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ABSTRACT

O’Connor, Shawn M. M.S.E.E., Purdue University. August 1988. "PULSE-
WIDTH MODULATION CONTROL OF A THREE-PHASE
INVERTER. Major Professor: Lawrence L. Ogborn.

The goal of this thes‘is.was to design, construct, and prove ‘operatioﬁal a
three-phase inverter. This inverter was to incorporate pulse-width modulation
control and was to fuﬁction es a classroom demonstratien unit. Before con;'
structing the full three- phase inverter, a single-phase inverter was constructed
with four Darlingtons. A pulse-width modulation scheme was developed and
applied to the single-phase inverter. Upon slight modification of the control
scheme, controllable single-phase inverter operation was demonstfated. With
this insight gained, a pulse-width modulation scheme was developed for a
three-phase inverter. After adding a third set of Darlingtons to the initial
four, the pulse-width modulation scheme was applied and three-phase inverter

operation proved successful.



CHAPTER 1
INTRODUCTION

FT’I'he"object of this thesis was to 'des'ig__n and construct a three-phase
inverter capable of motor control. This speed control was to be achieved by
'pulse-w1dth modulatxon Darlington b1pola.r transistors, 1nstead of thyristors,

o were chosen for the - 1nverter switches since they dldn’t requlre forced

_ commutatlon In developmg the three—phase inverter, several steps were
»taken First, the requirements of the Darlington sw1tches were chosen and
;thermal design was performed. A type of heat sink was chosen and tested to
_ ensure performance. This process is descrlbed in Chapter 2 of. thls thesis. -
Next four Darlingtons with their respectlve heat sinks were put together to
~form.a single-phase inverter. Then, driver circuits were developed to provide
sufficient current to turn a Darhngton on given a logic signal input. - An. initial
_loglc scheme was then deslgned to turn each of the four Darllngtons on at the.
proper tlme for single-phase inverter operation. However, upon. testmg, this
| design was found inadequate and a better successful logic scheme was
 implemented. These design features of the single-phase inverter are discussed
' in Chapter 3. In Chapter 4 the successful operatlon of the slngle-phase' :
mverter is pictorially described and commented upon. The next step was to
- add two more Darlingtons onto the smgle—phase inverter structure, thereby’
converting it to a three-phase 1nverter Drive circuits similar to those used for-
the single-phase inverter were put ‘together and attached to their respective

- Darlingtons. Next, control loglc was developed to. turn on' the Da.rlmgton

" transistors in the proper sequence to provide an AC output voltage at the
sw1tch1ng frequency After this control logic was tested separately for the

~correct logic timing, it was attached to the six Darlmgton drivers. The de51gn -

features of the three-phase inverter are described in Chapter 5. In Chapter 6
the successful operation of the three-phase inverter is pictorially described and
commented upon. Finally, Chapter 7 presents conclusions . and
-recommendations for future research. ‘ e



CHAPTER 2
DESIGN CONSIDERATIONS OF THE THREE-PHASE INVERTER

In the design for the three-phase inverter, it was desired that the input
direct current voltage be 50 volts and that the Darlingtons switch 10 armperes.
These parameters were chosen in hope of running a 50 volt, 10 ampere
induction motor with the inverter. Therefore, 2N6577 NPN Darlingtons were
chosen for the six switches. This choice was made since these Darlingtons can
withstand a maximum forward biased voltage of 90 volts and can carry 15
amperes of current continuously. The internal connections of the Darlington
is shown in Figure 2.1. Note the two resistors present in the device to
dissipate charge from the pn junctions when the Darlington is off, and alsq the
diode present to protect the Darlington from any reverse currents.

2.1 Hea,t Sink Design

After the choice of the 2N6577 NPN Darlington was made, a thermal
analysis was made of the device in order to establish a proper heat sink for it
[1]. The thermal circuit in Figure 2.2 was used as a model for the Darlington
[2]. With the input to the inverter as 50 volts, it was desired to run 10 amps
of current through the Darlington. The nominal "on" voltage of the Darlington
from collector to emitter is 2.8 volts. Hence, each switch will dissipate about
28 watts. In designing for the heat sink, 30 watts was used as the value that
each Darlington must dissipate. The junction to case thermal resistance, S
is 1.46 deg C/W as given by the Darlington data sheet. The thermal
resistance, ©gg, of the silicon grease which was put between the Darlington
~ case and the heat sink was .2 bdeg C/W. The total power dissipation at 25
- degrees Celsius is 120 watts and it derates at .685 W/deg C above 25 degrees
~Celsius. Then the equation that is used to determine the Celsius temperature
for a given power dissipated is: . »

"C =(~1/.685) * (power dissipated) + 200

Putting the 30 watts that need to be dissipated into the above equation
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Figure 2.2. Darlington Thermal Circuit.



produces a maxxmum operatlng temperature of 156 deg C The assumed
’theoretlcal ambrent operatrng temperature is 25 deg C. Since thermal
resrstance, ©, is defined as the change in temperature drvrded by the power
dissipated, the maximum amount of thermal -resistance allowable from the
. ’Dar]rngton Junctlon to the amblent a1r, @J A is: ‘

0= (156—25 C/30W-43 C/W

o Hence, 1t was determined that the desrred heat sink’s thermal resrstance ‘must »

‘be no greater than 2.64. deg C/W as shown be]ow
', | 95A = eJA - eJc — Ocs
o ,Upon puttlng in the va]ues, B

GSA-43»—146— 2—264 c/w

| ,‘ 2.2 Heat Smk Choxce Verxﬁcatxon

A chorce of a heat sink ‘was made from avallable supphes To test it; an

. Omega thermlstor (part #ON—940-44007 SK @ 25 deg C) was procured ‘The
thermlstor resistance was measured versus temperature and the results are

' ‘shown in Table 2.1. The thermistor was then mounted next to the Darlington
~in the heat sink. In order to make a thermal assessment of the Darlington,

the circuit of Figure 2.3 was constructed. . The leads of the thermlstor were
B ‘connected to an. ohmmeter With Vg adJusted to 10.17 volts, I, was measured

v w1th an ammeter as 2. 91 amps This resulted with
| |  Power = Vd%1—1017v*291A_2959w

as the power drssrpated through the Darhngton At thls power level, the
_thermistor resistance was: 388 ohms. By Imear]y interpolating Table 2.1 using
. this thermlstor va]ue, a temperature of - 94. 71 deg C was calculated. Using

o 225 deg C as the amblent air- temperature, the thermal resrsance was

o calculatedas } : LT
| eSA_(9471—225 C/2959W—244 C/‘w

o Thls proved to be an adequate amount of thermal re51stance since 1t is below
vthe 2.64 deg C /W restrlctlon set prevrously



Table 2.1. Thermistor Resistance Versus Temberature in Degrees

Celsius.
Temperaturé' in Degrees C Resistance in Kiloohms

98.0 - .346
90.0 : .448
85.0 . .b18

- 80.0 | 629
750 o .739
70.0 ' .883
65.0 1.045
60.0 1.255
55.0 1.493
44.0 2.26
40.0 2.66
35.0 3.20
30.0 | 4.00
25.0 4.95

22.5 5.59



Figure 2.3. Darlington Hook-Up for Thermal Measurements.



| CHAPTER 3 ,
'DESIGN OF THE SINGLE-PHASE INVERTER CONTROLS

" Before constructing the entire three-phase inverter, it was decided to
construct just a single-phase inverter with four of the Darhngtons and develop
a control scheme for it. Vpc was a 50 volt power supply, but was generally set
‘at poxnts between 20 volts and 40 volts durmg testing. The smgle-phase circuit
is shown in Fxgure 3.1.  The Darhngtons are labelled A,B,C, and D.

3.1 Upper Darhngton watch Design

The upper two switches have drive circuitry as shown in F igure 3.2. In )
this dlagram_, the 2N6577 NPN Darlington is symbolized with a circle around
~ it showing that it is more complicated than a single transistor. Since it is the
upper SWitch, its collector is connected to the DC voltage supply and-its
emitter is attached to one end of the load. Its base is driven by a 2N2222
NPN transistor which in turn is driven by a 4N37 optocoupler. The
' optocoupler is symbolized by a diode. and a transistor enclosed by a ‘circle.
The optocoupler provides electrical isolation, separating the low-power logic
- signal that pr(‘)vindes the logic for switching the Darlington from the higher-
power Darlington itself. The circuit was designed as follows. The desired
- maximum current for the Darlington was 10 amps f‘roiné:ol]ector to emitter.
The maximum saturation voltage from collector to emitter is 2.8 volts with
~ the maximum base to emitter voltage as 3.5 volts. Hence, the base had to be
higher than Vp¢ by .7 volts. Since the minimum beta of the Darlington is
- 500, the minimum base current needed was: ' '

Base current = 10 A /500 = 20 mA

' It wa.s declded that the base current of the Darhngton should be 100 milliamps
N to ensure saturatxon Therefore, a 5 volt power supply was added on to Vpg¢
“to dnve 100 milliamps through the 2N2222 and to let the Darlington base

_ voltage to be .7 volts above Vpe- The maximum saturation collector to-
~ emitter vo_lta_ge of the 2N2222 is .4 voltsb. Therefore, the collector VOltage of
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Figure 3.2. Upper Darlington Switch Drive Circuitry.
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the 2N2222 was to be 1.1 volts above Vpe- The minimum beta of the 2N2222
- transistor is 100; hence, if the emitter current is 100 mllhamps, the base -
- current would be 1 milliamp. However, to ensure saturation of the 2N2222, 5
milliamps was chosen as the desrred base current. This leaves 95 milliamps as
the collector current. The way the 39 ohm collector resistor, RC, was
calculated is shown below ’ ' ‘

" Re= - (Vpc +5) (VDC +1. 1)) V/95 mA —41 0

A 39 ohm resxstor was used since it was the closest conservatlve value re51stor ,

'obtalnable The maximum base to emitter voltage for the 2N2222 is 1.3 volts

and the maxlmum collector to emitter voltage for the optocoupler is .3 volts.-
-.Addlng these values to the Darlmgton base voltage, which is already .7 volts -
above Vp¢, we obtain the optocoupler collector voltage as Vpe + 2.3 volts.
Slnce ‘the - optocoupler collector current is also 5 mllllamps as is the -
‘ optocoupler “emitter current Ropt, the .optocoupler collector re51stor is

”:}calculated below: el N

Ropt—((VDC+5) (VDC+23)V/5mA—54OQ

A 510 ohrn reSlStO]' was used since it was the closest conservatlve value resistor -
available. For 5 mllllarnps out of the optocoupler, it was found from a data
sheet graph that 6 rmllxarnps was. needed as the input current. Also, the
maximum diode voltage drop during conduction was tabulated as 1.5 volts.
Therefore, since the logic signal was chosen to be a 0 or 5 volt 51gnal R, the
re31stor to- bufer the logic signal, was calculated as: :

‘R= (5—15)V/6mA—583Q

‘Therefore, a 560 ohm resistor was used because 1t was the closest conservatlve
value resnstor avallable : . L

3 2 Lower Da.rlmgton Sw1tch Desxgn

, The lower two switches ‘have drive c1rcu1try as shown in Flgure 3.3. As in - ’
" the upper Darhngton, the desired base current to ensure saturation of the
lower Darhngton is 100 milliamps. The maximum value of the base to emltter
voltage. of the Darlmgton is. 3 5 volts Therefore, when the Darlmgton is on,
R¢ needs to be o - TR

RC—(5—35 V/100mA_1sﬂ

Recall that the saturated collector to emitter voltage of the 2N2222 1s 4 volts,
, ,hence, When the Darllngton is off, the collector current for the 2N2222.
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Figure 3.3. Lower Darlington Switch Drive Circuitry.
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"transistor'is':v | o :
IC=(5>—— 4 V/15ﬂ4307m

xThe minimum  beta for ‘the 2N2222 is 30 Therefore, the _minimum base
~current for the 2N2222 is: _ _ , ’
IB-307mA/30—102mA o

'To ensure saturatron of the 2N2222 ‘the base current was chosen to be 40
u Imllramps Since the maxunum base to emrtter saturatxon voltage is- 1 3 volts,
~ the ba.se res1stance, Rp, ist : o ' ‘

RB—(5—13 V/40mA_gzsﬂ

Hence Rp was chosen to be 100 ohms since thrs was a convenrent obtalnable' _
value. Upon setting the c1rcu1t up and testlng it, it was decided to use a 22
ohm " resistor for ‘the collector resrstor because the 15 ohm resistor became
e‘(tremely hot. ' '

3 3 Pulse-Wrdth Modulatlon Control Desrgn

The - c1rcu1try whlch is responsrble for producmg the pulse-width
‘modulated signal that is input to the four drive circuits is shown in Figure 3.4.
In thrs crrcuxt ‘the astable 555 block produces a clock frequency of 720 Hz. Its
internal connectlons are: shown in Figure 3.5. The value of the clock
'frequency, 720 Hz, was chosen arbitrarily. The total pulse wrdth T, is
~ therefore 1/720 Desiring close to a 50% duty cycle for the clock pulse and
‘ using the followrng three equa.trons, : :

4 =0693*% (RA+RB) C,
_ ltjz = 0..693 * (Rp) * Gy

,’»I‘-0693*(RA+2*RB)*Ct

E values for Ras RB, and Ct can be ca.lculated These values are:

RA =2K
Ct = 025uF

tThe VCC used was 5 volts and the 01uF capacltor was used to bypass noise.
Thxs -720‘ Hz__ls divided by 2 by-the special hook-up of the JK Flip-flop.
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Figure 3.4. Pulse-Width Modulated Signal Genera tor Circuit.
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“enp OUTPUT

Figure 3.5. 666 Clock Connections For 720 Hz.
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Therefore, a frequency of 360 Hz is input into each of the two iden'tlcal one-
shot 555 chips. The pulse width of the output of each one-shot 555 can be
modulated by changing the potentiometer, R;, in Figure 3.6. In the diagram,
Cy was chosen arbitrarily as 1uF and the range that R must have to vary the
duty cycle from 50 to 100% was calculated The equation used was:

T=11%R,* C,

: _’ThlS range of R, was around 1.2K for 50% duty cycle to around 2. 5K for
-100% duty cycle. Hence, a 10K potentiometer was used for R;. Again the
.01uF capacitor is used to filter out noise and Vee was 5 volts. The value of
the load resistor, R, was chosen arbitrarily as 10K. Each 50 to 100% duty
cycle from both 555 one-shot devices is inverted to produce two 0 to 50% duty
cycle pulses. Note that these two pulse-width modulated signals are 180
degrees out of phase.. The output pulse from the left one-shot 555 is sent to
the drives for Darhngtons A and B. Likewise, the output pulse from the right
one-shot 555 is sent to the drives for Darlingtons C and D. This design will
ensure that at any time either only Darlingtons A and D- -are switching or only
Darlingtons B _and C are switching or that all of the Darlingtons are off. For
example, let us consider a pulse-width modulated signal with a 5% duty cycle
comlng out of both one-shot 555 timers’ inverters. The timing- for. such a
scenario is shown in Figure 3.7. Initially, the signals from both 555s are low
and Darhngtons A and C are definitely off, while the same low signals cause "
Darlingtons B and D to be potentially on. That i is, they would be on if there
was a positive collector to emitter voltage presently across them; however,
since both A and C are definitely off there exists no such positive voltage
across B or D and they are presently off. When the left 555°s signal goes high
for its 5% duty cycle, this causes a high signal to be sent to Darlington A's
drive circuitry causing A to switch on. At the same time, this 5% duty cycle
~signal causes Darlington B to be definitely off while A is on. However,
‘Darlington D is still potentlally on since a low signal from the right 555 is still
“applied to its drive circuitry. Hence, because A turns on, it now has a positive
‘collector to emitter voltage across it and turns on. Darlington C is still off
since its drive still receives a low signal. Hence, A and D are on providing a
current path through the load, while B and C are off. Later, when the right
555's signal goes high for its 5% duty cycle with the left 555 signal low,
Darlingtons B and C are on providing current through the load in the opposite
direction, while Darlingtons A and D are off. Hence, it is impossible for any -
~ designed combination of the Darlingtons to be on that would short out the
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OUTPUT

Figure 3.8. 555 One-Shot Connections.
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| LOGIC SIGNAL TO A & B DRIVERS
| sV |

LOGIC SIGNAL TO C & D DRIVERS

Figure 3.7. Timing for 5% Duty Cycle.
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_direct Curr‘ent voltage source. o

3.4 Testmg Imtxal PWM Control De51gn
' ~After: connectlng the Pulse-Width Modulated Srgnal Generator circuit to -

| 'the four driver circuits and’ integrating these with the four Darlingtons, the '
B srngle—phase inverter was tested with a 6.3 ohm, 55 watt, wire-wound resistor

7 as ‘the- load The load current was observed on an - oscrlloscope using  a
: Tektronix A6302 current probe. The duty cycle of the square PWM signal was
- set at ap'prox'imately VS% and therefore load current was expected to flow
“positively for 5% duty cyc]e and negatively for 5% duty cycle The load
current was expected to be zero the rest of the time. | ‘

Darhngtons A and D did indeed conduct current at the same time.

However, Darhngton A stayed on after D turned off; this happened because at

this time B was _potentially on ‘and turned on because of stored charge in the
pn Junctlons of A’s driver. escaped through B. Therefore, the srngle—phase _
‘inverter was shorted through A and B until C turned on. Then C and B

conducted for the 5% duty cycle they were expected to. However, Darllngton o
C stayed on after B- turned off because of the charge stored in the pn junctions
of its driver. This charge shorted the srngle—phase inverter through D because

D became potentrally on due to the low logic signal sent to its driver. Thrs .

malfunctron was observed consistently for all values. of Vpe from 20 volts to -
" 40 volts. - In summary, the smgle-phase inverter was on when it was supposed
"'Ato be, but was shorting the voltage source when it was supposed to carry no
) current Fortunately, the voltage source used was current llmlted

| ‘3 b Flnal PWM Control DeSIgn '

To allevrate the problem of Darllngtons A and C staying on due to stored
charge, two resistors were added to their. drive circuits. As shown in Figure
3.8, these resrstors will prov1de an escape path to ground for the stored charge
in the pn junctions of the optocoupler and the 2N2222 drive . ‘transistor.  In
addition, to’ posrtrvely assure that ‘no shortlng through of the DC source will

) boccur, the logrc srgnals to switch the drxver circuits were shghtly changed
- They were ‘taken from dlﬁerent pornts of the Pulse-Width Modulated Signal

Generator Crrcult as shown in Figure 3. 9. This new set of loglc signals is
shown in Flgure 3.10 for the case when current flows through the load 5% of
B 'the -time ‘in “each dlrectlon Under this scheme, the logic signal to the

'Darhngton D drrver would be a 95% duty cycle square wave from the left 555
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< TO LOAD

VGND

Figufe 3.8. Updated Upper Darlington SWitch Drive Circuitry.
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Figure 3.9. Final Pulse-Width Sigha_.l Generator Circuit.
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[~ LoGIC SIGNAL TO DRIVER A
{sv S

LOGIC SIGNAL TO DRIVER B
sV | '

“LOGIC SIGNAL TO DRIVER C

~ LOGIC SIGNAL TO DRIVER D

Figure 3.10. Final Timing for 5% Duty Cycle.
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one-shot txmer It would turn Darllngton D on.only when low. As noted in the
diagram, the loglc signal to the A driver is the inverted logic signal of the logxc
signal to the D driver. -This logic 51gnal to the A driver would only turn Aon
when high. Hence, Darlingtons- A and D would be on simultaneously and
conducting current through the load only 5% of the time, as determined by
the duty cycle. Also, due to the similarity of the logic signals for the B and C
drivers to those for the A and D drlvers, current will flow through the load in
the opp051te direction only 5% of the time. Upon testing with the same 6.3
ohm w1re-_w_ound resistor load, single-phase inverter operation was successful.
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CHAPTER 4
OPERATION OF THE SINGLE—PHASE INVERTER

Upon successful testing of the single phase inverter, it was declded to
document and comment on some of the results ' '

4.1 Purely Resistive LOa.d Operation

In the circuit of Figure 4.1, a 6.3 ohm, 55 watt, wire-wound' resistor was
1mtxally used for the load. The maximum allowed rms current was ‘

| L =(55W /6.3 Q)2 =2.95 A

: .Therefore, 2.5 amps was chosen as a convenient round conservatlve amount of
peak current to be run through the load. Vpc needed to be set at 9.5 volts to
, obtam this-amount of current. The duty cycle was set at approx1mate1y 20%.
,fIn Flgure 4.2 the base voltage is shown for Darlington D on the top and
Darlington B on the bottom. The photographs were taken with a Tektromx ‘
C-5C oscllloscope camera with the y-axis of the oscllloscope set at .5 volts per ;
' lelSlOll and the x-axis set at .5 milliseconds per division. It shows that when
the base voltage for one of the two lower Darhngtons is high, that Darlington
~is on and conducting current. When one of these lower Darlingtons is off, its
base voltage, which is the collector voltage of its 2N2222 transistor drwer, is
around .2 volts. This demonstrates that its 2N2222 transistor driver is indeed
saturated as desired. In Figure 4.3, the base voltage is shown for Darlington A _
on top and Darlington C on bottom. The x-axis was set at .5 milliseconds per
division and the y-axis was set at 5 volts per division. Again it is shown that
~one of the upper Darlingtons has a high base voltage when it is on and _
| conducting current. Since the two photos of Figure 4.2 and Figure 4.3 are
referenced to the same time, it should be noted that Darlingtons A and D
conduct at the same 20% duty cycle as do Darlingtons C and B. Note also
that each set of Darlingtons conducts 180 electrical degrees out-of-phase with
‘each other. This fact is equally demonstrated by comparing Figure 4.4, where
I or I is shown, to Figure 4.5 where I; or Iy is shown. These currents were
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Figure;.4.1; Single-Phase Inverter Cireuit.



26

Figure 4.3. Upper Darlington Base Voltages.



- Figure 4.5. Current bhkroﬁ‘g“h Darlingtons C and B.i SRR
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, measured with a Tektronix A6302 current probe which sent its readings to the.
. oscilloscope at 1 amp per division. Hence, the peak-to-ground current was 2.5
amps. A Kirchhoff Current Law analysis at the node to the left of the load
W1ll show:

Loap =Ia—1Ip
This can be v1sua11y demonstrated if one mentally inverts IB in Fxgure 4. 5 and' '
adds it to I, in Figure 4.4. The result is the load current, ILOAD: shown in

Flgure 4.6. Hence, a fairly symmetrical alternating waveform was obtalned
for a purely resistive load using single-phase 1verter operation. -

Table 4. 1 displays the turn-on tlmes and turn-off times for the four N
Darhngtons These were measured with the delayed sweep mode of the
oscllloscope under the above load and.current conditions. From this data, it
can be seen that the lower Darhngtons, B and D, turn off extremely fast. The
reason that the upper ‘Darlingtons, A and C, turn off slower is that they have .
to dissipate the charge in the pn junction of their respective optocoupler,
which is slow in forthcoming. The discrepancy in turn-on times between the
A and D Darlington set and the B and C Darlington set is conjectured as
_ being a result of mere small internal device differences. However, the main
result is that the optocoupler is the device that limits overall sw1tchmg time.
Because turn-off time for two. of the Darlingtons is greater than any of the .
turn-on times, current can be conducted in-either direction only close to 50%
of the cycle

4.2 RL Load Operati,on

Next, a 2.1 millihenry inductor was placed in series with the 6.3 ohm
resistor to simulate a RL load." Since the switching frequency was 360 hertz,
one would expect the following inductance:

Xy =2*7*360 Hz * (2. 1E—3H) _475Q
The magmtude of the total load 1mpedance is:
Zroap = ((4.75)2 + + (6.3)% )/ = 7.89 2
The phase angle of the total load impedance is:
¢—arctan475/63 =37.0°

* Hence, the phase delay of the current should be 37 degrees behlnd the
switching voltage across a set of the Darlingtons. The base voltage is shown
on top of Figure 4.7 for Darlington D and on the bottom for Darlington B. It
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_Figuré* 4.6. Logd Current with :Purely Resistive Load.



Ta.ble41 '.-Da-’t"l’ihgvtoxn; Tufmon “and Turn'--oﬁ":‘Tir}he's'v for Purely
‘Resistive Load. ST V

Turn-on Timé_'(us) :Tvurh-b‘ﬁ":'fl‘“i?rné (us)

Darlington A -~ 22 = ) oty
- Darlington B 70 S ’ 1 g
© Darlington C = 72 ' "2'_0’0 o
 DarlingnD 15 1
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i F igufé 48 ', Upper Dai’lingtan Base Voltages with RLLoad.
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can be seen that these Darlingtons’ turn-off times are barely affected by the

addition of the inductor. However, Figure 4.8 shows how slow Darlington A

‘on top and Darlington C on the bottom turn off. The data is summarized
- below in Table 4.2. Figure 4.9 shows the load current, I;gap, With _th_e R-L_
load. With the same Vp of 9.5 volts as before, the peak current is around .42
, amps Since each Darlington has a2 maximum collector to emitter voltage of
2.8 volts, this value of Ioad peak current is not too far from the followmg--
: calculated value: - : '

ILOAD (9.5 -2 (2.8) V/789Q—- 49 A

'The load current is not a square wave as before because the inductor delays .
the current and smooths it out.
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Table 4.2. Darlington Turn-on and Turn-off Times for a RL Loa.d..

Turn-on Time (us)  Turn-off Time (us)

‘Darlington A 21 ; 225
Darlington B : 1 , 1
Darlington C.~ 70 175

Darlington D 1 1
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ST Figure 49 ;‘»Lodd Current with RL Load.
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. CHAPTER & |
 DESIGN OF THE THREE-PHASE INVERTER CONTROLS

A.fter demonstrating single-phase inverter operatlon, the three—phase o
| 'mverter was constructed as shown in Figure 5.1 (3]. ’ -

' B.1 Three—Phase Cll‘Clllt Drlvers

An Upper Darlington Drive Swrtch Clrcult as shown in Figure 3 8 was
used for each of the upper Darlingtons T1, T3, and T5. However, a Lower
Darlington Drive Switch Circuit as shown in Figure 5.2 was used for each of
the lower Darlingtons T2, T4, and T6. The design of the logic sugnals to drive
the three-phase inverter is the subject  of this chapter The ove,rall block -
‘ 'dlagram for such a design is shown i in Flgure 5.3. o

| 5.2 Loglc Signal Controller Description

First of all, the clock is a 555 used in the astable mode and is hooked up

-;.accordmg to Figure 5.4. A 360 hertz clock frequency was desired so that it
~could be arranged for each Darlington to turn on 60 ltimes per second.
’ Theoretlcally, this should produce an output voltage of 60 hertz. Desiring -
close to a 50% duty cycle for the clock pulse and using the same equatlons as
used i in Chapter 3, namely,

ty —0693 (RA+RB)* Cy
 t,=0.693 * (Rg ) * C;

T =0.603 * (R, +2* Ry ) * C,
_values for Ry, Rp, and C; were calculated. The values used Were;.b :
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o Fig‘urgQB.ii ‘th‘ree-'Ph'ase Inverter.
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A5 To LoAD

- LOGIC
SIGNAL |

Figure 5.2. Lower Darlington Drive Switch Circuit.
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‘ Figure 55.3'.’»»’L'ogic Signal C‘Qntroller.
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' Figure 5.4. 555 Clock Connections For 360 Hz.
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| G, =0.0254F '
"ane:ag.ain,._'the de Supply'bvoltage, Ve, was 5 volts and a .01 ni'icrofarad ,
bypass capacitorwas u,sed, to_,bypass nois‘e. | : T

5. 2 1 Three-Rlng Counter and 555 One-Shot Tlmers :

. The three—nng counter block is shown in Flgure 5.5. As 1llustrated 1t is
o icomposed of 2 JK Flip Flops. and 3 Two-Input AND gates. The 1nput to it is
- the 360 hertz clock pulse and it outputs 3 signals: CA, CB, and CC Each one
‘ of these signals is a 120 hertz signal and each one goes to a 555 one-shot timer.
Each one-shot timer is trlggered on the falhng edge of the three-rlng counter

output mgnals It is desired for each 555 to produce an output signal that

~varies from’ 67% to 100% in duty cycle. This is desired so that three—phase
inverter operatlon can have either two or- three Darlingtons on at any time.

.~ Therefore, each of the one-shot 555 timers had a circuit dxagram as shown in

“Figure 5.6; C; was chosen as .1 mlcrofarads and the value of Rt was -
,_calculated usxng the equatlon o : ’

Rt-—T/ ((1.1) Ct)

The value of Rt for a 67% duty cycle was around 5. IK and for a 100% duty o

| cycle was 7.5K. In constructing the 555 circuits, a decade re51stance box was:
“used for each Rt so that the duty cycle could be varied from 67% to 100%
desired. Therefore, the outputs of the 555 one-shot timers, LA ‘LB, and LC,

" are ‘signals “of 120 hertz with adJustable ‘duty cycles  [4]." The timing

relationships between the clock, the output signals of the. three-r1ng counter, -
- and the outputs of the three 555s are shown in Figure 5.7. In th1s dlagram,*_
‘LA LB and LC are’ shown thh a 67% duty cycle ‘ : s

Ny '5 2.2 Phase Loglc Block
" In ‘the overall block dlagram of the drlver loglc s1gnals, the 360 hertz.'

clock 51gnal also goes to the Phase Logic block The first part of this block. o

:recelves the clock signal and is shown in Figure 5.8. It is a six- state ring-
counter that takes the. 360 hertz clock signal and has six states, R1. through
RS, each whlch produces a 51gnal at 60 hertz [5]. As shown, 3 JK Fllp Flops, 6
,Three—Input NAND gates, and 1 Two-Input AND gate . were used in
constructmg it. The second part of the Phase Logic block is shown in Figure
‘ 5.9. This part is composed of 3 Three-Input NAND gates that comblne some
. :'of the states of the six state rlng-counter to produce the phase s1gnals, A B,
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 T0 555 ONE-SHOT TIMERS

 Figure 6.5. Three-Ring Counter.
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OUTPUT

Figure 5.6‘.:’ 55656 One’-Shoti Timer COnnectiOné.
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Figure 5.8. - Six State Ring-Counter.



RI R2R3  R3IR4RS RSRER]

- Figure 5.9. Combinational Logic.
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and C These srgnals are 120 degrees apart, have 50% duty cycles, and are 60
hertz square waves. -The timing relatlonshlps between the clock, Rl through.
R6, and the phase 31gnals are shown in Figure 5.10.

5.2, 3 Dr1ve Log1c Maker L

The Drive Log1c Maker block accepts slgnals LA LB, and LC from the-

- 585 one-shot timers and the signals A, B, and C from the Phase Loglc block.
It uses combinational to form T1 through T8, the signals that turn on the
Darlmgtons in sequence and keep them on for the speclﬁed amount of time.
“The combination logic that makes up the Drive Logic Maker block is. shown in

Figure 5.11. The signals T1 through T6 produced by this block are shown in

Figure 5.12. Note that since each Darlington is turned on by a 60 hertz 31gnal :
~ the output voltage across the three-phase load will also be a 60 hertz wave.
. 'Note also that each of the. signals T1 through T6 is high for 120 electrical

. 'degrees This is because LA, LB, and LC each have 67% duty cycles Hence,
Flgure 5. 12 was derived by mentally applymg the combinational logic of the
Drive Loglc Maker block on the relevant signals i in Figures 5.7 and 5.10. Since
the slgnals T1 through T6 are high for 120 degrees of the cycle, this means
that only two Darlingtons will be on at any given time. By i increasing . Ry of
-each 555 ‘one-shot accordmgly, the duty- cycle of LA, LB, and LC can be

o '1ncreased thereby, the Darlingtons stay on longer. If the Darlmgton turn-on

_'islgnals, T1 through T6 are high anywhere greater than 120 degrees and less
‘than 180 degrees, the three—vp_hase‘ inverter will alternate operating with three
'DarlingtOns on for part of the cycle and only two Darlingtons on for the other
_part of the cycle With the duty cycles of LA, LB, and LC set at 100% by

adJustlng their respective Rys, each Darlington will be on 180 degrees of each
~ cycle or on half of the time. Hence, three Darhngtons will be on at any given
time. However, this mode of operation is undesirable because of the
:poss1b1ht1es of shortlng the DC source. That is, for example, if Darllngtons
T2, T3, and T4 are on -and T5 turns. on quickly before T2 turns off
completely, then Vpg w111 be short circuited. Nevertheless, functional control
kof the amount of time that the Darhngtons stay on can be’ theoretrcally
achieved. Each Darlington can be on from 120 degrees to approx1mately 180
degrees of each electr1cal cycle. Thereby, the amount of output power can be
‘ adJusted fI'OIIl VDC ) / 2 ‘*,RLOAD ) . , 2 /3) VDC /RLOAD ’
respectrvely . E : ' i



Figure 5.10. Timi
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~ Figureb.11l. Drive Logic Maker.
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Figure 6.12. Timing Relationships for T1 through T8.
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= CHAPTER 6 = |
' OPERATION OF THE THREE-PHASE INVERTER

Upon successful testing of the three-phase 1nverter, documentatlon was in
order. In the circuit of Figure 5.1, a three-phase load of three 6.3 ohm, 55 watt
w1re—wound resistors delta-connected was used. 2.5 amps was chosen as the
value of peak current to be run through the load. Vp¢ was set at 10.0 volts to
achieve this amount of current. The duty cycle of each of the 555 one-shot
timers in. Figure 5.3 was set at 67% by adJustmg the Rt of each 555 éircuit.
" This is the mode of operation where only two Darlingtons conduct at any one
time. The pha.se-to-ground voltages, V,n, Van, and Viy are shown in Flgures
6. 1,6.2, and 6.3, respectively. Note that these voltages are 120 electrical
degrees apart as expected for three-phase symmetry Next, the 1nd1v1dual‘
" Darlington currents, Ip; through Ipg, are shown in Fi igures 6.4 through 6.9 '

: respectlvely Note that each Darlington is only on for 120 electrical degrees of
the total current wave. Observe also the clean cut square waves due to a
purely reSIstlve load. Figures 6.10, 6.11, and 6. 12 show Ixs, Ing, and Ig,,
‘ respectlvely Note that these currents are 120 electrical degrees out of phase
as expected The line-to-line voltages are of similar waveshapes smce the
three—phase load is purely res1st1ve
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Fig_ui-e 82 :'Vo,lt,a.gve from Phase B to Ground.



52

Figure 6.3. 'Vol:t,g.gfe from Phase C to Ground.
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Figure 6.4, Current Through Darlington T1. o ) .
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Figtire 8.11. Current Through the Resistor Across Phases B and C.



Figure 8.12. Current Throﬁgh the Resistor Across Phases
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| CHAPTER7 |
‘CONCLUSIONS AND RECOMMENDATIONS

, The main result of this thesis is the productlon of a three-phase lnverter,
its drives, and pulse-width modulation logic circuitry. These units can be very
helpful for classroom demonstrations. An additional product of this thesis is

the single-phase pulse-width modulation control circuitry. Smgle-pha.se_ i

inverter operation can be demonstrated by disconnecting two Darlingtons and
- their respective drives from the three-phase inverter circuit and applying the
smgle—phase pulse-width modulation control circuitry. With elther single-
phase or three-phase inverter operation, pulse-width modulation « can control ,
the pulse width of the output voltage, thereby controlling its rms value If the

fundamental frequency of the output voltage of the three-phase mverter was
filtered out and used to run an induction motor, the speed of the motor would
be. readily controllable by adJustlng the pulse width of the output voltage.
‘This would be variable line voltage speed control and would only be practical
over a lxmlted range of speed [6]. However, if the clock of the three-phase
inverter was made va.rlable, varlable-frequency varla.ble-voltage speed control
could be obtained. This changing of the clock frequency could be obtained by
replacing C; of Figure 5.4 with a variable capacitor. In addition, the three Rys
of the 555 ome-shots in Figure 5.6 would have their ranges of operation
adjusted accordingly.

The single-phase inverter and three-phase inverter should be used in
power electronics and motor control courses as demonstration units. Also,
additional research should be done to see how effective the single-phase
inverter could control a single-phase motor and likewise how effective the
three-phase inverter could control a three-phase motor. In addition, an
~attempt should be made to replace the present analog pulse-width modulation
logic circuits With digital or software implementations. This would
undoubtedly ensure more accurate switching and motor speed control.
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