measured from the zero crossing of each half
cycle of the input supply voltage. The firing angle o can be varied from a small value
to almost 180 degrees. Up to a delay of 90 degrees, the voltage source is connected
in the direction of the full arrow (refer to figure (1-1), the converter operates in
rectification mode and the power flows from the supply to the load. The DC output

voltage and current are positive. If the firing angle increases beyond 90 degrees and
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the voltage source is reversed as shown by the dotted arrow, the DC output voltage
will be negative but the current remains positive. There will be a reverse power flow

from the load to the supply and the converter will operate in the inversion mode (1-

8).

If a DC machine is used as the load element, it acts as a motor while the converter is
rectifying. When the firing angle increases beyond 90 degrees, the DC machine acts
as a generator, but since the current direction cannot reverse, the machine can only

generate by having its armature or field connections reversed (2).

If two full converter bridges are connected back to back as shown in figure (1-1-b),
the output voltage and current can be reversed. The system will provide four-
quadrant operation and is called a dual (3) or double (4) converter. The firing angles
are controlled so that one converter operates as a rectifier and the other operates as an
inverter. Dual converters are normally used in high power variable drives and in

HVDC.

There are several problems in the use of this type of converter (1,9-12):
a) The power factor decreases as the firing angle increases.

b) The harmonics of the line current are relatively high.

In this chapter some of the published work for tackling the above problems is

discussed. The advantages and layout of the author's research is presented at the end

of the chapter.



Vac

(b) Single phase dual converter.

Figure (1-1)Fully controlled bridge converters.
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-2 A BI-DIRE NAL AC-D WER CONVER

A forced commutated AC-DC converter is able to draw nearly sinusoidal current at

unity power factor and power exchange between the AC line and DC load or vice-

versa by reversal of the direct current (10-13).

Recent evolution of power devices with high frequency switching such as the bipolar
transistor, MOSFET and GTO have made possible the use of PWM to serve the
above purposes. A number of papers on the three-phase controlled current PWM
rectifier have reported on its capability for fast power reversal while feeding near

sinusoidal input current with unity power factor (14,15).

In the past decade, great progress has been made in switching mode converters
(16,17). Among these, the conventional and most widely used is perhaps the
sinusoidal PWM switching mode converter (16). This converter is simple in

construction, but has the disadvantage of having high voltage switching transients
and losses (18).

Rccently, converters based on the current forced switching control technique have
been developed (19,20), in which the device can be operated with a sinusoidal line
current, unity power factor and a regulated busbar voltage in the converter modé. In
references (10) and (11-13) respectively, single-phase and &mc-phasc converters
have been presented. PWM is employed for rectification and inversion modes.
Figure (1-2) shows a single phase GTO converter; between the mains and the input
of the converter there is an inductor. The fundamental component of the AC voltage
waveform developed by the converter (Ec) is adjustable in magnitude and phase with
respect to the AC mains (Vs) (10). The direction of the power flow is dependent on
the magnitude and phase between the two voltages (13). The detail of the control
circuit is not explained hcré, however the above references reported that with PWM

control techniques for rectification and inversion modes, reversal of power flow
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between AC and DC side can be achieved with unity power factor and a sinusoidal

input current.

In references (18-21), a current-forced hystcréris switching control technique with a
forced commutated converter has been used. The configuration is similar to figure
(1-2). In the rectifier mode of operation, the input AC current is forced to track a
sinusoidal reference waveform. When the input current is less than the reference
current, the magnetic energy in the inductor must increase and this can be aéhieved
by circulating the input current between a diode and a controlled device. When the
input current is higher than the reference current, the incremental magnetic energy
stored in the inductor is released to the load via the antiparallel diodes. The reference
current is synchronised with the utility voltage source and this always gives a unity
power factor. In the case of inverter operation, the devices will operate differently to
the rectifier mode. Thus a sinusoidal output voltage waveform can be obtained. The
above references reported reversal of power flow between the AC mains and DC

load with unity power factor.

In reference (22), simulation of a three phase bi-directional power flow system using
GTOs has also been reported. The authors of the paper concentrated their study on
the system harmonics. Reference (22) reports that the use of a forced commutated

converter creates a harmonic spectrum better than the line commutated one.

In references (23) and (24), a three phase PWM AC to DC converter using thyristors
as switching devices has been discussed. The main disadvantage of this system is

the requirement of a commutation circuit for each thyristor.

However the main disadvantage of the work described in the above references is
that, it is difficult to control the power factor in cases when the system needs to

operate at leading or lagging power factors. -
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-3 BI-DI AC-A R

In any AC-AC system, static power converters constitute an interface between the
mains and the load, usually an induction machine is used as the load element.. The
static power converters adapt and control the energy flow to provide AC power at the
input of the machine. The conversion of AC-AC could be passed through two stages
AC-DC and DC-AC converters (AC/DC/AC) or one stage AC-AC converter, some

applications of these types of conversions are presented in the following sections.

The rectifier stage of the AC/DC/AC converters, consists of an uncontrolled diode
bridge or, less frequently, of a phase controlled thyristor converter. This results in a
high harmonic content in the input AC line current and gives an input power factor
which is dependent on the phase angle of the rectifier. The other disadvantage of this
type of converter is that when the motor is regenerating, the stored energy is being
returned to the DC link. This raises the DC link voltage by increasing the charge on
the DC link capacitor. Unless this energy can be returned to the fixed frequency
source using a converter in the inverting mode; regeneration is very limited. The
energy can be dissipated in a braking resistor placed across the DC link and this is a
form of dynamic braking (2). These two methods of braking are illustrated in figure
(1-3). The disadvantage of the regenerative inverter configuration is that three
different converters with two different units are needed. In the case of the braking

resistor, there is wasted energy especially with high power induction motors.

Different techniques for AC-AC bi-directional power flow have been used.
References (26-29) used a configuration called a matrix converter which is shown in
figure (1-4). The nine switches in this circuit are arranged in a "matrix", and are
switched sequentially and cyclically, such that any phase of the three-phase input can
be connected to any phase of three-phase output, with either polarity of the voltage
input or current output. The switches are assumed to have bi-directional voltage
blocking ability as well as bi-directional current conduction and turn-off capability

(25). A conventional bipolar junction transistor inside a bridge diode, or an inverse
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parallel connection of transistors could be used as a switch element of the system of
figure (1-4). It has been shown by Venturini (27-29) that with the proper switching
algorithm, the matrix converter is capable of operating at lagging, unity, or even
leading power factor at a variable frequency. Four-quadrant operation can be

obtained with this type of converter, i.e., motor or generating operation with either

leading or lagging current.

The distinguishing feature of this converter is the complete absence of a DC link. No
energy capacitor or inductor is needed to support the link voltage or current.

However, relatively small capacitors will generally be needed to isolate the converter

from the inevitable inductance of the supply.
The main disadvantages (25) of this converter are:

a) The high device losses and the device cost have so far prevented this converter

from having much of an impact on the converter market.
b) The output voltage is limited to 1/2 the input voltage.

c) The switching instants must be carefully controlled; since current spikes could
occur in the switch currents if overlap exists between gating signals, while a voltage

spike could occur across the switch if a gap exists between switch gating signals.

Another technique used in references (30-32), is a DC link current converter utilizing
PWM technique for both the input and output bridges. The configuration is shown in
figure (1-5). The implementation of the PWM techniques requires gate turn-off
switching devices such as bipolar transistors, MOSFETSs or GTOs to be used as
unilateral switches (33). This configuration comprises a converter section to convert
the constant frequency AC power from the commercial power source to DC power, a
reactor to smooth the DC current and an inverter section to convert the DC power to
the variable voltage variable frequency AC power (30). The capacitors are connected
to both input and output sides to absorb the overvoltages which occur when the

switch current cuts off. Sinusoidal current can be derived at both the input and
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output lines and four-quadrant operation is readily obtained by simply reversing the
polarity of the DC link voltage. This type of converter is used with a medium power
(several hundred horse power) level but is not generally favoured because of the

expensive and bulky passive components (33).

The three-phase current-controlled PWM rectifier/inverter DC voltage link shown in
figure (1-6) has been reported in references (34-35). The current-controlled PWM
converter merits attention due to its ability to deliver near sinusoidal currents at unity
power factor. In addition the converter permits bidirectional DC current flow without
the need for dual converters. In this configuration, both the rectifier and the inverter
are identical. The current in each phase tracks a reference current waveform. Under
the rectification mode of operation, the current path is preponderantly through the
diodes, and under the inverter operation the current flows preponderantly through
the forced commutated devices. Reference (36) used the same control technique but
with a single phase system which can be useful to drive an AC traction motor from a
single phase supply. Although a reversal of power flow with unity power factor was
achieved with this type of converter, the main disadvantage is that, it is difficult to

control the power factor in case the system needed to operate at leading or lagging

power factors.

It is also possible to utilize a dual PWM converter for a resonant AC/DC link
converter to achieve a reversal of power flow with unity power factor as has been
mentioned and discussed in references (37-42). The advantage of these converters
compared with the conventional DC voltage or current link converters is that the
devices can operate without snubbers and with very little heat sinking. This is due to
the zero voltage switching.However, the size and cost of the link inductor and

capacitor are major inhibiting factors.
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1-4 EARCHLAY

The previous sections outlined the many techniques which are used to reverse power
flow between AC and DC or AC and AC systems. Nearly all the references used an
antiparallel diode with a forced commutated device for each converter arm. It was
mentioned that the main disadvantage of the schemes of these references is the
difficulty of controlling the power factor in case the system is needed to operate at
leading or lagging power factor. However a new system using GTOs thyristor was
built and studied for reversing the power flow in both directions. The main
difference with the new system is that two antiparallel GTOs are used instead of a
diode and a GTO. The advantages and disadvantages of the system is discussed at

the end of this section.

Originally the idea of the project was to build a three-phase system containing two
GTOs converters connected in series, with each converter containing 12 antiparallel
GTOs. However, due to lack of time and practical difficulties such as late delivery of
components, the project was modified to a single-phase system as shown in the
block diagram of figure (1-7). Two single phase converters are connected in series.
Each converter contains 8 antiparallel GTOs. When power flows from side (A) to
side (B), S1 closes and the AC mains supplies converter (A). This operates as a
rectifier, by switching GTOs(A2) on as controlled devices and switching GTOs(A1)
off. The output of rectifier (A) supplies the input of converter (B), which operates as
an inverter. This can be achieved by switching GTOs(B2) continuously on, thus
operating them as diodes and switching GTOs(B1) on to carry the inverter current.
S2 must turn-off, to disconnect the supply from converter (B). The power from
inverter (B) is fed to the load. When power flows from side (B) to side (A),
converter (B) operates as a rectifier and converter (A) operates as an inverter. There
is a switch at the input of each converter, since there is no synchronization between
the system and the mains. This was due to the shortage of time which prevented

synchronization the output of each converter with the mains.
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The main objectives of the project were to study and investigate the reversal of the
power flow between the two converters under steady-state and transient conditions

and to investigate and control the rectifier power factor.
A brief outline of the various stages of the work is presented below.

a) An amount of time was spent to design and study a GTO drive circuit. Later some
time was spent learning the technique for designing a PCB for the GTO gate drive.
The work was done in the university laboratory using a computer software package
called a 'Smartwork PCB draughting software'. The design, diagrams and
explanations of the gate drive circuit and the switching behaviour of the GTO used in

this research are shown in Chapter 2.

b) A small system of about 100 W rating was designed and built to study and
investigate the reversal of power flow between two units. The design and results of

the system are presented in Chapter 3.

c) As mentioned at the beginning of this chapter, one of the objectives of the system
was to control the rectifier power factor. The author designed a rectifier control
circuit which gave the choice of operating the system with either leading or lagging
power factor. The full details of this circuit and the system control circuit are

presented in Chapter 4.

d) The complete system was assembled in a single framework which was designed

in the department and photographs of this are shown in Chapter 4.

e) Before testing and reaching the final stage of the project, some problems were
encountered, such as inrush current into the filter capacitor and transient voltages at

the input to each converter. These problems, together with the experimental results

are discussed in Chapter 5.

The advantages of this configuration are:]
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a) The rectifier power factor can be controlled.

b) The power flow can easily be reversed; it has been found that the GTO can easily

be transferred from a controlled device to a diode (always on).

The main disadvantage of this conﬁgﬁration is the switching losses of the devices.
As shown in figure (1-7) there is a diode in series with each GTO, due to the fact
that this type of GTO has a very low reverse voltage blocking capability and the need
for series diodes stemmed from the non-availability of Symmctrical GTOs.

The system can be operated in four-quadrants and can be used for a variable speed

drive or to link two systems with different frequencies.

Finally, there is further work to be done on this research topic and this is discussed

in the conclusions in Chapter 6.

18
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CHAPTER TWO

THE GTO THYRISTOR

2-11 D

Recent developments in power semiconductor devices have yielded new and efficient
controllable switches like the gate turn off thyristor (GTO) which is able to handle a
higher blocking voltage compared with a power transistor and has the additional
advantage of gate turn-off capability, eliminating the need for commutation circuits

which are used with conventional thyristors.

The construction of a GTO is similar to that of a conventional thyristor. It has a three
terminal, four layer pnpn structure, which can be explained in terms of a two
transistor model as shown in figure (2-1-a). This is a regenerative arrangement, in
which the collector current of one transistor supplies the base drive for the other
transistor (43,44). Once the thyristor is turned on, it cannot be turned-off. Thus the

off-state cannot be restored by the gate signal.

The GTO thyristor can be turned-off by extracting sufficient current from the gate to
cause the loop gain to fall to a point where the regenerative action ceases. This can be
obtained by making a(npn) relatively large and a(pnp) small. The current amp-
lification factor a(pnp) of a GTO is lower than that of a conventional thyristor. Two
methods are used to control a.(pnp); the diffusion of heavy metal as a life time killer
and an anode-emitter short-circuit.These are shown in figure (2-1-b-c). In the heavy
metal doping technique, the n1 region is doped with metal, such as gold, in order to

reduce the lifetime of minority carriers (43,45,47).

The anode emitter shorting technique results in a device with a very low reverse
voltage blocking capability. As can be seen in figure (2-1-c), the only junction

capable of blocking reverse voltage is junction J3, since J1 has been shorted out. A
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GTO with heavy-metal doping for minority carrier lifetime control has an on-state
forward voltage drop of 10-15% greater than that obtained with a GTO using anode
emitter shorting. However, its reverse voltage blocking capability is much greater
since junction J1 is available to block reverse voltage as shown in figure (2-1-b)

(45).

The Marconi GT224K GTO, was chosen for the research for the following reasons.
Firstly a full data sheet for the device was provided by MEDEL and secondly, the
device was offered to the department at a very reasonable cost. The data sheet of the

GTO is given in appendix (A).

This chapter will improve the understanding of the switching behaviour of a GTO
thyristor and the operation and design of both snubber and gate drive circuits. An
inverter circuit as illustrated in section (2-6) of this chapter was used for this

purpose.
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2-2 TURN-ON CHARACTERISTICS,

A GTO thyristor is a latching device. Once the anode current reaches a certain
latching value, the device will go into full conduction (50-53). The total turn-on time
is the sum of the delay time (tg) and the rise time (t;) as defined in figure (2-2) . Table
(2-1) shows the terms and definitions for each symbol of the GTO switching
waveforms. The turn-on time depends on the characteristics of the device as well as

the rate of rise and the amplitude of the gate current .

To accomplish fast turn-on, a steep rise and a large value of gate current are
required. The values depend on the size and the rating of the device and are usually

specified by the manufacturer.

The power loss is comparatively low during the delay time because the anode current
at this stage is still low. Maximum turn-on power losses are incurred during the rise

time when the load is resistive with no di/dt limiting inductance in the circuit (50-55).

5 ’ R

The on-state anode current can be turned-off by applying a negative gate bias to the
gate-cathode junction of the GTO (50,53). The turn-off time is defined as the sum of

the storage time (tgs), the fall time (tgf) and the tail time (45,53,56) as defined in
figure (2-2).

The initiation of a negative gate voltage causes negative gate current to start to flow.

The rate of rise of this current is controlled by the value of the turn-off voltage and

the gate circuit inductance (51,57).

During the storage period, anode current (I5) and device voltage (Vak) remain
constant. The switching power losses in this period are comparatively small. The
duration of the storage time depends on how rapidly the excess charge (QgQ) is
removed from the P-base of the GTO. The termination of the storage time usually

occurs when the gate current reaches a maximum value (53,57).
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When the excess charge is removed, the centre junction of the GTO comes out of
saturation. The anode current starts to fall rapidly and the anode voltage rises to Vpp.
The anode voltage continues to rise at a linear rate until it reaches Vpm. There is

further explanation about Vpp and Vpy in section (2-4).

After the fall time the anode current goes to a low value Itar, which decays more
slowly, the duration of this time depends upon the characteristics of the device
(53,48). The tail time is an important factor for switching power losses since the

anode voltage is high at this time.
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Symbol

Term Definitions
C;.-m::l rate oflrise The minimun value of rate of rise of off-state voltage
dV/dt OF:0-atate Vollage to cause switching from off-state to on-state.
Irg Forward gate The peak value of forward gate current
currenk at turn -on.
IG On-state gate The value of the gate current during
" current on-state conduction.

ITa\r

On-state current

The maximum value of mean on-state current.

QS: Tumn-off gate The charge supplied to the gate during
charge reverse bias that causes the on-state current
to fall to 90% of its initial value,
Delay time The time interval between the gate current
tg reaching 10% of its final value and the off
state voltage falling to 90% of its initial
value
t . The time interval for the on-state current
ef Fall tme to fall from 90% of its initial value and
the beginning of tail time,
The time interval between the reverse
t te
8 Sl gate current reaching 10% of its final
value and the beginning of tail time.
; The time interval between the reverse gate
tes Storags:time current reaching 10% of its final value
and the on-state current falling to 90%
of its initial value.
¢ o The time interval for the on-state voltage
r Rise:tims to fall from 90% to 10% of its initial value
Vo Continuous (direct) The maximum value of applied direct off state
off-state voltage. voltage
at turn-off,
V. The peak value of forward transient voltage
Dp ﬁ":,fsif:;rf:lta . appearing across the anode and cathode of
§e- the GTO during the fall time.
Reverse gate voltage The value of negative gate-cathode
VRG voltage.
I Reverse gate current The value of reverse current at switch off
aQ

Table (2-1) GTO terms, symbols and definitions.
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2-4 SNUBBER CIRCUIT,

It is necessary to connect a snubber circuit across a GTO to limit the rate of rise of
voltage during GTO turn-off and to limit the peak power dissipated by providing an
alternative path for the anode current when the GTO turns-off (51,59.61). Figure (2-
3) shows the connection of a snubber circuit across a GTO chopper circuit. The

snubber circuit consists of a capacitor, a resistor and a diode.

After the expiry of the storage time, the GTO anode current collapses with a fall time
which produces a very high rate of rise of current in the snubber circuit. The
transient responses of the snubber network produce a voltage spike Vpp which
appears at the anode of the GTO. This voltage depends on the inductance of the
snubber capacitor, the inductance of the circuit wiring and the transient turn-on
impedance of the snubber diode (61,62). The value of Vpp must be kept below the

rated value of the GTO to avoid excessive turn-off power dissipation.

The capacitor voltage rises at a linear rate given by:

dVe I
“dt  Cs e

Where 1, is the anode current.

The capacitor voltage continues to rise until it reaches the DC supply voltage, at
which instant, point (A) shown in figure (2-3) becomes effectively clamped to the
DC supply. The capacitor voltage then overshoots and reaches Vpm. The overshoot

amount will be governed by the value of the snubber capacitor and the stray

inductance.

The peak overshoot may be determined by simply considering the energy transfer in
the circuit as follows. The total energy change in the system equals the energy stored
in the inductance L plus the energy absorbed by the capacitor from the supply, where

L is the total leakage inductance (Lyx; + Lx?) of the circuit.

Therefore:
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7 CsVint' - Vpcd = S-L1,% 4Vt (2-2)
Where:

Vpw is the peak capacitor voltage reached.

Vpc is the supply voltage.

dVv
i=Cogt

Therefore.

1 2 1., 2 VoM
5 CsVpy -VDC2)=5LIA +ijD CsdVe (2-3)
DC

%Cs(v[)Mz - VDCZ) =%LIA2 +Csv[x:(VDM - V[x') (2'4)

Which gives:
Vou= Voc+Ia/ c:% 2-5)

After the voltage overshoots, the capacitor discharges through Rs and DF, eventually
settling to the DC supply voltage. The current in the snubber circuit approaches zero
and a reverse current flows through the snubber diode maintained by the stored
charge. Dg cannot regain its reverse blocking capability until most of the stored
charge is removed by the reverse extraction process and internal recombination of the
charge carriers. This snap off of reverse current will produce via external circuit
inductance, a negative voltage spike which then recovers rapidly to the steady-state
positive voltage level (45,48,49,64). Since the magnitude of this voltage excursion

depends on the diode turn-off speed, the snapiness can be reduced to a certain degree

by using a soft recovery diode.

The greater part of the energy stored in Cs during turn off is dissipated in Rs. The

required power rating of Rg is given by:
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1
Ws=5Cs Vc'f (2-6)
Where f is the switching frequency and V¢ is the snubber capacitor voltage.

(Note that, in the above equation, Vpy is used to calculate the rating of the snubber
resistor. Although the time during which V¢ equals Vpy is only a fraction of a cycle,

by basing on Vpy rather than Vpc, this gives a safety margin for the resistor rating).

The ohmic value of Rg is chosen to enable Cs to discharge almost completely during
the shortest period for which the GTO is conducting. Otherwise any residual charge
left on Cg will add to the voltage spike Vpp at turn-off. The discharge time is
governed by the time constant RgCs. It is well known that for a RC circuit, the
capacitor needs at minimum 5 times the time constant to be almost ciischargcd.

MEDL data sheet recommended that (57):
CsRs < ton/S. - (2-7)

Where top is the conduction time of the GTO. On the other hand, the value of the

snubber resistor Rg must be high enough to limit to a safe value the capacitor

discharging current which flows through the GTO at turn on (45).
2-5 GTO GATE DRIVE CIRCUIT,

The gate drive circuit has a direct influence on the switching performance of a GTO
thyristor. As was mentioned in section (2-3) the storage time is affected by the rate
of rise of gate current and the peak gate current. In designing a gate drive circuit,
care must be taken to ensure that the rate of rise of gate current meets the
manufacturer's specification, and this can be controlled by varying the value of the

gate inductance and the turn-off voltage (53,54).

The GTO drive circuit represented by the block diagram of figure (2-4) is comprised
the following blocks.

a) The input signal which handles the incoming control signal and the driver stages.
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b) The initial turn-on current which contains a circuit to handle the peak value of

forward current (Irg) at turn-on.

c) The third one contains a circuit to carry the back porch current which is the value

of the gate current during on-state conduction.

d) Finally the turn-off circuit and this carries the turn-off current (IgQ) ( this is the

value of reverse gate current at turn-off).

Figure (2-5) shows the circuit details for the turn-on and turn-off parts and figure (2-
6) shows the waveform of the initial turn-on and the back porch current. The initial
turn-on current consists of a high current pulse (About 15 A magnitude for 12}is)
which can be obtained by discharging the capacitor Cop through 1 Q resistor and
power MOSFET1. The back porch current (about 1A) is obtained by switching the
SV supply to the gate through the 5 Q resistor and power MOSFET2. To avoid any
gap between the initial and the back porch current, MOSFET1 and MOSFET2 must
turn-on simultaneously. According to the data sheet of the device, the initial pulse

should have an amplitude of at least 10 A whilst the back porch current should be 1
Aat25°C.

Tumn-off is achieved by discharging capacitor Co through the GTO gate and the two
power MOSFETSs3.4 in parallel to handle the reverse current of the GTO at turn-off.
Note that MOSFETS1,2 are P channel enhancement and MOSFETs3,4 are N channel
enhancement types. To turn-on the P channel the input voltage should be more

negative than the threshold voltage(-2 V) and for N channel the input voltage should

be more positive than the threshold voltage (3V).

The gate circuits in turn are driven from turn-on and turn-off stages as shown in
figure (2-7). To understand the operation of the drive stage circuit, the circuit has
been divided into simple sections and each section is explained individually. As
shown in figure (2-7) an opto-isolator is connected at the input of the drive stage,

this is used to isolate each drive circuit from the input signal. The device is ideal for
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isolating high speed logic interfaces, eliminating ground loops and implementing

isolated line receivers in high noise environments.

The GTO thyristor is a latching device and a single narrow pulse or a pulse train to
its gate is usually sufficient to turn it on. Due to the characteristics and application of
the present gate drive circuit, wide-width pulses are used to drive the GTO. This
means a continuous pulse supplies the gate throughout the whole conduction period
of the GTO. When the input pulse of the gate circuit driving stages is high, the GTO

will turn-on and when the input pulse is low, the GTO will turn-off.
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Figure (2-4) Gate drive block diagram.
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Figure (2-5) GTO Dirive circuit.
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Figure (2-6) Initial turn on and back porch current.
CH2: 3 A/div.

Initial on current: 16 A.

Back porch current: 1 A.

Time: 15 ps/div.
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Figure (2-7) Gate circuit drive stages.
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-5-1 DELAY CIR

A 12 ps signal is used to feed the driving stage of MOSFET!1 in order to carry the
initial turn-on current pulse. This signal is generated by a delay circuit comprising
three NAND gates and an RC circuit as shown in figure (2-9). This kind of NAND
gate (CMOS 4093 2-input NAND Schmitt trigger) switches at different voltage
levels for positive and negative going edges. For a positive-going edge, the gate
switches when the input voltage reaches 70% of its peak value and for a negative-
going edge, the gate switches when the input voltage drops to 30% of its peak value.
The peak value of the input voltage is 15 V, therefore the output of the NAND gate

changes state when its input reaches 10.5 V or when its input dropsto 4.5 V.

To get a 12 ps wide signal, the input of the delay circuit must rise exponentially and
reaches 70% of its peak voltage in 12 ps. By feeding the input signal to an RC
circuit, the capacitor voltage will reach 70% of the peak input when t = 1.2RC as

illustrated in equation (2-8)
v('.'=vin]:|( 1 -cﬁ) . (2-8)

Figure (2-8) shows the connections of the input signals to the RC circuit and the

effect of NAND1. R=100k Q, C =100 pF, 1.2RC =12 s

Refer again to figure (2-9), the output of NAND1 supplies one input of the NAND2
and the input signal supplies the other input. The output of NAND2 is inverted using
NAND3, which gives a 12 ps pulse at the beginning of the input signal. Figure (2-

10) shows the oscillograms of the input signal and the output of the delay circuit
(output of NAND3).
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L >
(b) Circuit waveforms.

Figure (2-8) RC circuit connections and waveforms.
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(b) Circuit waveforms.

Figure (2-9) Delay circuit connections and waveforms.
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1 S_CH1

CH2

Figure (2-10) Output of the delay circuit.

. CH1: 15 V/div. (input signal).

CH2: 15 V/div. (delay circuit output).
Time: 10 ps/div.
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2-3-2 DR TAGE

Figure (2-11) shows the MOSFET! drive stage. Each time the input signal changes
from low to high state, the output of NAND2 will be zero for a 12 pts duration. The
output of NAND:2 feeds the base of transistor T1 to switch it on. The emitter of T11is
connected to the output of NAND3 which inverts the state of NAND2 output. When
T1 turns-on, current flows through its emitter, collector and the resistors (R3 and
R4). These resistors operate as a voltage divider to feed the base of T2. When
transistor T2 turns-on, a current flows from the +15 V rail through R7, Ré, Rs, and
T2 to the -15 V rail. This current produces a voltage at the gate of MOSFET]1, with a

magnitude of:

30 30

Va1s1= RiRgR; N6 T+1+047 1 =1V

This voltage is negative with respect to the source and less than the threshold voltage

thus MOSFET will turn-on to carry the initial pulse current.

After the 12 S duration, the output of NAND2 changes state to a high level (+15
V), T1 turns-off and the base of T2 is connected to -15 V rail. Hence T2 turns-off
and the current through Ré cuts-off. The gate-source voltage is zero which is higher
than the threshold voltage and this turns MOSFET! off. Figure (2-12) shows the

oscillograms of the drive stage.
-5-3 NV DRIVE STAGE

Figure (2-13) shows the MOSFET2 drive stage. The input signal is inverted by
NAND\4 to feed the base of transistor T3 via Rs, whilst the emitter of T3 is connected
to the output of NANDs which has the same state as the input signal. When the input
signal is high, the base of T3 is low, A current flows through its emitter, collector
and the resistors (R9,R10), this current supplies the base of transistor T4 to turn it

on. When T4 turns-on, a current flows from the +5 V rail through R13, R12, R11
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and T4 to the -15 V rail. This current produces a gate voltage across R12 with a

magnitude of:

Voiome 20 o 20
G2527 R #R 12+R 3 127 1+140.47

8V

This gate voltage is negative with respect to the source of MOSFET?2 and less than
the threshold voltage, hence MOSFET?2 turns-on to carry the back porch current of
the GTO gate drive circuit. When the input signal is low, T3 turns-off. Transistor T4
also turns-off. Since there is no current flow from the +5 V rail, the voltage across

R12 is zero and MOSFET?2 switches off. Figure (2-15) shows the oscillograms of
the drive stage.

2-3-4 MOSFET3 DRIVE STAGES,

Figure (2-14) shows the MOSFETS3 drive stage. The input signal is inverted by
NAND: to feed the npn transistor Ts. When the input signal is low the base drive of
Ts is high and this turns it on. The emitter of T5 is connected to the output of
NAND?7 which is low. A current flows from the +15 V rail through R16, R17 and
Ts. By the operation of the voltage divider (R15 and R16) the base voltage level of Té
is negative with respect to the emitter. Té will turn on and a current flows from the
+15 V rail through Té, R17, R19, and R20 to the -15 V rail, This current produces a

gate voltage across R18 with a magnitude of:

Voo 30 o 30
0353-R17+R13+R19 18 1+1+0.47

=121V

This gate voltage is positive with respect to the source of MOSFET3 and higher than
the threshold voltage, thus MOSFET3 turns-on. When the input signal is high (+15
V), Ts turns-off which in turn switches transistor Té off. Since there is no current
flow through Ts, the voltage across R18 is zero and MOSFETS3 turns-off.Figure (2-
16) shows the oscillograms of the drive stage. (Note that the operation of MOSFET4
driving stage is similar to that of MOSFET3).
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(b) Circuit waveforms.
Figure (2-11) MOSFET1 drive stage.
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Figure (2-12) Output of MOSFET! drive stage.

CH1: Input signal 20 V/div.
CH2: T1 base 20 V/div.
CH3: T1 collector 20 V/div.
CH4: T2 collector 20 V/div.
Time: 25 ps/div.
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(b) Circuit waveforms.
Figure (2-13) MOSFET?2 drive stage.
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Figure (2-14) MOSFETS3 drive stage.
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. Figure (2-15) Outputs of MOSFET2 drive stage.
~ CHI: Input signal 20 V/div. =
~ CH2: T3 base 20 V/div.
* - CH3: T3 collector 20 V/div.
CH4: T4 collector 20 V/div.
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Figure (2-16) Outputs of MOSFETS3 drive stage.
CHI: Input signal 20 V/div.

CH2: Ts base 20 V/div.

CH3: Ts collector 20 V/div.

CH4: Ts collector 20 V/div

Time: 5 ms/div.
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2-6 GTO TESTING CIRCUIT

The switching waveforms and the operation of the gate drive circuit of the GT224K
GTO were tested using the single phase half-bridge inverter of figure (2-17). For the
initial test it was decided to operate the GTO at 10 A RMS as a safety margin and a
switching frequency of 1kHz was chosen since this was the chosen frequency for
the PWM waveform. The voltage of the DC power supply was 100 V. To obtain the
required current of 10 A RMS at the stated voltage and switching frequency, the load

was arranged to have an inductance of 800 pH and virtually negligible resistance to

minimize the losses.

Referring to figure (2-17), since the inverter is a half bridge, when one GTO is
turned-on for a time T/2 (T = 1/f), the instantaneous voltage across the load is
VDc/2. Assume that, for the first half cycle GTO1 is turned on to carry the load
current. When GTO1 turns-off and GTO2 turns-on, the load voltage reverses and the
load current transfers to the diode D2, the voltage drop across D2 reverses the biases
of GTO2. The current through D2 starts to fall and when it reaches zero, GTO2
becomes a forward biased and the load current flows through GTO2. Again when
GTO2 turns-off and GTO1 turns-on, the load current transfers first to the diode D1

and when it reaches zero, it transfers to GTO1.

Under-steady state condition the maximum load current passing through the GTO at

the end of first half cycle equals:

v
I =4 29

Where f is the inverter frequency and L is the load inductance. The derivation of the

above formula is given in appendix (B).

With f = 1kHz, L = 800 pH and Vpc = 100 V, the peak current equals:

100

I, = ®)(T000)(0.0008) ~ 104
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Figure (2-18) shows that GTO:1 starts to conduct when the current through D1
reaches zero. Since the load is purely inductive, the conduction period of the GTO is
almost equal to that of the diode. Ipx= 16 A, and the RMS current is:

Ik 16
I =—=—=023A
RMS 1;—“3 .';:—3-

Figure (2-19) shows the load voltage, load current, the voltage across GTO1 and the

voltage across GTO2. It is clear that the voltage across the load is Vpc/2.

The value of the snubber capacitor was calculated assuming that, future research
would be carried on with a 50 A peak anode current through each GTO. According

to the device data sheet, the maximum permissible dV/dt is 500 V/ts and referring to

the snubber section in this chapter, the value of Cs is:

Ia

- =0. 2-10

Cs v 0.1 uF (2-10)
dt

As mentioned above in this inverter peak anode current is much less than 50 A (Ipx

=16 A), when a 0.1 pF snubber capacitor was used, it was found that the snubber

circuit produces a high voltage spike and overshoot voltage ( Vpp= 100 V, Vpm=

200 V, Vovershoot = 100 V ). The voltage Vpp depends on the inductances of the

snubber capacitor and the circuit wiring. The voltage Vpy also decreases when Cs

increases.

Vpm= Vpc+ Ia’\/ ELS' (2-11)

Where:

f L
vovershom: IA 6; (2-12)

To reduce the values of the above voltages and to minimize the capacitor inductance,

four capacitors were used in parallel for the snubber circuit (0.22 puF each capacitor)

and these gave waveforms shown in figure (2-20), where:
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Vpm =120 V.
Vpp=25 V.
Vovershoot = 20 V.

With Ip = 16 A and Cs = 0.88 WF, the total stray inductance according equation (2-
12) is:

2

L Voversh:ol- Cs =1.375puH

IA

The ohmic value of Rg must be:

ton
Rs< 50 (2-13)

With 1 kHz switching frequency, the conduction time of the GTO is 250 ps which

gives a choice for the value of the snubber resistance of 57 Q or less, the rating of

the resistor must be:

Ws=5Cs V2 (2-14)

Where Vis the snubber capacitance voltage.

With Cs = 0.88 UF, Ve =120 V and f = 1 kHz, the required rating is approximately
7 W. Rg should be large enough to limit the capacitor discharge current and since a
15 Q, 7 W resistor was available, this was used for the snubber circuit. The

maximum capacitor discharge current is quite low compared with the current rating

of the GTO.

Figure (2-21) shows the GTO1 switching waveforms. From Channel 3 it can be

seen that Igom = 13 A (it reaches this value after 0.75 ps). Thus:

dI 13
—__1 _ A
G =075= 1733
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According to the device data sheet, the rate of rise of the reverse current must be !

between 12 and 30 A/us.

In conclusion the above test shows that the switching characteristics and the

BT el L e —

operation of the gate drive of the GT224K meets the design and data sheet I?
specification for the device. | ,’ :
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(b) Load voltage and current with an inductive load.

Figure (2-17) GTO Inverter.
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Figure (2-18) Devices Voltages and Currents |

CHI: Vax (GTO1) 100V/div.
CH2: 15 (GTO1) 10 A/div. _
CH3: Ip; 10 A/div.

CH4: Vax (GTO2) 100V/div.
Time: 5 ms/div.
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3 v

193

|

104
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Figure (2-19) Load voltage and current.
CHI: Load voltage 100V/div.

CH2: Load current 20 A/div.

CH3: Vak (GTO2) 100V/div.

CH4: Vak (GTO1) 100V/div.
Time: 5 ms/div.
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Figure (2-20) Voltage and Current when GTO1 is tuming-off.
CHI1: Vax 50V/div.

CH2: I 5 A/div.

Vpp=25V

Vpm = 120V.

Time: 2 ps/div.

(Wed|

1 1 o5 + CH2 .

P | CH3

01,2

tgs

e T - CI4
M e ====C_ 0 - o SO 2o o CSS S SR SES AR

034

3

Figure (2-21) Switching waveforms of GTO1.
CHI: Vak SOV/div.
CH2: 15 10A/div.

. CH3:15q10 A/div.

CH4: Vgk 20V/div.
Time: 2 ps/div. Fall time = 0.5ts. Storage time = 1js.
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CHAPTER THREE

PRELIMINARY INVESTIGATION FOR TWO WAY POWER FLOW.

- D N

The circuit shown in figure (3-1) was chosen for a preliminary investigation into the
problems associated with two directions power flow. The circuit contains two
centre-tap inverters (A1 and B1), a diode bridge (A2) and a half-bridge GTO (B2).
The use of a diode bridge and a half-bridge GTO respectively in converters (A2) and

(B2) was necessitated by the lack of a sufficient quantity of gate drive circuits for the
GTOs.

The configuration of figure (3-1) was decided on for preliminary investigation for

the following reasons:

a) The centre tap inverters readily lend themselves to the use of low battery voltages

and low power loads.

b) The power supplies were self contained and independent of the mains, thus

ensuring additional safety and avoiding the need for synchronization with the mains.

This chapter presents the operation of the system , operation and testing of the centre

tap inverters, system control circuit and finally a discussion of some results obtained

from the system.

-2 SYSTEM OPE

When power flows from side (A) to (B) of the circuit shown in figure (3-1), (A1)
acts as an inverter, with its output feeding the diode bridge (A2). The output of (A2)

supplies (B2), which operates as an inverter to supply rectifier (B1) and the battery
charges via diodes D1,2(B1).
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When power flows from side (B) to (A), (B1) operates as an inverter, (B2) changes
from an inverter to a rectifier and the power is dissipated in the load. When (B2) is
operating as an inverter, GTO3 and GTO4 are continuously on and operate as
diodes. The current flows through GTO1 and Ci1 during one half cycle and C2,
GTO2 during the other. When (B2) operates as a rectifier, GTO1 and GTO2 are off
and GTO3 and GTO4 turn-on as controlled devices. In this case, the rectifier will

operate via GTO3 and D2 or GTO4 and D1.
- P RTE

There are two centre tap inverters connected to DC power supplies as shown in
figure (3-1). These inverters are designed for 24 V and 5 A on the DC side and 65 V
and 1.5 A RMS on the AC side. Conventional thyristors are used because the gate
drive circuit for a thyristor is much cheaper and simpler than that of a GTO, while
the single capacitor and inductor required for the commutation circuit of this 100 W
parallel inverter are sufficiently small and éheap to justify their use in this
application. When one thyristor is on, the DC source voltage appears across one half
of the transformer primary, the total primary voltage is 2 VDC, and the capacitor is

charged to 2 VDC. When the other thyristor is fired, the charged capacitor is then

placed across the first thyristor turning it off.

Inverter (A1) is used to send power only while (B1) is used either to send or receive
power. When (B1) is sending power, its input is connected to a 24 V power supply
unit and when it is receiving power it is connected to a 12 V battery which will
charge via the diodes. The reason for using the 24 V power supply unit for inverter
(B1) is that the diodes are connected to an 18 V tapping as shown in figure (3-1) so
the nominal voltage on the "high voltage" side would not be sufficient to produce the
required charging voltage for a 24 V battery. Transistor switches are used to connect

(B1) either to the 24 V power supply unit or to the 12 V battery depending on the

direction of power flow.
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Figure (3-1) Single phase arrangement for two way power flow.

(The drive and snubber circuits of the devices have been omitted from

the figure so as not to confuse the explanation)
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-3-1 THYRI INI

Figure (3-2) shows the thyristor firing circuit for the centre tap inverter which
contains an integrator, a voltage-to-frequency converter (V/F), a D type flip flop and

various resistors, capacitors and logic gates. Each part of the circuit will be explained
individually.

Figure (3-3-a) shows the connections for the integrator and the V/F converter. The
integrator uses a 741 operational amplifier with a capacitive feed back. Its input (V1)

is connected to a DC voltage which produces a current to charge the capacitor (C1)

with a value equal to Vi/R2.
The current flows in C1 producing a volt drop which equals (65):

1 ¢. Vi |
vc1=C—1J’1dt=mIdt (3'1)

The output voltage of the integrator V3 = -V¢1. Therefore:

2 |
= e 2
Va=-Ex; [ at (3-2)

The input to the integrator is negative and this gives a positive going output voltage
as shown in figure (3-3-b). The integrator output is connected to the input of (V/F)
which produces pulses at a frequency proportional to its applied input voltage. In the
event of failure of the DC supply, the integrator would try to maintain the output
voltage (input of V/F) for a few milliseconds, the output voltage falls at the same rate
as the capacitor voltage. The discharging time of the capacitor dependents on the time
constant of the circuit. The connections for the V/F converter are given in figure (3-
3-a) and the equation for the output frequency (66) is.

Vo Rg 1

foul= -2_.6'9- . R—L . -R_'(C: Hz (3"3)

Where: V2 is the output voltage of the integrator.
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The output of the integrator and hence the frequency of V/F converter can be varied

by means of the variable resistor R1 which was set to give a frequency of 100 Hz.

The V/F converter is connected to the D type flip-flop of figure (3-2), which operates
as a trigger. A 50% duty cycle is obtained by connecting the complementary output
terminal of the flip-flop to its D input and its clock to the output of the V/F converter.
The output of the D type flip-flop will change state (high to low or vice versa) at the
positive going edge of its clock pulse. In this case, the output frequency of the flip-
flop is half the frequency of the V/F converter, as shown in the waveforms of figure

(3-4) giving an output of 50 Hz.

Two delay circuits are used, as shown in figure (3-2), to introduce a delay time
between the outgoing thyristor and firing the incoming thyristor. Otherwise, a short
circuit condition would result through the two thyristors.The value of the delay time
depends on the time constants (R6C2 and R7C3). An experiment showed that the
optimum delay time to be introduced is 351S. The operation of the delay circuit is

similar to the one which is given in appendix (C).

Each delay circuit output supplies a thyristor drive stage, which contains a transistor
and two resistors. When the output of the delay circuit is high (+15 V), a current
flows through R8 (or R10) and transistor TR1 (or TR2) turns-on. A current is
supplied from the +15 V rail through R9 (or R11) and the emitter of TR1 (or TR2) to
the gate of thyristor TH1 (or TH2) to turn it on. The thyristor gate current is

approximately 120 mA which is greater than the minimum gate current of 100 mA

defined in the device data sheet.
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Figure (3-3) Integrator and the V/F circuit. | :
CH1I: 10 V/div (output of the V/F). : *f
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Figure (3-4) Output waveforms of the V/F and the flip-flop.

~ CHI: 10 V/div (V/F output).
CH3: 10 V/div (D flip flop output).
Time: 5 ms/div.
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A thyristor is turned-off by reducing its anode current to a value less than the holding
current which is almost zero. The turn-off time (tp) is the time required to regain

forward blocking capability afi ter forward current has ceased to flow.

The turn-off time of the thyristor operating in a centre tap inverter is given by (67):

to=g(x)Y4LC (3-4)

where:
g(x) =sin" | ———|- sin" | —=—— (3-5)
Vx? +1 2Vx% +1
and
Ey [4C
b gt — —_ 3'6)
VL (
where:

Eq is the inverter input voltage,

Ik is the peak thyristor current and

L and C are the commutating capacitor and inductance.

The derivation of the above expressions are given in appendix (E).

The centre tap inverters were tested on open-circuit, with a resistive load (R =42 Q
) and an inductive load (L = 60 mH, R =25 Q ). These values were chosen to limit
the load current to the rating of the inverter ( ILrms = 1.5 A). As mentioned at the
beginning of the chapter, the output of the centre tap inverter is 65 V, so the RMS

current for a resistive load is:

\
ILRMS=-R£=%=1.S4A

T — g e LA =

R e o VAL G BRTY . a iy

Ty




For an inductive load, the load current grows exponentially given by:

IL=%(1 o' V) 3-7)

To choose the values of inductance and resistance, the following considerations were

made. Firstly considering the exponential part of the above equation is much less

than 1, the peak load current approximates to:

VL_65
ILpeak=_ﬁ-=§_§=2'6A

Secondly, assuming the load current has a triangular waveform, the RMS current is

given by:

The turn-off time of the thyristors were investigated and compared with the
theoretical results shown in table (3-1) and figures (3-5) to (3-7). It was found that
the turn-off time of the two thyristors in each inverter is the same so table (3-1)
shows the turn off time of one thyristor in each inverter, The oscillograms show the
results for one inverter only, since there is not much difference between the

waveforms of the two inverters. The inverter input DC voltage was 22 V (the DC

supply is 24 V but there is a 2 V drop in the inverter).

Figure (3-5) shows the turn-off time of one thyristor in inverter (A1) with the

transformer secondary open circuited. The peak current through the thyristoris 2 A,

by using equations (4,5,6):
x = 10.77
g(x) = 0.95

to= 46.55 ps

Figure (3-6) shows the tumn-off time of one thyristor in inverter (A1) with a resistive

load. The peak current through the thyristor is 7.2 A, thus:
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x =299
g(x) =0.75
to = 36.74us

Figure (3-7) shows the turn off-time of one thyristor in inverter (A1) with an

inductive load. The peak current through the thyristor is 11 A, therefore:
x =195
g(x) =0.63
to = 30.8 us

There is a small difference in the turn-off time between the two inverters, with 5%
difference for the resistive load and 7% for the inductive load. There is also a small
difference between the theoretical and experimental results of about 2.5%. It is
believed that these differences may be related to the losses and tolerances of the

commutating capacitor and inductance.
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No load

ka: 2A

Resistive load

Ik=72 A

Inductive load

Ik=11A

Inverter
A)

(TH1, TH2)
toin Hs

46
(46.5)

36
(36.7)

28
(30.8)

Inverter
(B)
(TH1, TH2)
toin ps

46
46)

37
@37

30
(3)

Table (3-1) Turn-off time of the thyristors.

(Theoretical values in brackets)
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to = 36 ps.



.

)
-

: X _ o
\ 1 L

/ | m R

- N h |_|ld

! |

AN - | _

o N
g e N e
N
»ep----p-sz=pocsat i S et " - 4l|nl.q_
— !

LB
TR
- — - w Il-.ml_lll —

I SO P ..m - I-_._ _

WA = e

Figure (3-7) Thyristor tum off time with an inductive load

- (A1).

CHI: Vax 20 V/div.
CH2: Ixk 4 Aldiv.

Time: 10 ps/div.
to = 28 ys.

69



-4 RTE R DR P

The gating pulses for the GTOs in the inverter circuit (B2) are obtained from a 4047
CMOS astable multivibrator. The outputs of the 4047 were set to give a 50 Hz
frequency with a 10 ms pulse width. Figures (3-8) shows the circuit connections for
the inverter drive pulses. According to reference (66), the output frequency is:

f—mﬁ Hz (3"8)

A delay circuit is connected to each output of the 4047 to prevent the two GTOs from
being on simultaneously. The operation of the delay circuit and its use with an
inverter control circuit are explained in appendix (C).The delay time depends on the
time constant (R2C2) and (R3C3). It was found that the optimum turn-off time for
the GTO was 15 ps. This means a 15 s time delay must be introduced to the tumn-

on pulse, to allow the complementary device to turn-off.

As explained previously, when (B2) operates as a rectifier, GTOs1,2 turn-off and
GTOs3,4 tumn-on as controlled devices. In order to synchronize the rectifier drive
pulses with the output of the centre tap inverter (B1), the drive pulses are taken
directly from the output of the D type flip-flop of the thyristor firing circuit. Figures
(3-9) (a) and (b) respectively show the circuit connections and the waveforms for the
rectifier drive pulses. (Note that,the output voltage at the secondary winding of the

transformer of the centre tap inverter is shown so that its synchronization with the

driving pulses can be seen).
3-5 TRANSISTOR DRIVE CIRCUIT,

When power flows from side (A) to side (B) of the circuit shown in figure (3-
1),transistors TA1 and TB1 turn-on simultaneously to connect the input of inverter
(A1) to the 24 V P.S.U and (B1) to the 12 V battery. Transistors TB2 and Ts are
turned-off to disconnect the input of inverter (B1) from the 24 V P.S.U and the

output of converter (B2) from the load.
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When power flows from side (B) to side (A) transistors TA1 and TB1 turn-off to
disconnect the centre taps of the transformers (A1) and (B1) from the P.S.U and the
battery respectively. Transistors TB2 turn-on, to connect the 24 V P.S.U. to the

input of inverter (B1), at the same time transistor TS turn-on to connect the load to

the output of converter (B2) which operates as a rectifier.

Figure (3-10) shows the drive circuit for the four transistors. Since one pair of these
transistors is turning-on whilst the other pair is turning-off, two delay circuits are
connected to the inputs of their drive circuits to prevent the two transistor pairs

((TA1,TB1) and (Ts,TB2)) being on simu!fancously.

To simplify the explanation of the transistor drive circuit assume that transistor TA1
is tuing-on. When the input signal is low (0 V), the base of the pnp transistor (T1)

is low and it turns-on. Current flows from the +15 V rail via Ron to turn TA1 on.

When the input signal is high, the pnp transistor (T1) turns-off and the voltage drop

of the diode D maintains a negative bias between the base and emitter of TA1.

Opto-isolators are used to provide isolation between the control circuit and the base

drives of the transistors.
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delay circuit

: | ' h DRIVE
“ s EO AT

delay circuit

Figure (3-8) GTO inverter drive pulse circuit connections.
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to GTO3
— Q drive
type circuit
V/F V/Fou | |flip-flop
converter C aq "'|
__[ to GTO4
drive
circuit
(a) Circuit connections.
Centre tap
inverter output
65V
t (ms)
>
10 20 30
-65V
drive f | : |
pulses | | |
| | |
+15V
t (ms)
>
GTO4
drive
pulses
t (ms)

(b) Circuit waveforms.

Figure (3-9) GTO rectifier drive pulse circuit. .
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Figure (3-10) Transistor drive circuits.
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The control circuit of the system shown in figure (3-1) was designed to provide the
correct signals to drive the switching devices (transistors, thyristors and GTOs) to
send power in both directions. One limitation of this particular control circuit is that it
can be controlled from side (A) only. Figure (3-11) shows the connections of the
system control circuit. By changing the state of the comparator output, the signals

will transfer from one group of devices to another depending on the required

direction of the power flow.

As can be seen from figure (3-11), one input of the comparator (V1) is used as a
fixed 7.5 V reference, the other input (V2) can be varied by means of the variable

resistor R4. When V2 is higher than V1, the comparator output is low. When V2 is

lower than V1, the comparator output changes state from low to high level (note that

low level means zero and high level means 15 V).

Table (3-2) shows the switching sequences of the control circuit when power flows
in both directions. Assuming that power flows from side (A) to (B). (V2 must be

higher than V1) the comparator output is low (0 V), point (X) is high and (Y) is low.
Therefore:

1) Transistor TA1 turns-on and P.S.U.A1 supplies the inverter (A1).

2) The thyristor firing circuit feeds the drive stages of thyristors TH1,2A and (A1)

operates as an inverter to supply the rectifier diode bridge (A2).

3) The switch transistor Ts turns-off and the rectifier diode bridge (A2) supplies the
converter (B2).

4) GT(_)3.4 operate as diodes (always on) and GTO1,2 turn-on, (B2) now operates as

an inverter to supply the converter (B1).

15




5) Transistors TB1 turn-on and TB2 turn-off. Converter (B2) is connected to the

battery, at the same time, thyristors TH1,2B turn off, (B2) operates as a rectifier and

the battery charges via the diodes.

When reverse power is required, the voltage V2 must be reduced to a value less than

7.5 V, point (X) changes to low state and (Y) changes to high state therefore:
1) Transistor TA1 turns-off and the P.S.U.A1 is disconnected from inverter (A1).

2) The thyristor firing circuit is disconnected from the drive stage of thyristors

TH1,2A to turn them off,

3) Transistor TB1 turns-off and TB2 turns-on and converter (B2) is connected to the

(P.S.U.B1). At the same time thyristors TH1,2B turn-on and (B2) operates as an

inverter to feed (B2).

4) GTOs3.4 turn-on to operate as controlled devices and GTOs1,2 turn-off, B2

operates as a rectifier to supply the load .

5) The switch transistor Ts turn-on to connect the load to the output of (B2).
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15V
R1
10k
R2 to TAl and TB1
10k drive circuits
to TB2 and TS
drive circuits
7\ to THs(1,2)A
Thyristor firing drive stages
circuit _/

L to THs(1,2)B
drive stages
to GTOs(3,4)

GTOs(3,4) S e
input pulas J.—/ drive circuits
) ST
input pulse -
Figure (3-11) Control circuit connections.
X |Y |TAl |TB1 |TB2 |TS |T™H |T™H | GIO | GIO
1,2 1,2 | 12 3,4
A B
Power
ATOB high |low | on | on | | off on |off on operate
V2>V1 as diodes
Power .
BTOA low |high | off |off on on off on |opertate| on
V2<V1 as diod

Table (3-2) Switching sequences of the control circuit.
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- WER IN DIRE

Referring to figure (3-1), a centre zero ammeter was connected in the rail between
the load and converter B2 to observe the direction of the power flow. Meanwhile,
some problems occurred when the change over of the power flow takes place. These

problems have prevented recording the voltage and current waveforms of the GTOs .

As mentioned at the beginning of this chapter when converter (B2) operates as an
inverter, the current flows through GTO1 and C1 during one half cycle and GTO2
and C2 during the other. However when converter (B2) operates as a rectifier, the
capacitors affect its input and output voltage and current waveforms. The reason is
that the current charges the capacitors first and then it continues to flow through the
load. It was found that the capacitor charging current is high compared with the
current rating of the power supply unit. Thus the power supply unit of (B1)

(P.S.UB1) collapses because this type of power supply is automatically limited to 5
A.

The results in figures (3-12) and (3-13) show the oscillograms of the input voltage
and current of (B2). In figure (3-12), C1 and C2 have been removed, it can be seen
that both the output voltage and the current of the centre tap inverter (B1) are square
waves with 65 V and 1.5 A peak. In figure (3-13) ( C1 = C2 = 100 pF) have been
connected, the capacitor currents are quite high (about 7A giving 14 A on the
primary side). Also the peak output voltage is reduced to 50 V and the peak output
current to 1.25 A. It has been observed that the input DC voltage of the centre tap

inverter (B1) (PS.U.B1) has collapsed from 24 V to 20 V which means that the

power supply unit is over loaded.

Since the rating of the system is very low compared with the rating of the GTOs, it
was decided to proceed with the main project, to observe the transfer of the current

between two GTOs when change over occurs.
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Figure (3-13) Output voltage and current of inverter B2.
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(C1=C2=100 pF).
CH1: Output voltage 100V/div.

CH2: Output current 2A/div.
Time: 5 ms/div.



CHAPTER FOUR

SINGLE PHASE TWO WAY POWER FLOW

4-1 INTRODUCTION,

It was mentioned in Chapter 1 that the original objective of the project was to build
and study a three-phase system. However due to various technical difficulties and
the lack of time, it eventually proved necessary to base the project on a single-phase
system. The chapter deals with the operation of the system and the control circuit.

The experimental results obtained from the system are presented in the next chapter.

-25Y E

Figure (4-1) shows a single phase arrangement for sending power in two directions.
The essential differences between this system and the one described and discussed in

Chapter 3 run as follows:

a) The preliminary single-phase system has a 100 W rating whereas this system has
1 kW rating.

b) The first system contains a half bridge GTO converter while this system contains

two full GTO converter bridges which are connected in series.

When power flows from side (A) to (B), transistor TRA turns-on to connect the AC
mains to the input of converter (A) which operates as a rectifier. This can be
achieved by turning GTOs(2,6,4,8)A on as controlled devices and turning
GTOs(1,5,3.7)A off. The output of rectifier (A) feeds the input of converter (B). (B)
operates as an inverter, by turning GTOs(2,4,6,8)B on as diodes and turning
GTOs1,5.3,7) on to carry the inverter current, Transistor TRB is turned-off to

disconnect converter B from the AC mains and the power from (B) is dissipated in
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the load. The load is connected permanently, in order to absorb the transient. Table

(4-1) shows the switching sequence of the devices.

When reverse power is required, transistor TRA is turned-off to disconnect converter
(A) from the AC mains. Transistor TRB is turned-on to connect converter (B) to the
mains. (B) transfers from inverter to rectifier operation by turning GTOs(1,73.5)B off
and GTOs(2,8.4,6)B on as controlled devices. The output of (B) feeds converter (A)
which transfers from rectifier to inverter operation by turning GTOs(2.8.4,6)A on as

diodes and GTOs(1,7.3.5)A on to carry the inverter current. The output of inverter (A)

is connected to the load to dissipate the power.

The reason for using a transistor switch at the output of each converter is that the

system is not synchronized with the mains as mentioned in Chapter 1.

The GTO gate drive circuits were assembled on printed circuit boards (PCBs). To
prevent any interference between the gate drive circuits, a separate ready made DC
power supply was used for each circuit. Each power supply unit has three DC output
voltages, (+15 V, -15 V and +5 V) and it was placed directly on the gate drive PCB
and this was mounted close to the GTO to reduce the length of the wire connections.
Each GTO has been fitted with a suitable heat sink to provide cooling for the device
(the calculation of the heat sink is given in appendix F). Figure (4-2) shows the
system block diagram. The whole system was assembled in a single rack and figure

(4-3) to (4-7) show some photographs for different parts of the system.
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1 |
AC supply AC supply
side (A) converter (A) converter (B) side (B)
load| load
GTo ) GTO
‘?-"“ gate drive
circuits circuits
step down Rectifier mode| | Inverter mode Step down
transformer contiolle controller transformer
and a bridge and a bridge
rectifier rectifier
Interfacing
with the
control
circuit
Figure (4-2) System block diagram.
GTOs GTOs [Transistor | GTOs GTOs (Transistor
(2,8,4,6) (1,7,3,5) TRA (2,84.,6) (1,7,3,5) TRB
A A B B
Power
from on off on on on off
AtoB |A operates GTOs operate | B operates as
as a rectifier as diodes an inverter
Pﬁg";’}“ on on off on off on
BloA GTOs operate | A operates as B operates as
as diodes an inverter a rectifier

Table (4-1) Switching sequence of the devices.
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Figure (4-3) Photograph of the GTO and its gate drive circuit

(The PSU appears in the right corner of the photograph)
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Figure (4-4) Photograph showing the GTO mounted on the heat sink, the
snubber circuit and the connections from the gate drive circuit.
(The snubber circuit appears on the left hand side of the heat sink)
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Figure (4-5) Photograph showing converter (A) of the single phase system.

the resistors on the left hand side represent the load.
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Figure (4-6) Photograph showing converter (B) of the single phase system,
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Figure (4-7) Photograph showing different parts of the system control
circuit.
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4-3 SYSTEM CONTROL CIRCUIT.

It was mentioned in the previous section that both converters may be operated either
as a rectifier or an inverter, depending on the direction of power flow. The control
circuit designed to operate each converter in the required mode. The control circuit

itself comprises several parts which will be discussed and explained individually;

these are:

a) Rectifier control circuit.

b) Inverter drive pulse generator.
¢) Transistor drive circuit.

4-4 RECTIFIER CONTR IRCUIT.

The most commonly used circuit for varying the load voltage and current of a
controlled rectifier is the phase angle control (47) which controls the firing delay
angle o.. The angle o is measured from the natural commutation point which in the
single phase is the same point of the zero crossing for each half cycle.A new circuit
was designed to control the load voltage and current from both ends of each half
cycle, the advantage of this scheme is discussed in the next chapter. The control
angle from the beginning of a half cycle is defined as o while that from the end of
the half cycle is B. To control these angles, a ramp wave is compared with an
adjustable DC voltage. The operation and design of the circuits which generate these
angles are explained individually. Figures (4-8) and (4-9) show respectively the

block diagram and the circuit connections for the rectifier control circuit.
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NANDI ANDI OR2

Figure (4-8) Rectifier control circuit block diagram.
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15V Integrator |
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+
: |
k Comparstor 1)
| | Manual +15V
1 control
10k 45V

Figure (4-9) Connections of the rectifier control circuit.

The upper part is for a positive half cycle and the lower one for a
negative half cycle.
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4-4-1 ZERO CR DETE R

The zero crossing detector (ZCD) provides synchronization of the rectifier control
circuit with the AC mains. It operates as a squarer which transforms the sinusoidal
input waveform to a square wave. The squarer input is obtained from the 15 V
secondary winding of a single phase transformer whose primary is connected to the
mains. When the input signal is positive, the output of the squarer saturates to the
positive suppiy and when the input is negative,thc output saturates to the negative

supply.
4-4-2 INTEGRATOR,

The integrator uses a 741 operational amplifier with a capacitive feed back, the input
is connected to the negative voltage rail (-V). A transistor T is connected in parallel
with the capacitor as shown in figure (4-9) with its base connected to the output of
the ZCD. When the output of the ZCD is negative, T is turned-off and a current
flows through Ri to charge the capacitor, such that the integrator gives a ramp
function (65):

-1
Vou = ﬁ-i(—:;[ V;dt (4-1)

When the input signal is positive, transistor T turns-on and the capacitor discharges
via T. The output of the integrator is reset to the voltage drop across the transistor

which is assumed to be zero. Figure (4-10) shows the input and output voltage

waveforms of the zero crossing detector and the integrator output.
2 and

Refer to figures (4-8) and (4-9), the output ramp from the integrator is compared
with an adjustable DC voltage. When the DC voltage is larger than the ramp voltage,
the output of the comparator is zero, and when the DC voltage is lower than the ramp

voltage, the oﬁtput is high (+15 V). The angle o is varied by changing the level of
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the DC voltage using a variable resistor. Figure (4-11) shows the waveforms for

controlling angle a.. The comparator output, together with other signals from other

parts of the control circuit supply the gate drive circuit of a group of GTOs when the

rectification mode is required.

To control the angle B, the integrator output is inverted and compared with the same
DC voltage used to control angle o. This can be achieved by an operational amplifier
used as an adder. The integrator output is added to a constant negative voltage as
shown in figure (4-12). The output of the adder is calculated in the following way
(65):

The input current I equals:

1 2
o o s 4-6
1 R1+R2 (4-6)

The adder output voltage equals:
Vour=-IR3 @-7)

Substitute equation (6) into (7) and let R1=R2=R3:

Vout = '(Vl + Vﬂ (4‘8)

Figure (4-13) shows the method for controlling angle B, which is varied by altering

the DC level at the input of the comparator. As shown in figure (4-13), the

comparator output goes to a high state (+15V) after an angle B but in fact this must
be low until the beginning of the following cycle, so an AND gate is used to

eliminate the unwanted part from the output signal of the comparator.

When angle o is used to control the load voltage and current, the rectifier operates as
a natural commutation converter. The GTO then automatically turns-off when its

current goes through a natural zero, and a reverse voltage appears across the GTO.
When angle B is used to control the load voltage and current, the rectifier operates as
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a forced commutated converter and the GTO turns-off by applying a negative gate-

cathode voltage.

Figure (4-14) shows the method for controlling angles o and B which could be

achieved by changing the state of the manual switches S1 and S2.

1) When S1 is open and S2 closed, the output of OR1 is the same as the output of
circuit(1) and the output of OR2 is high. The output of the AND gate is the same as

the output of circuit(1) and this gives o control.

2) When S1 is closed and S2 open, the output of OR2 is the same as the output of
circuit(2) and the output of OR1 is high. The output of the AND gate is the same as

the output of circuit(2) and gives control for angle f3 only.

3) When S1 and S2 are both open, control of angles o and B can be achieved

simultaneously. Table (4-2) shows the state of each step for figure (4-15)
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ZCD input
voltage

)

ZCD output A

voltage

V)

Integrator

output voltage A

4

+15

10\/20

+15

t (ms)

-15

+15

10 20

pd

t (ms)

10 20

Figure (4-10) Input and output voltage waveforms of

the zero crossing detector and the integrator.
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Comparatorl A

inputs
™)
Integrator output
voltage
+15 / DC level
- = P ot
|
Comparatorl
output ‘
)
+15
o o
+—> P
|
n in Pt

Figure (4-11) Controlling angle o.
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(a) Circuit connections.

V1
v '\
+15
t (ms)
>
10 20
V2
™ /'\
t (ms)
0 —
-15
Adder outpu _
mns% .
t (ms)
—>

Circuit waveforms.

Figure (4-12) Adder connections.

97

A

T

 INENDAW AT £ mAMT

- ocnw

3



t _)_AND output

output from the zero
crossing detector

| — +15V

(a) Circuit connections.
Comparator2 A
inputs

V1

+15
R V2 DC level
| l\
—p )1

Comparator2 § § | L l I i
output I l
(V)
+15 '
p | p
<+——> | «—>
|I —P ot
output
(V)ﬂ;l | l I
|
| ! —p 0t
| R
|
wy oy
™ +15 | I
o | |
> <«
l l —P ot
(b) Circuit waveforms.

Figure (4-13) Controlling angle B.
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10k
circuit (1)
for controlling o Vi1 V3
I \'p]
o ORIl
<>
—— | +15
[, s2
v7 |JwoGTO
drive
circuit
10k ~ AND
for controlling B
V5

| B OR2
4—p

Figure (4-14) Controlling angles o and B.
(For the connections of circuits (1) and (2) refer to figure (4-9))
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4- R DRI IGNAL

A 4047 CMOS multivibrator is used to generate the gate drive signals to the GTOs
in the inverter circuits (A) or (B).The monostable is positive edge triggered using the

output of the squarer from the rectifier control circuit as shown in figure (4-15).
The width of the monostable pulses were set at 10 ms with a period of (66):

T=4.4R1C1 (4-5)

The monostable outputs are applied to two 15 pis delay circuits, to prevent both

inverter arms being on simultaneously. The operation of the delay circuit is given in

appendix (C).
4-6 TRANSISTOR BASE DRIVES,

Figure (4-16) shows the two identical base drive circuits for transistors TRA and
TRB. According to the data sheet of this type of transistor, a negative voltage (-1.5

V) must applied between the base and emitter to turn the transistor off.

Assume transistor TRA is turning-on, When the input signal is high, the base of the
pnp transistor T1 is low and this turns it on. A current flows through Ron to turn
transistor TRA on. When the input signal is low, T1 turns-off, a negative voltage (-

1.5 V) appears between the base and the emitter of transistor TRA to turn it off.

Two delay circuits are used to prevent both transistors being on simultaneously.
Referring to figure (4-16), when the input signal changes state to turn TRA off and
turn TRB on, the 15 uS delay ensures that TRA is completely off before TRB turns

on . A similar situation arises when TRB is turning off and TRA is turning on.
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(b) Circuit waveforms.

Figure (4-15) Inverter drive pulses.
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Figure (4-16) Transistor base drives.
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4-7 OVERALL OPERATION OF THE SYSTEM,

When reversal of power flow is required, converters (A) and (B) change state from
rectifier to inverter and vice versa and to achieve this, the scheme shown in figure (4-
17) is used. When the comparator output changes state, the driving pulses transfer

from one group of devices to another depending on the required direction of the

power flow.

Two step-down transformers are used; one connected to the AC supply of converter
(A), and the other to converter (B). Each transformer supplies a bridge rectifier
smoothing capacitor circuit which produces approximately 14 V and is loaded by
variable resistor which enables the output level to be changed. When V1>V2, the
output of the comparator is high (+15 V). The state of the comparator changes from
high to low by increasing V2 or reducing V1 until V2 is less than V1. This can be

achieved by the means of the variable resistors R1 and R2.

Referring to figures (4-1) and (4-17), and assuming that the power flows from side

(A) to (B), the output of the comparator must be set to the high state (V1 > V2) such
that:

The output of NANDI1 is low (0 V) and the output of NAND2 is high (+15 V). The
output of NAND:2 feeds the base drive of transistor TRA to turn it on. The AC mains
is connected to the input of converter (A). The rectifier drive pulses and the output of
NAND:1 are applied to the inputs of OR1,2 and these feed the drive circuits of
GTOs(2.4,6,8)A to turn them on as controlled devices. The output of NAND:1 feeds
the input of (delay circuit)1 which has a low output state at this stage. This circuit
and the inverter drive pulses are applied to the inputs of AND1,2 which feed the drive

circuits of GTOs(1,73,5)A to turn them off. (A) is operated as a rectifier supplying

converter (B).
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inverter drive pulses and the output of (delay circuit)2 are applied to the inputs of
AND?3,4 and these feed the drive circuits of GTOs(1,7,3,5B to turn them on. (B)
operates as an inverter. The output of NANDI feeds the base drive of transistor TRB
to turn it off and the output of inverter (B) is connected to the load to dissipate the

power.

When power reversal is required, the state of the comparator output must be changed
from high to low (V1<V2). Converter (A) changes from the rectifier to thé inverter
mode, its output is disconnected from the AC supply and connected to the load.
Converter (B) changes from the inverter to the rectifier mode and its input is
connected to the AC supply. Table (4-3) shows the switching sequence of the

complete control circuit for power flow in both directions.

The delay circuits shown in figure (4-17) ensure that when converter (A) or (B)
operates as an inverter GTOs(2,8,4,6) are on as diodes before the current starts to flow
in each inverter arm. Otherwise a current or a voltage spike could occur at the instant
of the switching if an overlap exists between the gating signals, figure (4-18) shows
the waveforms of the delay circuit (1) at the instant of the switching. Assume that
converter (B) is operating as a rectifier and at instant (X) it changes to inverter
operation. Before the change over takes place, the output of NAND2 is low and
converter (B) operates as a rectifier. When the output of the comparator changes state
at instant (X), GTOs(2,8,4.6)B turn-on as diodes and after a 150 ps delay time
GTOs(1,735)B turn-on to carry the inverter current. The same procedure will happen

in delay circuit (2) when converter (A) transfers from a rectifier to an inverter.
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Figure (4-17) System control circuit.
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Figure (4-18) Delay circuit (1) waveforms.
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CHAPTER FIVE

EXPERIMENTAL RESULTS

S-1 INTRODUCTION,

This chapter presents experimental results for the single phase system explained in
Chapter 4. Since the construction and performance of the two converters are similar,
all the results were obtained from converter (A). Figure (5-1) shows the location in
the system of the measuring equipment used to record the results. The waveforms
were recorded by using a four channel digital oscilloscope which has a print-out
facility. Two major problems occurred during the commissioning of the system and
these related to the transient voltage of the switching transistor and the inrush current

into the filter capacitor. Before proceeding with the results, the effect and explanation

of the two problems are presented.

-2 VOLTAGE TRA F N

Figure (5-1) shows‘ that each side of the system is connected to the AC mains via
two 2.3:1 step-down transformers. The high voltage sides are connected to the AC
supplies while the low voltage sides are connected to the input of converters (A) and
(B). A variac supplies each transformer to provide a variable operating voltage. On
the high voltage side of each transformer a transistor and a bridge rectifier is operated

as a static switch, to connect the input/output of the converter to the mains or to the
load.

The transistor is a TCD 30-800 power NPN Darlington having the following rating:

Collector-emitter voltage (Vcgx): 800 V.
Collector-emitter sustaining voltage (VcEg(sus)y): S00 V.

Continuous collector current (Ig(cony)): S0 A.
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Peak collector current: (Icpky): 70 A.
Fall time (t): 2 us

A polarized snubber circuit is connected across each transistor as shown in figure (5-
2), with the values of snubber capacitor C and snubber resistor R calculated using

the Thomson-CSF analytically derived relationships (69).

C > Ml (5-1)
VcEsus)
R MY (5-2)

D —
Iem-Im- Irr

Where:

Icm is the maximum value of the collector current (Icek))-
Im is the current through the transistor during turn on.
IrR is the recovery current in the snubber diode.

VcEsus) is the sustaining voltage.

VM is the voltage across the capacitor during turn off.

t¢is the fall time of the transistor.
When calculating the snubber components, the following assumptions were made:

a) The current Irg is assumed to be very low compared with Icy and Iy and

consequently was ignored.

b) It has assumed that the maximum capacitor voltage at turn off does not exceed the

collector emitter voltage V(cEx).

c) The current IM was assumed to be the same as the continuous collector current of

the transistor.

Making these assumptions it was found that C 2 0.2 puF, and R 2 40 Q and value of
C =0.22 pF and R = 40 Q were chosen. Many transistors failed during turn-off

even though the output to the variac did not exceed 100 V. It was found that two
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factors increased the transient voltage across the transistor; the leakage inductance of

the variac and the transformer and the values of the snubber capacitor.

The transient voltage was minimized by using a much higher value of snubber
capacitor and by connecting an RC snubber across the variac. These values are based
on the following consideration. (Note that, to allow for an adequate safety margin, it

has been suggested to limit the voltage transient to 650 V).

The following equation was used to determine the value of a suitable capacitor to be
connected across the transformer to reduce the transient voltage (70).

VA

31.£.(Vyy)

(5-3)

Where:

VA = volt- ampere rating of transformer. (VA)
f = supply frequency. (Hz)

Vpk = peak voltage rating of the semiconductor device. (V)
Since the 4 kVA variac has only one winding , equation (5-3) must be divided by 2,
giving a capacitor value:

. ~=2uF
2.31.50. 800

It is worth mentioning that the maximum voltage transient occurs when the transistor
turns-off at a maximum collector current and it increases sharply with this current.
To determine an optimum value for the snubber capacitor across the transistor, the
input voltage of the variac was fixed at 60 VRMS (85 Vpk) and the transistor peak
collector current set at 6 A by varying the resistive load. The transient voltages were
measured for different values of C. Figure (5-3) shows the voltage transient against
the value of the snubber capacitor which is used for the transistor. From this curve,

the value of 2 PF was selected for the snubber circuit. The transient voltage at this
value equals 200 V.
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The 4 k Q resistor shown in parallel with the transistor in figure (5-2) provides a
discharging path for the capacitor voltage. Figure (5-4) shows variation of the peak
voltage transient with the RMS output voltage of the variac and the transistor peak
collector current. For this test, the component values shown in figure (5-2) were

used.

Figure (5-5) shows the voltage transient and the peak collector current waveforms
when the switching occurs at maximum current. For these conditions, the output
voltage of the variac was 160 V RMS (226 V peak) and the load was purely
resistive. The DC current and voltage at the output of converter (A) were respectively

11.5 A and 85 V and the voltage transient is 620 V.
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Figure (5-2) Switching transistor protection.
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Figure (5-3) Peak voltage transient against snubber capacitance.
(Input voltage = 60 VRMS: Transistor peak current = 6 A)
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5-3 REDUCTION OF THE CAPACITOR INRUSH CURRENT.,

It is well known that when the output of a rectifier has a filter capacitor, the inrush
current will be high. This current is dependent on the value of the capacitor and the

rate of rise of the DC voltage.

Many diodes failed due to the high inrush current into the filter capacitor. Since the
peak current rating of the diode used in the system is 70 A, adequate safety margin
was allowed for and the inrush current was reduced to 60 A. At this value, the

system worked without any further diode failures.

The capacitor inrush current is given by:

ic=Cqr (5-4)

Where dv/dt is the rate of rise of the DC voltage from the recﬁﬁq output and C is the
filter capacitor. The rate of rise of DC voltage was controlled using a ramp-up
circuit, which delayed the firing angle of the GTOs at the instant of switching. The
firing angle moved from 180 degrees to zero as the capacitor charged to full voltage.
To simplify the operation of the ramp-up circuit, it is assumed that angle p = 0° and
angle o will be changed. As mentioned in the previous chapter, angle & may be
varied by comparing a ramp waveform with an adjustable DC voltage. When the DC

voltage is greater than the ramp wave, o is 180°, and when the DC voltage is zero,

a=0°

Figure (5-6) shows the connections for the ramp-up circuit. The first comparator
shown in the figure is the system control circuit comparator which was explained in
the previous chapter. When the values of V1 and V2 change (V1 < V2 or V1 > V2),
the output of this comparator changes state to transfer the pulses from one group of
devices to another, depending on the required direction of power flow. (For more
details refer to Chapter 4). Referring to figure (5-6), assume that the comparator
output changes state from low to high at instant (C). The output of NAND1 will give
a 50 ps delay, which is determined by the R1C1 network, The EXCLUSIVE-NOR
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gate turns-on transistor T1, to charge the capacitor (C2). After the delay time, T1
turns-off while the output of NAND2 turns transistor T2 on. The capacitor (C2)
discharges via T2 and R3. The capacitor voltage (Vy) and the adjustable voltage (Vx)

are connected to a subtractor which is an operational amplifier giving an output

voltage:
Vout = (Vy - Vx) (5-5)

At the instant of switching, (Vx) is zero and the output of the subtractor is (Vy)
which discharges slowly until it becomes almost zero, the discharging time is
determined by the R3C2 network. The output of the subtractor is connected to the
comparator which is used to control the firing angle a. The firing angle o will be
reduced until the filter capacitor is fully charged. Figure (5-7) shows the waveforms
of the subtractor output, ramp voltage and controlling angle a over positive and
negative half-cycles. a is reduced slowly and when the subtractor output is zero, o

=0°.

After (Vy) becomes zero, the output of the subtractor is (+Vx) due to the negative
sign of equation (5-5), so again angle a will be changed by varying the level of
(Vx). When the state of the first comparator changes again (see instant D in figure

(5-6)), the same procedure occurs.

Figure (5-8) shows the waveforms of the DC voltage and current at the instant of the
switching with a resistive load. The current reaches 58 A when the DC voltage is 43
V. Theoretically, the DC voltage reached 43 V in approximately 2.5 ms. The value
of the filter capacitor is 3400 UF, so:

Te=C oY = 3400x107° —2 = 58.4 A

2.5x10™
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Figure (5-6) Connections of the ramp-up circuit.
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Figure (5-7) Effect of the ramp-up circuit.
CH1: Ramp voltage 5 V/div.
CH2: Subtractor output 5 V/div.
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CHA4: Pulses over negative half-cycle 10 V/div.
Time: 10 ms/div - |

Figure (5-8) Capacitor inrush current and DC
rectifier voltage (resistive load).

CH1 : DC voltage 20 V/div.

CH2 : Inrush current 10 A/div.

Time : 10 ms/div
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The system of figure (5-1) was tested initially using a resistive load, R = 35 Q. The
input to the variac was adjusted to 160 V RMS (226 Peak) and the direction of the

current was observed using a centre zero ammeter connected between the two

converters.

Two shunts were connected to GTO1A and GTO2A, to observe the transfer of
current when power flow changes direction. At steady-state conditions and when
converter (A) operates as a rectifier and converter (B) operates as an inverter, the
readings from the voltmeter and the ammeter on the DC side at (o0 = B = 0°) were
respectively 85 V and 11.5 A. By transforming all the parameters of the system to

the low voltage side of the transformers (transformer ratio = 2.3/1), the system

operated with the following parameters:

Peak input voltage of the converter (A) =226/2.3=98 V.

Load resistance = 35/5.23 = 6.6 Q.

Referring to figure (5-1), the capacitor charges to the peak of the AC supply voltage,
and then discharges exponentially into the load resistance at a rate dependent on the
time constant RC. The GTOs start to conduct once the anode voltage exceeds that of
the smoothing capacitor and the conduction ceases when the anode voltage falls
below that of the capacitor. Under these conditions, the conduction occurs over a
part of each half cycle only. Ideally, the capacitor must be charged to 98 V, but as
shown in figure (5-1) for each half cycle four devices in series will be on (two GTOs
and two diodes). Hence the capacitor will charge to the peak input voltage minus the
voltage drop of the four devices. Figure (5-9) shows the waveforms for steady-state
conditions when converter (A) operates as a rectifier, the peak capacitor voltage is 92
V. Therefore, the voltage drop of the four devices together is 6 V. Referring to the
current waveform through GTO2 (Channel 2) and its gate driving pulse (Channel 4),

GTO:2 starts to conduct at 54°and ceases conduction at 162°,this is due to the filter
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capacitor.Figure (5-10) shows the steady state condition when converter (A)
operates as an inverter with a purely resistive load. Reffering to Channel 3, the

maximum current through GTO1 is 12 A approximately.

The efficiency of the system was measured and calculated for both rectification and
inversion, converter (A) operated as a rectifier and converter (B) operated as an
inverter. The power was measured at the input of rectifier (A), the DC side of
rectifier (A) and the output of inverter (B).

output power

etficiency =) = input power

(5-6)

a) The efficiency of rectifier (A) equals the DC output power divided by the AC input

power of rectifier (A).

b) The efficiency of inverter (B) equals inverter output power divided by the DC

power from rectifier (A).

c) The overall system efficiency equals the output power of inverter (B) divided by

the AC input power of rectifier (A).

Table (5-1) shows both the practical and the theoretical efficiency of the system.

Practical measurements were obtained using an AC power analyser PM1000.

Theoretically, the input power, DC power of rectifier (A) and AC power of inverter

(B) were calculated as follows:

Input power of rectifier (A) = (input RMS Voltage).(input RMS current)

The input voltage of rectifier (A) was 69 VRMS. The RMS current was calculated by
refer to figure (5-9).

NEv
Trus= A — (1;sinet) det (5-7)

Therefore:
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1 in2b _ sin2a |
IRM5=IPV~/ 5;( -a s“‘z + =5 ) (5-8)

Where (a) is the angle at which the GT(ilI starts to coﬁduct and (b) is the angle at
which it ceases to conduct. Referring to figure (5-9) GTO1 conducts for 100°, and
the peak current equals 27 A. The input AC current has the same shape for each half
cycle. If it is assumed that GTO1 starts to conduct at zero and ceases at 100° (100° =

1.7 rad.), then by reference to equation (5-10) the input RMS current is:

1.7-@@] =149 A

IRMS = 27/\/L
2n

The input AC power of rectifier (A) = (69).(14.9) = 1028 W,
The power of rectifier (A) on the DC side = (85).(11.5) =977.5 W.

The efficiency of rectifier (A), p = 977.5/1028 = 0.95.

If the same voltage drop is considered on rectifier (A) is also considered on converter

[}

-~
? .
o ety
(B), therefore the current through the load resistor will be: 85-6/6.6 = 11.9 A. The Ei":
AC output power of inverter (B) equals: g t
; it
Output power of inverter (B) =1".R= 11.9%6.6 = 934.6 W. -{‘.{ -

Therefore.

The efficiency of inverter (B) = 934.6/977.5 = 0.956.

The overall system efficiency equals the AC output power of inverter (B) divided by
the input power of rectifier (A) and this gives:

The overall system efficiency = 934.5/1028 = 0.90.

Figure (5-11) shows the waveforms when converter (A) transfers from rectifier to
inverter operation (& =B = 0°). The switching happened at approximately maximum

current. The current is transferred from GTO2 to GTO1. GTO2 chan ges from being a
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controlled device to a diode (always on) and this is observed in the drive signals
which are always at a high state (see Channel 4). The DC voltage is slightly reduced,
since the capacitor discharges via inverter (A) and at 50 V approximately, the

capacitor charges again via rectifier (B).

Figure(5-12) shows the waveforms when converter (A) transfers from inverter to

rectifier operation (ot =P =0°). As the current transfers from GTO1 to GTO2, the
inrush current is quite small, because the capacitor is still partly charged. Referring

to Channel 4, the drive signals are decreasing until the firing angle becomes zero.

Since the ground reference for the rectifier control circuit is different from that of the
system, another two channel oscilloscope was used to display the firing angles o
and P of the GTOs. Figures (5-13) and (5-14) respectively show the values of o =
90° and B = 72° over a positive half-cycle, compared with a reference sine-wave.
These values were used in the experimental results for reversing the power flow

between converters (A) and (B) and vice versa.

Figure (5-15) shows the waveforms when converter (A) transfers from rectifier to
inverter operation at o = 90° and § = 0°; for a DC current of 6.8 A. Figure (5-16)
shows the waveforms when converter (A) transfers from inverter to rectifier
operation at & = 90° and = 0°. In both cases, the DC voltage took a longer time to
regain its maximum value compared with a = B = 0°. Figures (5-17) and (5-18)
show the waveforms when converter (A) transfers from rectifier to inverter operation
and vice-versa with § =72° and & = 0°. Since the switching point is random, the

switching occurs after approximately 36° and the current transferred from GTO2to

GTO3 without transient. The DC current was 6.7 A.

(Note that, there are some blips appearing on Channel 3. After some investigation it
was concluded that these were due to interference between the current shunts shown
in figure (5-1). Although the connections between the shunts are very short, the

interference between them could not be avoided and these blips occurred in almost

every waveform)
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Practical

Theoretical

AC input power of 990 W

rectifier (A) 1028 W
DC output power of

rectifier (A) e 9HS W
AC output power of

inverter (B) 830 W it
Efficiency of

rectifier (A) 0.94 0.95
Efficiency of

inverter (B) L Q.856
Overall system 0.89 0.90

efficiency

Table (5-1) Efficiency of the system.
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Figure (5-9) Steady-state condition when converter (A)
operates as a rectifier (resistive load).
CH1: DC output voltage S0 V/div.

CH2: GTO2 anode current 20 A/div.  —_
CH4: GTOn gate signal 10 V/div.
Time: S ms/div.
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Figure (5-10) Steady-state condition converter when (A)
operates as an inverter (resistive load).

CH1: DC output voltage 50 V/div.

CH2: GTO1 anode current 10 A/div.

Time: 5 ms/div.
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Figure (5-11) Converter (A) transfers from rectifier to
inverter operation at ¢t = = 0° (resistive load).
CH1: DC output voltage 50 V/div.

CH2: GTO2 anode current 20 A/div.

CH3: GTO1 anode current 10 A/div.

CH4: GTO2 gate signal 10 V/div.

Time: 10 ms/div.
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Figure (5-12) Converter (A) transfers from inverter
to rectifier operation at a = 8 = 0° (resistive load).
CH1: DC output voltage 50 V/div.

CH2: GTO2 anode current 20 A/div.

CH3: GTO1 anode current 10 A/div.

CH4: GTO2 gate signal 10 V/div.

Time: 10 ms/div.
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- Figure (5-13) Control angle a.

CHI: a control 10 V/div. (@=90°) . '
CH2: Sine-wave reference 5 V/div.
Time : 2 ms/div.
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Figure (5-14) Control angle j3.
CH1: B control 10 V/div. (B = 72°)
CH2: Sine-wave reference 5 V/div.
Time: 2 ms/div.
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Figure (5-15) Converter (A) transfers from rectifier to
inverter operation at o =90° (resistive load).
CH1: DC output voltage 50 V/div.
CH2: GTO2 anode current 20 A/div.
CH3: GTO1 anode current 10 A/div.
~ CH4: GTO2 gate signal 10 V/div. -

Time : 10 ms/div. CH1
! . CH2
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Figure (5-16) Converter (A) transfers from inverter
to rectifier operation at & = 90° (resistive load).
CH1: DC output voltage 50 V/div.

CH2: GTO2 anode current 20 A/div.

CH3: GTO1 anode current 10 A/div.

CH4: GTO2 gate signal 10 V/div.

Time: 10 ms/div.
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Figure (5-17) Converter (A) transfers from rectifier to
inverter operation at B = 72° (resistive load).
CH1: DC output voltage 50 V/div.
CH2: GTO2 anode current 20 A/div.
CH3: GTO1 anode current 10 A/div.
CH4: GTO2 gate signal 10 V/div. -
Time: 10 ms/div.
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Figure (5-18) Converter (A) transfers from inverter
to rectifier operation at = 72° (resistive load).
CH1: DC output voltage 50 V/diy.
CH2: GTO2 anode current 20 A/div.
CH3: GTO1 anode current 10 A/div.
CH4: GTO2 gate signal 10 V/div.
Time: 10 ms/div.
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-5 EXPER T LOAD

The system was operated with an inductive load (L = 15 mH, R = 17 Q); These

values were chosen, in order to limit the voltage transient across the transistor to 650

V (refer to section (5-2)).

Figures (5-19) and (5-20) respectively show the theoretical and practical waveforms
for the load voltage and current at steady-state condition when converter (A) operates

as an inverter. For the positive half cycle, the load current i, grows exponentially

through GTO3 and GTOs according to:

di
V= Vg=L—=+iR (5-9)

Where Vg is the DC voltage applied to inverter (A) and Vi is the load voltage.

When GTO3 and GTOs are turned off, GTO1 and GTO?7 are turned on, thereby
reversing the load voltage. Due to the inductive nature of the load, the load current

cannot reverse immediately and the load reactive energy flows back into the supply

via GTO2 and GTO8 which operate as diodes. The load voltage is now:

di
Vp=-Vg=L—L+iR (5-10)

The load current falls exponentially and at zero, GTO1 and GTO7 become forward-
biased and conduct load current, thereby feeding power to the load. The output

voltage is a square wave and has an RMS value of V. During the first half cycle,

with no initial load current, by solving equation (5-9) the load current is:
. _Vs A
- R{ren(30) o1

Under steady-state conditions, the initial current is Ip as shown in figure (5-19), and

equation (5-9) yields:

iL=YR§-<-};§- 10> exp<-f%> | (5-12)
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0<st<t.
VL=Vs.
Ip<0.

During the second half-cycle (t; St < t2) when the supply is effectively reversed

across the load, equation (5-10) yields.
i = YRE i <YRE + 11> exp<-f%> (5-13)
Where:
0st<S(2-1).
VL=-Vs.
I 20.

Since I; = -Io, the initial steady-state current Iy can be found from equation (5-12)

when, att =13, i, =1; yielding:

LoYs [1- (1)
=0

The zero current cross-over point ty, shown on figure (5-19), can be found by

(5-14)

solving equation (5-12) for t when it = 0, which yields:
=114 (5-15)

The derivations of the above formulas are given in Appendix (D). Theoretically, the

current I; and the zero current cross over point t, can be calculated as follows:

Referring to figure (5-20), the maximum load voltage is 170 V. From equation (5-
14), and by putting R = 17 Q, L = 15 mH, t; = 10 ms, the amplitude of the current
I; =Ip = 9.9 A. From equation (5-15), tx = 3.45 ms.
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Referring again to figure (5-20), the amplitude of I; = Ip =9 A, and tx = 3 ms. There
is a small difference between the theoretical and practical results (9% with the current

and 13% with tx) due to the accuracy of the parameters and the measurement results.

Figure (5-21) shows the steady state waveforms of the DC voltage, GTO2 and
GTO3 anode currents when converter (A) operates as an inverter. The current is
transferred from GTO3 to GTO2 which operates as a diode which returns the reactive

energy from the load back to the DC supply.

Figure (5-22) shows the the steady-state waveforms when converter (A) operates as

a rectifier. The peak current through each GTO is approximately 20 A and the DC
voltageis 85 V.

Figure (5-23) shows the waveforms when converter (A) transfers from rectifier to

inverter operation at & = B = 0°. GTO2 transfers from a controlled device to a diode
(always on), to carry the stored energy from the load. Figure (5-24) shows the
waveforms when converter (A) transfers from inverter to rectifier operation at o = 3

= 0°. In both cases,the change over takes place without transient.

Figure (4-25) shows the waveforms when converter (A) transfers from rectifier to
inverter operation at & = 90° and = 0°, Figure (5-26) shows the waveforms when
converter (A) transfers from inverter to rectifier operation at o = 90° and p = 0°.
Figure (5-27) shows the waveforms when converter (A) transfers from rectifier to
inverter operation at B = 90° and o = 0°. Figure (5-28) shows the waveforms when

converter (A) transfers from inverter to rectifier operation at p = 90° and o = 0°.

The above results show that the system works well with resistive and inductive
loads, without transient. However, there are some points which are worth
mentioning at this stage. When either converter (A) or (B) operates as an inverter
with a resistive load, the antiparallel GTOs have no effect, since there is no energy to

be fed to the DC link.
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When either converter (A) or (B) transfers from rectifier to inverter operation, a
delay time is introduced, to transfer the antiparallel GTO in each arm to a diode
before the change takes place ( for more details refer to Chapter 4). This procedure
was introduced to prevent any voltage spikes when GTO/diode transformation takes

place with an inductive load.

An RC snubber was connected across each transformer secondary to protect the
devices from such fault (supply failures, load change). As explained in equation (5-
3) the value of capacitance is given by:
C= VA .
31Vl

Where:
VA = volt- ampere rating of transformer (VA).
f = supply frequency (Hz).
Vpk = peak voltage rating of the semiconductor device (V).

The volt-ampere rating of each transformer is 2 kVA. The peak non-repetitive
reverse voltage of the GTO is 1200 V and the peak reverse voltage of the diode is
1000 V ( refer to figure (5-1) there is a diode in series with each GTO). For a margin
of safety, the calculation was carried out with Vpk = 800 V. Referring to the above

equation, the capacitor value is C =2 pF
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Figure (5-19) Theoretical load current and voltage for inverter
operation (inductive load).

.

Figure (5-20) Steady-state load voltage and current when

l
n

|

Fpes

converter (A) operates as an inverter (inductive load).

CH1: Load voltage 100 V/div.
CH2: Load current 9 A/div.

Time: 5 ms/div.
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Figure (5-21) Steady-state condition when converter (A) _
operates as an inverter (inductive load).
~ CHI: DC output voltage 50 V/div.

CH2: GTO2 anode current 10 A/div. )
CH3: GTO3 apodc current 10 A/div.
Time: 5 ms/div. _
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Figure (5-22) Steady-state condition when converter (A)
operates as a rectifier (inductive load).

CHI: DC output voltage 50 V/div.

CH2: GTO2 anode current 10 A/div.

CH4: GTO2 gate signal 10 V/div.

Time: 5 ms/div.
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Figure (5-23) Converter(A) transfers from rectifier to
inverter operation at o = B = 0° (inductive load).
CH1: DC output voltage 50 V/div.

CH2: GTO2 anode current 10 A/div.

CH3: GTO3 anode current 10 A/div.

CH4: GTO2 gate signal 10 V/div.

Time: 10 ms/div. _ B
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Figure (5-24) Converter(A) transfers from inverter
to rectifier operation ata = =0° (inductive load).
CH1I: DC voltage output 50 V/div.

CH2: GTO2 anode current 10 A/div.

CH3: GTO3 anode current 10 A/div.

CH4: GTOz gate signal 10 V/div.

Time: 10 ms/div.
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Figure (5-25) Converter(A) transfers from rectifier to
inverter operation at & = 90° (inductive load).

CH1: DC output voltage 50 V/div.

CH2: GTO2 anode current 10 A/div.

CH3: GTO3 anode current 10 A/div.

CH4: GTO2 gate signal 10 V/div.

Time: 10 ms/div. i
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Figure (5-26) Converter (A) transfers from inverter

to rectifier operation at & = 90° (inductive load).
CH1: DC voltage output 50 V/div.

CH2: GTOz2 anode current 10 A/div.

CH3: GTO3 anode current 10 A/div.

CH4: GTO gate signal 10 V/div.

Time : 10 ms/div.
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Figure (5-27) Converter (A) transfers from rectifier to
inverter operation at B = 90° (inductive load).

CH1: DC output voltage 50 V/div.

CH2: GTO2 anode current 10 A/div.

CH3: GTO3 anode current 10 A/div.

CH4: GTO gate signal 10 V/div.

Time: 10 ms/div.
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Figure (5-28) Converter(A) transfers from inverter
to rectifier operation at B = 90° (inductive load).
CHI: DC output voltage 50 V/div.

CH2: GTO2 anode current 10 A/div.

CH3: GTO3 anode current 10 A/div.

CH4: GTO2 gate signal 10 V/div.

Time: 10 ms/div.
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-6 P RE R IMPROVEME

The power factor of a sinusoidal AC system is equal to the cosine of the angle
between the current and the voltage ¢. This angle is called the displacement angle
(power factor = cos ¢). However, a rectifier draws a non-sinusoidal current from the
AC system and the value cos ¢ does not represent the power factor. The firing delay
has the effect of delaying the supply current relative to its phase voltage and the
power factor is (2,3):

p.F. = ean power

-1
Vrms IrMs 3:16)

The current contains harmonic components which result in an RMS value higher
than the RMS value of its fundamental component. Thus, the power factor is less

than the cosine of the displacement angle.

The supply voltage of the rectifier may be considered to be sinusoidal and

consequently the mean power is:
P nean= VRMs [1rMs COSQ (5-17)

Where the suffix 1 relates to the fundamental component of the current and ¢ is the

phase angle between the voltage and the fundamental component of the current.

Therefore:
LirMs
P.F.= Tons cosd, (5-18)
Where:
EI-IR—M—S- is defined as the input distortion factor and
RMS

cos ¢, is the input displacement factor.

The rectifier circuit of figure (5-29-a) is used to compare the variation of the power

factor by varying angles o and J.
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4 R POWER FA

Figure (5-29-a) shows a single phase fully controlled GTO thyristor rectifier. The
load is assumed to be highly inductive and the output current is always continuous.
Figure (5-29-b) shows the circuit waveforms for variation of angle o, assuming that

the GTOs will be tumed-off due to the natural commutation.

The mean output voltage is:

n+o
2V
Vo=l ]| Vv, sinotd@)="""cos o (5-19)
b1 T
o

Supply current waveform may be expressed by the Fourier series:

i(t) =I 4 + X(a, cos(n wt)+b, sin (n wt)) (5-20)
Where:
1 2n+a

Ig=— j i(tt) d(wt) =0 (5-21)
2 5
1 2n+a

a,= —j i(t) cos (nowt) d(wt) (5-22)
T a

1 2n+3
b,=— J i(t) sin (nwt) d(wt)
T

(5-23)
o
c,=Va’+b? (5-24)
.14
Op=tan” = (5-25)
n
From figure (5-29-b) the fundamental component is:
1 T+0, 1 2n+o
a; =—f I cos (wt) d(ot) — I I cos (ot) d(owt) (5-26)
n o T n+ol
41 .
a= -—;— sin O (5-27)
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1 T+ 2n+a
b1=—J I sin (et) d(ot) - j Iy sin (wt) d(wt)
Ty

n+o

41
b1=-—-licosu
T

41'*«\/ . 2 2 4l
c;=—ANsina +cosa =—
T 1o

.14 . sina
¢, =tan -b—1=tan =-o
1 cos O

The RMS value of the fundamental current is:

Cy 21’5[]_.
Tirms =77 =

i

The RMS value of the input current is:

1
o +7 2
1 2
IRMS= —j ILd((Dt) = IL
T
o

Referring to equation (5-18), the power factor is:

1
P.E.= L cos -0 =-2—{—2:cos o

Irms T

The power factor is lagging.

5-6-2 RECTIFIER POWER FACTOR FOR VARTATION OF ANGLE B,

(5-28)

(5-29)

(5-30)

(5-31)

(5-32)

(5-33)

(5-34)

The power factor decreases as firing angle a decreases. Forced commutation can

improve the input power factor and this can be achieved by controlling angle p.

Figure (5-29-c) shows the waveforms as angle 3 changes. The free-wheeling diode

is connected to provide a path for the inductive load current. The mean output

voltage is:

n-P A%
Vdc=lj V, sin ot d(ot) =—‘“(1+cos [3)
®Jo T
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and the fundamental component of the input current is:

n-p 2n-B
1 1
a, = —-[ I cos (ot) d(wt) - —I I; cos (t) d(wt)
T nJ),
0

2l
a; ="Lsin B
T

=t 1 [7 '
by=1 f I, sin (at) d(ot -—f I sin (o) d(w)
T 0 T =

b1=ﬂ(1 + cos B)
T

2l 2 2
¢y =—L4/ sinB +(1+cos[3)
n

2721
= rl“\ll-{» cos B

T
But:
1+ cosP = 20032 B
Therefore:
6y = N2y, 2 cos-ZE
T

The RMS value of the fundamental current is:

c;  2Y2I,
ImMs-T—-—T cos 5[3_

The input displacement factor is:

.14 -] sin . i
¢1=tan —lztan I(-__B._)—__-_m SInB

1 + cos
g 2coszP—
2
But: -
o B .. B B
5105—51“2*5—231n§'°03‘§
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(5-37)

(5-38)

(5-39)

(5-40)

(5-41)

(5-42)

(5-43)

(5-44)

(5-45)

(5-46)



Therefore:

; 2sin %- cos %— B
¢, = tan | —————|=7 (5-47)
2 (:032 E
2
The RMS input current is:

n-B .
Trms= a/-l-f I ” d(ot) =IL1/ [ (5-48)
T 0 T

Referring to equation (5-18), the power factor is:

ZﬁILcosz-g-

I
p.F,olRMS B _

TRMS cos £ = e (5-49)
RMS 2 B
1:114/ 1t
N .

2V2 cosz-g- il )
P.F.= = ffl i ]B (5-50)
nv .2 nln-p
T
The power factor is leading.

The power factor was investigated analytically for a fully controlled bridge with a
highly inductive load. Tables (5-2) shows the theoretical and practical results for the
power factor when angles o and [ are varied. When angle o> ¢ (¢ is the phase
angle of the load, ¢ = tan'! @L/R), the load current becomes discontinuous, for the
theoretical results and when a > ¢, it was assumed that an active load is connected to
the output of the rectifier to maintain the current flow continuously. For the practical
- result the rectifier was tested with an inductive load (L =80 mH. R =9 Q), this
gives phase angle ¢ =70°. For the practical results o was varied from 0° to 54°,
Therc is a slight difference between the theoretical and practical results (7%
maximum difference). This is due to the accuracy of the power factor meter, the

exact values of angles o and B and the commutation angle of the GTO. Figure (5-30)
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shows the variation of power factor with o and B. Table (5-2) and figure (5-31)
show the theoretical variation of V4o/Vy, with o and B, the load current is also

assumed to be always continuous.

Figures (5-32) and (5-33) show the supply and load voltages and currents with a
highly inductive load and with o = B = 0°. The load current is almost constant and

the supply current is almost a square wave.

Figures (5-34) and (5-35) show the supply and load voltages and currents for o =

54°. Figures (5-36) and (5-37) show the supply and load voltages and currents
when B = 54°,

The notches in each half-cycle of the input voltage waveform occur at commutation
instants and due to the supply inductance (the leakage inductances of the variac and
the transformer). Referring to figure (5-29-a),Vj; is the AC supply voltage, Vj3 is
the voltage after the variac and transformer and Lg is the total leakage inductance of
the AC line.

di,

Vg2=Vy;- L’dt (5-51)

When a GTO starts to conduct at angle «, the rate of rise of the anode current is

positive giving a positive induced voltage across the inductor Ls. Referring to
equation (5-51) and figure (5-34), the supply is reduced by L dig/dt every time a

GTO commence conduction.

When angle B is controlled, the current is started at 0° and is chopped at B°. The
GTOs are turned-off by forced commutation and the rate of rise of the current is
negative, which produces a negative voltage across the inductor L. Again referring
to equation (5-51) and figure (5-36), the supply voltage is increased by L, diy/dt
every time the GTO is turned-off and the current is chopped.
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Figure (5-29) Single phase bridge rectifier.
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angle in P.F for P.F for o P.F for 3 P.F for B
degrecs theoretical practical theoretical practical
0 0.900 0.908 0.900 0.915
15 0.869 0.863 0.924 0.930
30 0.779 0.800 0.920 0.925
45 0.636 0.700 0.887 0.900
54 0.529 0.55 0.854 0.86
60 0.45 0,826 0.855
75 0.233 0.741 0.770
90 0 0.636 0.683
Table (5-2) Variation of power factor with o and .
10
§ 0.9 Rpe=
é 2 -‘ﬂ;\ PFfor B
S o8 ~
2 : N
a 0 7 PJ‘ EOI' .& \ \
0 \ \
0.6
05 \
04 \
03 \\n\
02 N
0.1 b,
' \
0.0 x
0 15 30 45 60 15 90

Degrees

Figure (5-30) Variation of Power factor with a. and B
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Vde/Vm

angle Vd/Vm | Vdc/Vm
in degrees for o for B
0 0.636 0.636
15 0.614 0.625
30 0.551 0.593
45 0.450 0.543
60 0.318 0.477
9 0.164 0.400
90 0 0.318
105 -0.164 0.235
120 -0.318 0.159
150 -0.551 0.042
180 -0.636 0

Table (5-3) Variation of Vdc/Vm with e and .

1.0

0.8

0.6 W" Vde/Vm for T

04 N

SN

02 Vdc/Vm for @

0.0 \

02 h )

04 <
~
06 =

0.8

-1.0

0 30 60 90 120 150 180  Degrees
Figure (5-31) Variation of Vdc/Vm with at and .
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Figure (5-32) Supply voltage and current for a highly
inductive load.

o=p=0°

CH1: Supply voltage 100 V/div.
CH2: Supply current 10 A/div.
Timc S ms/div.
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Flgure (5—33) Load voltage and current for a hlghly
inductive load.
a=p=0°
CHI: Load voltage 100 V/div.
CH2: Load current 10 A/div.
Time: 5 ms/div.
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Figure (5-34) Supply voltage and current for a highly
inductive load.
a=54°pB=0°
‘CHI: Supply voltage 100 V/div.
CH2: Supply current 15 A/div. -
Time: 5 ms/div. -
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Figure (5-35) Load voltage and current for a highly
inductive load. |

a=54°pB=0°

CH1: Load voltage 100 V/div.

CH2: Load current 10 A/div.

Time: § ms/div.
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Figure (5-36) Supply voltage and current for a highly

inductive load.
B=54° a=0°

CH1: Supply voltage 100 V/div._
CH2: Supply current 10 A/div.

Time: § ms/div.
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. Figure (5-37) Load voltage and current for a highly

inductive load.
B=45° a=0°

CHI: Load voltage 100 V/div.

CH2: Load current 10 A/div.
Time: 5 ms/div.
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CHAPTER SIX

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

6-1 CONCLUSIONS,

The thesis has described the operation of a two way AC-AC converter using GTO
thyristors. A single phase system containing two GTO converters connected in series
was built, analysed and tested. One converter operates as a rectificr while the other
converter operates as an inverter; fast reversal of the power flow between the two
converters was achieved and reported. Other configuration systems for reversal of
the power flow as was described in Chapter 1, showed that with forced commutated
converters, reversal of power flow with unity power factor could be achieved.
Although the results of these configuration were encouraging, it seemed difficult to

control the power factor in cases when leading or lagging power factor is needed.

This work shows that the system may be operated at leading or lagging power
factor, It was pointed out in Chapter 1 that the main disadvantage of this work is the
over all switching losses due to the type of GTO used in the system. This has a very
low reverse blocking voltage capability and a diode was used in series with cach
device. The system can be operated with four-quadrant operation and can be used for

a variable speed drive or to link two systems of different frequencics.

The characteristics of the GTO thyristor, the design of the snubber and the gate drive
circuits were described in Chapter 2. The snubber and the gate drive circuits have
considerable influence on the characteristics of the GTO thyristor, The snubber
circuit layout should be arranged to have minimum inductance thus giving a low
voltage spike during the fall time of the anode current. It is also shown that when the
snubber capacitor is increased a considerable reduction in the overshoot voltage is

achieved. The value of the snubber resistor must be chosen to discharge the capacitor
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sufficiently rapidly when the GTO turns-on. It was also mentioned that the drive
circuit must have a small layout inductance, in order to give a good rate of rise of
reverse current when the GTO turns-off. It is believed that Chapter 2 will enhance

the understanding and design of the snubber and drive circuits for the GTO thyristor.

A small scale AC-AC converter was described in Chapter 3. Two centre-tap
converters with conventional thyristors are used to deliver or receive power. Chapter
3 also presents a full investigation and analysis of the thyristor tum-off time. In this
small scale system, power flow in two directions was achieved but some problems

occurred and these are discussed at the end of Chapter 3.

Chapter 4 presents the operation and design of the control circuit for the single phase
system. A comparator was used to compare the input voltage levels of the two
converters. Depending on the direction of the power flow and the output state of this
comparator, the rectifier and inverter drive pulses will transfer from one group of
devices to another. A rectifier control circuit was designed which has the advantage
of controlling both ends of each half cycle of the load voltage and current. With this
scheme a considerable improvement in the rectifier power factor can be achieved.
For the inversion mode, the drive pulses were generated using a multivibrator and
with a 50 Hz output. The input of each converter is connected to AC mains or to the
load via a switching transistor, the transistor drive circuit is also described in Chapter
4.

The experimental results are presented in Chapter 5. Two problems occurrcd which
caused some transistors and diodes to fail and gave some restrictions to operate the
system at certain current and voltage levels. Firstly the switching transient of the
transistor was too high so an RC snubber circuit was connected across the variac in
order to reduce the transient caused by the leakage inductance of the variac. In
addition, the snubber capacitor across the transistor was increased from 0.22 uF to
2)1F and the voltage transient was reduced to 650 V. The second problem was the

inrush current into the filter capacitor. To reduce this current to an acceptable valuc, a
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ramp-up circuit was designed. The aim of the ramp-up circuit was to reduce the

firing angle of the devices until the capacitor at the output of the rectifier is fully
charged.

The system was tested with resistive and inductive loads. The input from the variac
was set at 160 VRMs, the DC voltage link was 85 V in both cases. Many waveforms
wérc represented for steady-state conditions and at the instant when the reversal of
the power flow takes place. The results were very encouraging and the reversal of
the power flow took place without a transient. At the end of chapter 5, theoretical
and practical studies are represented for the rectifier power factor; The author
compared the changing of the power factor by changing the firing angles c and f3. It
was shown that there will be a great improvement in the input power factor by
changing the delay angle B. In this situation, the rectifier will be operated as a forced
commutated converter instead of a line commutated one. Although the project

achieved its aim further works could be done as explained below.
6-1 SUGGESTIONS FOR FURTHER WORK,

As previously stated, the project itself has been built to investigate different points,
The following areas, which have emerged from the present work, could be subjects

for further research.

1- The research could be extended to a three-phase system and this could be done
either by a single phase or three-phase rectifier feeding a three-phasc inverter. This
would provide the opportunity to connect the output of the inverter to an induction

motor. Thus the reversal of power flow would be achieved by regencrative braking.

2- PWM could be used in the control circuit to improve the input power factor and
reduce the harmonics on the AC line current. However most of the hardware built by

the author can still be used, such as the GTOs snubber circuits, drive circuits and

heat sinks.
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3- Symmetrical GTOs could be used to reduce the voltage drop in each converter

arm. This could improve the efficiency of the system.

4- The author did not investigate the harmonics for the rectification or the inversion
mode. This could be done practically using the same system or theoretically by

simulation of the system using computer simulation techniques.
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APPENDIX A.

GTO DATA SHEET.

Type Number
VDrM Repetitive peak off-state voltage
VRRM Repetitive peak reverse voltage
Current rating:
Item Repetitive peak controllable on-state current
ITav) Mean on-state current (Tys = 80 °C)
ITRMsS) RMS on-state current (Tys = 80 °C)
Rih (j-n) DC thermal resistance junction to heat sink
surface, anode side (Mounting Torque 30 Nm)
Surge rating:
Itsm Surge (non-repetitive) on-state current
(10ms half sine, Tj= 125 °C)
At 1%t for fusing (10ms half sine, T; = 125 °C)
di/dt Critical rate of rise of on-state current
(From 600 V to 300 A, T; = 125 °C
Irg > 10 A, rise time < 1 s)
dVv/dt Rate of rise of off-state voltage
(Rgk < 18 Q, 50% Vprw, Tj= 125 °C)
VreM Peak reverse gate voltage
Temperature rating:
Ty; Virtual junction temperature

Characteristics, Tease 125 °C unless otherwise stated

Vv
Ipm
t gl

On-state voltage (at 300 A peak, IG(on) =2 A)
Peak off-state current (Rgg < 18 Q)

Turn-off time (Irg = 10 A, rise time < 1 ps
from 750 V to 300 A, Resistive load)

Storage time

Fall time

Gate controlled turn-off time

(For tgg, tgr, and tgg; Snubber: Rs =15 Q

Cs = 1uf and dig/dt = - 15 A/us, Resistive load)
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GT224K10
1200V
16V

300 A
100 A
150 A
0.2 °C/W

1800 A
1200 A%s
500 A/us
500V/us

16V

125°C

Limit
Maximum
2.1V
25mA

10 us
1.3 ps
11 us



Ver Gate trigger voltage (Vp =24V, It =5A)

Teias=125°C 075V
Tiase %25 °C 09V
Tease = -40 °C 1V
Ier Gate trigger current (Vp =24V, It = 5A)
' Terse=125°C 06 A
) Tase #25 °C 1A
Tease = -40 °C 1.6 A
IrcM Reverse gate cathode (VRgm =16V, 25mA

No gate/cathode resistor)
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DCPENDENCE OF ON-STATE CURRENT WITH TURN OFF ENCRGY
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APPENDIX B
INVERTER OPERATION WITH A PURELY INDUCTIVE LOAD

The principle of a single phase half bridge inverter with a purely inductive load can
be explained by referring to figure (B-1). When GTO1 is turned-on for a time T/2,
the instantaneous voltage across the load is Vpc/2. When GTO1 is turned-off and
GTO2 is turned-on at t = T/2, the load voltage reverses but the load current cannot
change with the output voltage. The current continues to flow through diode D2,
load and the lower half of the DC source until it falls to zero. At this point, the load
current transfers to GTO2. Similarly, when GTO2 is turned-off at t = T, the load
current flows through D1, the load and the upper half of the DC source and when it
reaches zero, it transfers to GTOA. It is noted that for a purely inductive load, the
conduction time of the GTO equals that of the diode and this equals T/4. There must
be a delay time between the extinction of the outgoing GTO and the firing of the next
incoming GTO, otherwise a short circuit would result through the two GTOs. A full
design and operation of a delay circuit which can be used in an inverter system is
given in appendix (C).
At steady-state conditions, when GTO1 is conducting, the load voltage is:

=Lk (B-1)
GTO1 conducts for T/4 and at the end of this time, the load current reaches its

maximum value. The rate of rise of the load current can be calculated as:

di L ILmax.
—— B"z)
T (

/4

The maximum load voltage is VDC/2, by using this value and solving equation (B-2)
into (B-1) this gives:

VDC I Lmax,
=L (B-3)
2
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By putting f = 1/T, where f is the switching frequency, the maximum load current is:

- (B-4)
Iimax =g
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b~ GTO1
load D1
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VDCR GTO2 D2
VL (a) Circuit connections
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-
TR i
-yDcnr

(b) Load voltage and current with an inductive load.

Figure (B-1) Single phase half bridge inverter.
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APPENDIX C
DELAY CIRCUIT FOR AN INVERTER DEVICES

It is well known that a GTO device takes a significant length of time to turn-off after
the initiation of tumn-off procedure. In any inverter system, an optimum delay time
must be introduced to the devices drive circuits. Otherwise, both devices in one
branch turn-on while the inverter is connected to the DC supply and this could cause
a serious damaging fault within the inverter circuit.

A circuit was designed to delay the turn-on pulse of the GTO until its complementary
device is extinguished. The circuit connections and waveforms are shown in figure
(C-1).

First the input signal (inp1) feeds an RC circuit, the capacitor voltage is inverted by
using NANDA. The output of the NAND! gives a delay to the original signal. The
width of this delay equals 1.2 RC and this can be controlled by means of the variable
resistor (R). The output of NAND1 and the original input pulse feed the inputs of
NAND:2. At the positive going edge of the original signal NAND2 gives a low state
output for 1.2 RC time width. After this delay, the output of NAND2 goes to high
state until the beginning of next cycle. The output of NAND2 and the original input
signal (inp1) feed the inputs of AND1, hence the high part of the original input signal
is cat from its positive going edge to a preset delay value (delay = 1.2RC). The
output signal of AND1 supplies the gate drive circuit of the upper GTO of the
inverter branch. When this signal is high the GTO turns-on and when this signal is

low the GTO turns-off.

When the complementary input signal (inp2) feeds the second delay circuit, the same
procedure as outlined above occur. AND2 supplies the gate drive circuit of the lower
GTO after the upper one turned-off. Referring to the waveforms of figure (C-1)

there is a delay time between the outgoing signal and the next incoming signal.
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APPENDIX D
INVERTER CIRCUIT WITH RL LOAD.

Figure (D-1) shows a bridge inverter for producing an AC voltage and employing

GTOs. For a positive half cycle, the load current grows exponentially through GTO1
and GTO2 according to:

di
Vi = V=L +iR (O-1)

where:
Vsis the DC voltage supply to the inverter .
VL is the load voltage.
IL is the load current.

R and L are the load resistor and inductor.

When GTO1 and GTO? are turned-off, GTO3 and GTO4 are turned on, thereby
reversing the load voltage. Because of the inductive nature of the load, the load

current cannot reverse and the load reactive energy flows back into the supply via D3

and D4. The load voltage is:

di
Vi=-V = L?ﬁl:+ iR (D-2)

The load current falls exponentially and at zero, GTO3 and GTO4 become forward-
biased and conduct load current, thereby feeding power to the load. The output
voltage is a square wave and has an RMS value of Vs. During the first half-cycle,

with no initial load current, by solving equation (D-1) using Laplace Transform:

v
RIp+sLI = ‘§§ (D-3)
or:
Vs 1
I = T "(‘—"-}—(— (D-4)
s + ._)
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The inverse Laplace Transform of equation (D-4) is:
iL=%s-(1-cXP<°R7L>) ©-4)

Under steady-state conditions, the initial current is (Ip) as shown in figure (D-1), and
equation (D-1) gives:

A%
RIL+ SLIL= TS+ LIO (D-6)
A"
IL=TS ;R +1, _1 - O-7)
S(S +"I:) S+ t)

The inverse Laplace Transform of equation (D-7) is:

i = % ; <-VES- . 10> exp<'f%> (D-8)

I <0.

During the second half cycle (t; <t <t;) when the supply is effectively reversed

across the load and the initial condition I, equation (D-2) yields.

v
RIp +sLI = TS +L1, (D-9)
v
el (D-10)
sfs+ 8] [s+R
L L
giving:
. Vs s Rt
iL=>+(g+h exp< /L> (D-11)
Where:
0<t<ty-ty.

170



Since I; = -Ip, the initial steady-state current I; can be found from equation (D-8)

when, att=t; i =1, yielding:

vl o
® oL

The zero current cross-over point ty, shown on figure (D-1) can be found by solving

equation (D-8) for t when i, = 0 which yields:

v ‘R
0=T{§'<lrlis"1°>°"1’< ") B:13)
Vs (Vs -Rt, :
'R‘“(Tz" ‘0) E"P{T] S

Vs)_ o Vs o) [Rts) o Rtx_ ) (rv_'l") (D-15)
o« e 5

Therefore:

_L. /. IR !
tx—-ﬁln<l : /,s> (D-16)
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Figure (D-1) Inverter cli%uit with RL load.



APPENDIX E
THYRISTOR TURN OFF TIME OPERATING IN CENTRE TAP
INVERTER.

To calculate the turn-off time of the thyristors operating in a centre tap inverter as
shown in figure (E-1) it is assumed that TH1 has been on and that it is to be turned
off by triggering TH2. Figure (E-2) shows the equivalent circuit when thyristor TH2
is on. The current i3 flowing in the thyristor TH2 is chosen as the independent

variable. The initial condition at time t = +0 are:
Current in inductor L : i3 (+0) = I
Voltage across capacitor C: €c; (+0) =Eq4

Note that the commutation capacitor has a value 4C which is due to the 2:1 turns

ratio of the centre tap inverter.

From the equivalent circuit in figure (E-2), the loop voltage equations are:

t

di, i +1

Eg=Lg=-ecy(+0) + f C, (E-1)
0

The Laplace transform of equation (E-1) with the initial conditions is:

2(8)

—=Lsifs) - LI+ -+ —— E-2)
Cl 52C1
Solving equation (E-2) for i2(s):
d I
—+sly -

. L L°SLC

ins) = T i (E-3)
s -i-———LCl

The inverse transformer of equation (E-3) gives:

. _2E4 .
ig =7 sinwt + Ij2coswt - 1) (E-4)
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o PR

Where:

1
0= )
7Ic, G
The commutation interval ends when the inductor voltage is zero.
di
L-d—t- =0 (E-6)
di, 2E
-—d-?- = =% cosat -2w Ijsinet (E-7)

oL

Equation (E-6) occurs after a time tc where:

E
tanote = — (E-8)
wLI;,
Therefore:
to=~/LCytan"'x (E-9)
Where:

By O .
X --I—L -r- (E-IO)

This may be expressed as the ratio of the instantaneous load impedance at
commutation, E¢/Iy, to the characteristics impedance of the commutation circuit Z.

Where:

L
ZD= 'CT

The actual turn-off time is the time during which TH1 remains reversed biased. The

reverse bias becomes zero when the capacitor voltage is zero and:

dip
L=Eq (E-11)
From equation (4):
dip .
La- = 2E g0 coswty -2m LI;sinwtg=E 4 (E-12)

Hence
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. E
E g coswtg -0LI;sinwty = .

2
Let:
E o =R siny
LI} =R cosy
Therefore:
> 2
R =V E3+(wLlp)
From equation (13):
2 E
A E2+(0LI) sin(y - otg) = =
: Eq
sin(y- wtg) = =
2V E2 +(wLly)
el Ey
Y - g =sin

2
2V E2 +(wLl))
ki = Nl E4
0=V -sin
2
2V E; +wLI))

From equations (E-14) and (E-16):

1E : E

Y =sin 1ﬁd=sin .
VE? :
4 +(oLIp)

Substituting equation E-(21) into (E-20):

Wtg=sin Eq sin Eq
o==s1 s
2 2
A E2 4oLl 2V E2 +(wL1p)

But:
1 e s L
= — h h QJL —] —_—
JIBp e C,
Eq,[Cr .. . 2 Ef
x=+/ 5— which gives (WLI})"=—
ILY L x2
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Substituting equations (23) and (24) into (22):

to . = X .- X
g(X) = ——=-=sin |——|-sin | ——— (E-25)
ik 1:‘Vx2+l] I[2‘\/:c2+1]

As previously mentioned C; = 4C, the turn-off time of the thyristor operating in a

centre tap inverter is:
to=g(x)Y4LC (E-26)

(E-27)

g(x) =sin”

X . - X
—_—1- S |
‘[Vx2+1] L x2+1]

Ey [4C
x=I—La\/; (E-28)
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Figure (E-1) Centre tap inverter.
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APPENDIX F
HEAT SINK REQUIREMENT FOR GTO.

Semiconductor power losses are dissipated in the form of heat which must be

transferred away from the switching junction. With a power device, the physical size

is too small to permit sufficient heat flow to the surrounding medium. Enhancement

is necessary and special provision for easy heat flow to the heat sink is incorporated

in the design of the encapsulation. The main purpose of the heat sink is to enhance

the steady heat flow path from the encapsulation of the device to the ambient medium
(55). An equivalent circuit may be used to model the heat flow and calculate the size
of heat sink required. The full thermal radiation model, or thermal equivalent circuit
for a mounted semiconductor is shown in figure (F-1). The average power
dissipation P4 and maximum junction temperature Tjmax, along with the ambient
temperature T,, determine the design of the heat sink according to:

ijax' Ta

Pd: Rej-a

(F-1)

where:

Roj.a is the total thermal resistance from the junction to the ambient air. From figure
(F-1), Rgj.qais:

Rgc.a{Rges+
Reja= Ry ooitent Roed e (F-2)
(Rec—a+ Rocst+ Rﬁs—a)

Generally, when employing a heat sink Rec.a is large compared with the other model
components and equation (F-2) may be simplified to:

Rej-a"-' Rﬁj—c +R9c-s - RBS-& (0%) (F-3)

where:
Rojc s the junction to case thermal Tesistance.

Rec.sis the case to heat sink thermal resistance.
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Rgs.a is the heat sink to the ambient thermal resistance.

The total power dissipation Pqis the sum of the switching transition loss P;, the on-

state conduction loss P, and the off-state leakage loss P).

a) Switching transition power loss:

Figure (F-2) shows typical power device voltage-current switching waveforms.
Normally an exact solution is not required and an approximation based on straight-

line switching is usually adequate (5). Switching losses occur at both turn-on and
turn-off.
For a resistive load, P is:

Y.l
P=—t0tT (W) (F-4)

For an inductive load, Pg is:

Vil f®
ps=;’2“4[w) (E-5)

where:

7 is the period of the switching interval.

V; and I, are the maximum voltage and current levels as shown in figure (F-2).

b) Conduction power loss.

The average conduction loss under steady-state current conditions is given by:
Pe=VoInd (W) (F-6)

Where 4 is the duty cycle, Ly, is the device current and V., is the voltage drop across

the device.

c) Off-state leakage power loss.

During the switch-off period, a small exponentially temperature dependent current I,

will flow through the switch. The loss due to this leakage current is:
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Py=1;V,(1-8) (W) F-7)
Normally Py is only a small part of the total loss and it can be neglected.
In the calculation of the GTO heat sink, the following parameters were used:

The device was supposed to operate with 50 A anode current, 100 V supply voltage
and with 1 kHz switching frequency and 0.5 duty cycle. From the data sheet for the

device:
- The on-state voltage at S0 Ais 1.25 V.
- Roj.n DC thermal resistance junction to heat sink surface = 0.2 °C/W.
- Turn-on time S uS.
- Total turn-off time 11 pS.
- Tcase 125° C.
- The ambient temperature was assumed to be 30° C.
From the above parameters:
The on state power loss is given by:
Pe = Von I4 8 = (1.25) (50) (0.5) = 31.25 W.

From equation (F-5), the switching losses for inductive load are:

p, = 10016065 +11)1000) _ 4

The total power losses Pa are : 31,25 + 40 =71.25 W.
From equation (F-1):

ijax =T+ Py (RBj.C + Rec.a+ Ros.)
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Rej.c+ Roc.a =0.2 °C/W.
Therefore:
125=30+71.25 (0.2 + Res-a)

The thermal resistance of the heat sink is:1.13 °C/W.
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Figure (F-2) Typical voltage and current waveforms for a
semiconductor at:

(a) Turn-off

(b) Turn-on
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APPENDIX G

HIGH FREQUENCY SHUNT DATA SHEET.

The high frequency shunt (H.F) type ISM 5P/10 permits, in conjunction with a
wide-band oscilloscope allow the measurement of current with high di/dt rates in the
nanosecond region. Its frequency response is similar to that of a DC coupled
oscilloscope and the bandwidth B of the shunt is correspondingly defined by a 3 db
attenuation at the top-end of the (transformer) range. Within the specified bandwidth
the H.F shunt has the characteristic of a pure non-inductive resistor. The inherent
rise-time Ta of the shunt can be derived from the equation Ta = 0.35/B and for very
short signal rise times the inherent rise-time can be allowed for in the well-known
manner by “geometric addition”. Due to its coaxial and screened construction, the
shunt is immune to noise from external sources. Any noise which might possibly be
observed on the oscilloscope can be eliminated by appropriate measures such as
mains filtering, proper earthing and elimination of earth-loops, screening of scope

casing and the provision of ferrite-beads for the suppression of lead-born noise.

Technical Data,
Surge rating Inax=5kA
continuous rating i=30 ARMS
ol 0 e 4,2
Limiting I't integral f I'tdt =2.10" A’sec
0

Effective resistance at 20 °C R=10mQ +1%

Temperature coefficient Ty = 0.00005/°C

Bandwidth (-3dB) B =200MHz
Rise time Ta=18ns
Ripple and overshoots W=1%
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