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TRANSI~~T WAVEFORM ANALYSIS OF SWITCHING CONVEFTER

Transient Studies for a Series-Resonance
DC to DC Converter Using Anti-Parallel Diodes

and Controlled Transistor Switching Time (Computer Study)

INTRO~~JCTION

Advanced military power processing technology is guided by three sig-
nificant objectives: 1. Reduction in weight and. size of power processors
which are necessary links between generators of raw electrical power and
sophisticated user mission equipment; 2. Improvement In efficiency through
reduction in operating losses which is an important key to thermal design
consideration and. component packaging density, indirectly affecting size
and weight; 3.. Component and operational reliability as expressed in mean
time before failure (Mt’BF).

The present trend in this technology clearly indicates emphasis on
advanced switching technology using semiconductor devices as the prime power
processors . This concept permits digitized power flow control between input
and output terminals with the inherent advantage of faster control response,
better waveform resolution, and smaller transformers, inductors, and filters.
All of these advantages are directly related to the capability of handling
higher switching frequencies. In this respect , present limitations are
identified by: 1. The inverse relationship between power handling capabil-
ity and switching time of power transistors, rectifiers , and silicon
controlled rectifiers ( 5CR), and 2. The interrelation between circuit con-
figuration of the power processor and maximum steady state and. transient
stresses experienced in its critical components.

While the area of improved semiconductor power switching components ii
of great concern and the need for faster switching transistors with higher *

power handling capability is well recognized, it is the power switching
circuit concept and its impact on technology advancement that will be
focused on in this report .

This study is limited to an analysis of a DC to DC converter coni’igura-
tion. The most significant design parameter of such a converter is the
ratio of input and output voltages and their operational variation. There
are two components of this ratio which are of importance and should be

• distinguished: la The scaling factor, which is defined as the ratio of
the average input voltage to average output voltage, and. 2.. The control
ratio range, which is defined as m aximum input voltage over minimum output

• voltage versus m inimum input voltage over maximum output voltage.

With the exception of extreme input/output voltage ratios , scaling is
not a significant design problem in the DC to DC converter and because of
the usual requirement for complete input to output isolation, It is achieved
by a transformer as the representative circuit element. It is the range of
the control ratio which defines the sophistication of a DC to DC converter
circuit. The concept of digital power flow within discrete time elements
requires that a variable slug of input energy be processed throtzg~ the

2.



power transfer circuit such that it meets the average output power require-
ments. From this discussion, it is obvious that the range of change in
discrete processing time is directly proportional to the previ ously defined
control ratio range. In turn, the need for storage capability in the filter
sections (input and output) is also proportional to this range of discrete
processing time which is directly reflected in the size and weight of power
processing circuit components and. filters.. At a first glance, the nature
of DC Input and output requirements would make it ideal to process discrete
time energy slugs with rectangular pulse current and voltage wave shapes
(pulse width modulation). However, achievable dv/dt and d.i/dt parameters
directly depend on switching component capability and circuit design.
Therefore, with the desired increase in switching frequency, it is realized
that the concessions that have to be made in deviating from ideal rectangu-
lar pulse waveforms become so severe that this idealization is no longer a
useful concept. Consequently, a new concept approach follows logically.
If idealized rectangular wave shapes can not be processed, then it may be
feasible to go to sinusoidal wave shapes which are ingredients of idealized
resonance circuits. This concept has been widely explored on an empirical
basis in the past five years and with remarkable success. One of the most
salient features of this approach is the use of zero current switching
without the need of forced commutation, which considerably simplifies and
reduces circuit requirements and increases the power handling rating of the
switching components. This in turn allows one tq go to higher switching
frequencies which more than compensates for the increased rating of energy *

storage components that is related to the difference between sinusoidal and
rectangular wave shapes.

The series resonance converter circuitry selected for analysis in this
report represents one of the simplest circuit configurations of a DC to DC
switching converter with a minimum of compo~’ents in the power processing
circuit, It is true, that the deviation from the ideal digitized enerry
flow concept with rectangular wave shapes presents a more complex problem
to the analysis of power transfer in tbl& cIrcuit.. This has generated the
need for a more detailed transient waveform analysis and a better under-
standing of the control concept that relates discrete time cont rol to the
significant output performance parameters in the resonance type converter.1

ANALYSIS

The analysis applies to the series resonance DC to DC converter cir-
cult , as shown in Figure 1, which has been treated in some detail in the
literature.2 The input symmetry of the circuit , with respect to the split
resonance capacitors Cl and C2 and the two transistor switching element s
TR1 and TR2, permits simplifications in the equivalent power transfer circuits
whi ch are applicable for the 4-cycle consecutive switching states as shown
in Figure 2. It is seen that these circuits all- contain the same elements

L
F. C. Sch*warz , “Engineering Information on an Analog Signal to

Discrete Time Interval Converter ( ASDrIc),” NASA CR-l345414 Report ,
Contr~ct NAS 3-16191 (NASA), Power Electronics Associates , June 1974 .

‘CF. C. Schwarz, “An Improved Method of Resonant Current Pulse Modula-
tion for Power Converters,” Proc. IEEE Power Electronics Jpecialists
Conference, PESC ‘75 Record, pp. 194-204 (1975) .

2
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if Cl = C2; TR1 and TR2 are considered as equivalent, Ideali zed switches.
The transformer coupling of the output loop containing a single filter
capacitor (see Figure 1) is represented in Figure 2 by the impressed voltage
VT on the primary winding of this ideal transformer. The switching states
are characterized by their respective sets of boundary conditions at the
beginning of each switching period. These boundary conditions directly
follow from the end of period state of the preceding switching cycle.
Therefore, the solution in the time domain for any of the selected voltages
and current s , which have been considered in the state ecijiations of the
circuit , represent a continuous wave train which is an exact replica of
waveforms that may be examined experimentally on a scope, using a converter
circuit for which Figure 1 is a representative model .

A computer program has been written that calculates and plots out , on
a X-Y recorder, the time domain solutions of each state variable as a
continuous string of waveforms. This allows evaluation of transient
stresses and steady state conditions . Step function changes of operational
conditions can be introduced as a new set of input parameters which affect
the boundary conditions at each beginning of a switching state. This allows
studying of transient and stability problams and even permits control loop
design evaluations on the basis of Analog Signal to Discrete Time Interval
Converter (Asm~IC ) type control functions.3

The termination of each transistor conduction period is based on a
test criterion of zero current flow. Then the analysis of the next diode
conduction period is executed by the computer for the predetermined diode
conduction time which Is introduced as a dimensionless parameter relating
diode conduction time to the half-peri od time at resonance frequency.
Calculated output parameters are also dimensionless and normalized with
respect to the input voltage. The chosen range of the normalized diode
conduction time is zero to unity (O<Z2<i). This avoids interruptions
of power flow in the input circuit for normal load conditions. Results
of the analysis are presented for a converter circuit config watI.ou..’~t4ch
operates over a frequency range from 13.5 to 27 kRz . For the specified
range of diode conduction period of (O.uc z2ci), a range of the output to
input voltage control ratio (v0/E) of 2.5 to 0.5 can be utilized at
nominal load.

ASSUMPTIONS AND CONSTRAINTS

The simplifying assumptions which have been selected for the analysis
are:

1. AU passive circuit components are represented by lumped ‘I
parameters of L, C, and H.

2. Inductors and capacitors are considered ideal and lossless.

C. Schwarz , NASA CR-134544 Report , op. cit., p. 2.

5
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3. The coupling transformer is considered an ideal vo1ta~e
scaling device, without losses and represented by a turns ratio M = w1/w 2.

4. Transistors and diodes are considered lossless , instantaneous
switches charact erized by the two states on and off.  They are unipolar
conducting devices requiring the ending of a discrete switching period
whenever the current reaches zero . This requirement determines the four
equivalent circuit conf igurations shown in Figure 2.

5. The switching effect of the rectifier bridge in the DC output
circuit is modeled by a function VT = Sign (I L ) M V0. impli ed by the
change of sign of VT whenever the current changes direction.

6. Continuity of capacitor voltages and inductor currents is a
requirement for time boundary conditions between switching states.

STATE-VARIABLES

In each of the four switching states, the circuit state can be de-
scribed by three selected state variables. To facilitate a dimensionless
analys is, the state variables selected are Vc/E , V1JE , and VT/E. Two other
variables important for circuit evaluation are J/E , the normalized value of
the inductor current , and VQ/E the normalized value of the DC output volt-
age. Both are derived by simple relations with V~ and VT, respectively,
and were not treated as independent variables, in order to keep the coeffi-
cient matrix to a simple manageable 3 by 4 matrix.

General Expressions for the State Equations in S-Space

A A A . 3 + A
V (s) = ._�2E~ + _ _ _ _ _  + YX3 yX14 (1)y, X S0 S-Sn (S_S~~)2 + Sx32

where
y . . . . . subscript defines the state variable (Y = 1 to 3)

x . . . . . subscript defines the order of the system (x = 0 to 3)

The characteristic equation in S-Space is:

5 + B~S
3 + B2S2 

+ B
3
S = 0 (i~)

The roots of Equation (2) are only a function of the circuit element
parameters C, L, RL, C0, and M. The values A~~ in Equation (1) depend on
the initial boundary conditions for each switching stat e and are expressed
by matrix equations of the form.

= 

~~x,y 
~ E~(x0) (3 )

The matrix Qs has elements which are only functions of S..~, while E,1( x0)
is a linear v~~~or represent ing boundary conditions between Ehe four
switching states.

6
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Solution in the Time ~~main for the State Variables

V1(t)= X~,0 . exP (S~o
.t)+X 7,2 . exp (S~~~ .t ) +

Xy,3 exp (s~,2 . t) Sin (s~,3 t + (4)

with

= Arct (Sx,3/ (Sx,2 + X1 3 /Xy, 2))

The subscript y in EquatIons (4) and (5) defInes the stat e variable and the
coefficients are derived from A~~. The complete circuit analysis is
presented in Appendix A and the computer pro~ ’em for calculating the time
domain solutions is presented in Appendi x B.

APPLICATION OF MIALYSIS

Steady State Conditions

The solution of the steady state condition requires the cyclic perlo-
dicity of the voltage waveforms as described by Equation (4). As shown in
Figure 2, the sequence of the four switching periods is fixed. At the ez~1
of the fourth switching period , the system must return to the values at the
beginning of the first switching period . The mathematical expression for
this condition requires solution of a set of transcendental equations. The
complexity of these equations does not permit an explicit solution in the
form of Equation (4) by defining the values of for steady state as a
funct ion of’ the circuit parameters . The criterion for the existence of a
stable , st eady state solution can, however, be tested directly by execution
of the computer program for any given set of circuit input parameters C,
C0, L, RL, and M. A set of initial boundary conditions must be chosen for
the start • If after a reasonable length of time, transient conditions
cease and the computer output shows a stable cyclic wave train, the stable
steady stat e condition can be directly read from the specific features of
this wave train. The criterion for a singLe valued, steady state condition
which is correlated with a set of input circuit parameters is given by the
condition that the steady stat e waveform is independent of the initial

• boundary conditions selected .

~~de 1, Continuous Inductor Current ?vbde

An example of the evaluation of a steady state condition for a given
set of circuit parameters and a chosen constant value 7.2 of’ the discrete
diode conduction time is shown in Figures 3 to 5. Figure 3 shows the first
six cycles after initial start-up condition with circuit input parameters
(C , C0, L, M) and operational parameters (RL, Z2) indicated. The wave
shapes for the normalized values of voltage Vt, on the series capacitor ,
the voltage V~ on the inductor , and. the current J through the Inductor are
plotted toget ~er with voltage VT on the primary winding of the transformer.
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Also plotted is the DC-output voltage V0. The scale factors for VT and V0
have been chosen such that their ratio is identical with the winding
ratio M on the transformer . It is seen that VT is identical with the trace
of V0 in the positive half-cycle of’ J and VT = -M • V0 in the negative half
cycle. Negative values of VT are associated with negative values of J.
The initial set of boundary conditions chosen for the beginning of the
first conduction period, of transistor TRI are: V~1 = V~~ = E/2, J = 0,
VT = 0. This means that the input voltage is equally divIded ~~~ng the
2 series capacitors Cl and C2 ( see Figure 1). When transistor TEl is
turned on at point T0, the outp ut filter capacitor C~j is in a discharged
condition so that Vp(O) = 0. The curre nt J charges capacitor Cl, while
capacitor C2 is being discharged . Curve V(~2 is not shown on the plot but
Is antis ynmietric to V~~ with respect to a line drawn parallel to the time
axis with the value E/ 2 .  The current J Is almost sinusoidal , reaches a
maximum , and then swings toward zero. Note that the plotted inter val of
points has been reduced by a factor of 10 as the current app roaches zero .
This measure provi des higher accuracy for the time limitation criterion of
the first transistor condu ct ion period which ends when J reaches zero . The
normalized inductor voltage V1JE starts with a value of 0.5 and swings to a
negative value of approx imately -0.5 at the end of the fi rst t ransistor
condu ction period (point Ti). The voltages VT and V0 increase very slowly,
due to the fact that the output filter capacitor is about 10 times larger
than the resonance capacitor and its equivalent value reflected into the
primary circuit is increased by the factor l/!~~ = 25. This relationship,
which has been selected to reduce the ripple voltag e in the output , is very
important for understandi ng the nature of sta rt -up t ransient wave shapes
during the first few cycles which show insignificant dependence on the
value of the load resistance RL. The conduction period of diode Dl begins,
at point Tl , with a negative rising current 3 and ends ‘when this current
reaches its maximum value at T2 after a time equivalent to Z2 = 0.5. The
inductor voltag e is seen as swinging back to zero and vCl/E approaches 1.
At the beginning of the diode conduction, Vp jumps to a negative value and
keeps rising in absolute value. At point P2 , transistor Th2 is turned on.
Consulting the equivalent circuit in Figure 2, we have a situation where
C2 is discharged (because V~1 E) and. since V~ is still very I~nk11~ the
bulk of the input voltage E appears on the inductor as a negative voltage
VilE = -1 as can be seen in the graph. Th~ring the TR2 conduction period, - 

-

VL approaching zero causes a further increase of the current in the
ne~ative direction. Capacitor C2 is rapidly charged by this current to a
positive value, while capa citor Cl discharges . When the current reaches
its negative maximum, VC1 and . VL are approximately 0 and VC2 = E. As the
current swings back to zero, V~~ rises further and reaches a value of
appro dinately Vt,2 = 2E at the end of the conduction period of transistor T1~at point P3. S~nce V~~ is not shown on the computer graph , Figure 3, its
value is inferred from the condition V~2 = E - VC1. With VC1 = ~~~1 E,
V

C2 
= 2.1 E. When conduction through €ransistor Th2 ceases at point T3,

diode 1~ 3tart s conducting the now positive current for a period equivalent
to 7.2. Note the sharp rise of the diodc current to its maximum value at the
start of this period which is caused by a rapid discharge of capacitor (~from thc value of 2.1E to approximately l.1E. At point T4, transistor TEl
is turned on again and the first cycle Is completed. Note that the state
of the circuit has now significantly changed as compared to the Initial
boundary conditions at point T0. Capacitor Cl shows a slight negative

11
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charge V~1 -0.12. The initial current of the next transistor conduction
- - starts with an appreciable positive value (J = +O.O8~i- 2) and, therefore,

reaches a much higher maximum value. The pi4ess of buildup of stored
energy in the capacitor and inductor continues until about the end of
cycle 3 (Zi = 12) where V~ reaches a maximum value of +2.622. At this
point , V0 has reached a value of 0.3862 and the energy dissipation in the
load resistor ((0.38 2)2/100) is no longer negligible. The trend in the
following cycles is now reversed, more stored transient energy is trans-
f erred to the load and dissipated.. Peak currents and voltages begin to
fall. Figure 4 shows a larger portion of the continuing wave train com-
pressed into the time scale. It is seen that after about 25 cycles a
steady stat e condition is approached, which can be best judged by the slow
rising value of V0. Figure 5 shows enlarged values of cycles 7.]. = 300-324
from which the following results of the steady state condition are deduced :

Z2 = 0.5 ; R L = ] .00ü ;Z 1 = 320

T112 = 23.77 ~ts; f = 21.03 kBz

J /~ = 0.096; JavjE = 0.058; 
~max’Jav = 1.6144

V~~~~ /E = 2.07; V~~~ /E = 3.114-

V~~~/E = 0.201; V0/E = 1.005

A second case for a larger diode conduction period 7.2 = 0.75 is shown in
Figures 6 and 7. It is seen from Figure 6 that the initial transient
maxima for and 3 are now much smaller than those for Z2 = 0.5. FIgure 7
shows the waveforms under steady state conditions for 7.]. = 100 - 120 with
the following results:

Z2 = 0.75; EL = lOOfl ;  Zi = 120

= 29.4 ~~s; f = 16.99 k1~

• 
~max’~ 

= 0.058; Jav/E = 0.0314-; 
~niax”~av = 1.663 

-

V~~ax/E = 1.645; V~~~/E = 2.29

• V~5~,/E = 0.139; V0/E = 0.695

A similar computer plot is shown for 2.2 = 0.875, 7.1 = 0 to 16 in
Figure 8. Comparing Figures 3, 6, and 8 it is seen that the start-up
transients diminish when 7.2 increases. Steady state condition is reached
after about 25 cycles. Figure 9 shows the wave shapes for this condition
and Indicates the following parameters:

Z2=0.875; RL = 100
~~ 

;zl = 104

p
1,2 = 32.905 ~~~ f = 15.195 kiiz

J~~~/E 0.01486; ravj 2 = 0.0279; 
~max~

’
~av 

= 1.740

VQ~ax/E = 1.5443; V~~~/E = 2.0686

V~~~/E = 0.11211; V~/E = 0.5623

12
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Similar computer plots were obtained for values of 2.2 = 0, 0.25, 0.375,
and 1. A summary of these results Is presented in Table 1 and as a graph
in Figure 10. These results are for a single value of load resistance
(n 1. = 100 fl) which was considered nominal load. The curve labeled V0/E
in~Figure 10 clearly shows the range of volt age control VWE to be 2.5 to
0.5 for a range of dwell time 0<Z2< l. It is also seen that the maximum
capacitor voltage increases approximately by a factor 2 over this range,
while the ratio 

~i~
/
~av 

varies only slowly with Z2. In contrast, the maxi-
must transient current to steady state average current ratio shows a drastic
increase as Z2 decreases to zero (see curve labeled 

~~~
/
~av

)• This
behavior raises interest ing questions on the d~rnamic response of this con-
verter and on the question of how to design a control systam which avoids
excessive component stresses. While the basic tools for such a study are
provided in this report , the study of control concepts and design optimi-
zation Is beyond the scope of this report.

Mode 2, Zero Diode Current Mode

As can be seen fran Figure 2 (Case 2 and Case 14-), whenever E + Vp >Vc,
the diode (Dl or i~~) is negatively biased and current cannot flow in Ehe
Inductor L. This condition occurs particularly at low l~~d- ~~~~~~~~~~~ ~~ .~~~~

initial start-up transient condition. FIgure 11 shows a computer graph a
indicating a step change in the load value from the nominal EL = 100 £1 to
EL 1000 £1 at the end of switch period Zl 210. All other parameters
are the same as for Figure 9 with the exception of the time scale. Iimnedi-
ately after this step change of EL, the trans former voltage VT/B and. the
output voltag e v0/E start to rise. Thiring the diode conduction period,
the peak current value of 3/2 gradually decreases , while at the same t ime ,
each succeeding peak value of J/E in the transistor conduction period rises .
Figure 12 shows a continuation of the graph of FIgure 11. At Zi = 346, at
the end of the TR2 conduction period , 1 + V~/E exceeds the capacitor
voltage Vc/E and Diode 12 is reverse bIasea at the beginning of 2.1 = 3117.
This means that the diode current is zero. The transistor peak current
has reached its inaxinium at Zi = 3146 and begins to fail in the succeeding
switch periods . Since the average value of the transistor current is still
larger than the equivalent load, current through RL, the output filter
capacitor C0 still receives an appreciable charging current during the
transistor conduction period and , as a result , the values V0/E and VT/B
continue to increase. The rapid feedback between transistor current and
voltage on the resonance capacitor is seen between switching cycles
Zi = 31i~6 to Zi = 378. At the next transistor switching period (zi = 382),
the transistor is reverse biased by the condition 1 + V~/E <Vp/B and 

- -
cannot conduct. A new mode, Mode 3, starts.

Mode 3, Zero Transistor, Zero Diode Current Mode

This mode continues and is characterized by an effective decoupling of
the primary input and secondary output stage. It can only be changed by
the slow decay of the voltage on the filter capacitor V0 through discharge
into the load resistor EL. Therefore , it is clearly seen that a low load
current (high value of R1) will prolong this nEde. The continued wave
t rai n , shown In Figure 13, indi cates that at 11 = 398 a small transistor
current again starts to flow when VT/B has reduced to a value of 0.5.
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Subsequently, this current Increases and slows down the discharge of the
output filter capacitor. When the average value of the transistor current
again exceeds the load current , the output voltage rises again and the slow
oscillation of the systan between Mode 2 and Mode 3 may continue. However,
the oscillation will be finally damped out as long as EL is not in.finite.
The curves in Figure 13 show that for the selected value of Z2 = 0.875 and
RL = 1000 1), the converter approaches a stable state condition in Mode 2.

CONCLUSIONS

The transient analysis of the series resonance type DC to DC switching
converter and the implementation by a computer program have been found to
be valuable tools for simulating the complex waveform train in the various
switching modes of this converter. The free running feature of this con-
verter is simulated by the restrictions of unipolar current flow In the
switching transistors and antiparallel diodes • The only control parameter
is the diode conduction time (2.2) which separates the “on state ” of the two
switching transistors . This leads to 3 operational modes of the converter ,
distinguished by

Mode 1 inductor current conduction during both t ran sistor
and diode conduction periods;

Node 2 inductor current conduction only during transistor
conduction period;

Mode 3 zero inductor current during both transistor and
diode conduction periods.

Mode 3 is an intermittent state only but would apply for the border case
of an idealized converter (no component losses) under a no load condition,
which would be an undefined case with no steady state condition . For
finite values of the load resistance , the converter has stable steady
state conditions in eith er Mode 1. or Mode 2 depending on whether a heavy
or a light load, is applied. The transient Mode 3 appears under a light
load condition with an increasing duration as the no load condition is
approached.

For each value of diode conduction period 0 t(Z2<l, a single set of
nor,nal.Ized operational parameters can be shown to exist in the steady state
mode. These parameters define the available range of the ratio of input
voltage/output voltage, electrical stresses in the power circuit components ,
and. operating switching frequency. Since the average value of the primary
voltage on the transformer cannot exceed a value of O.5E (half the DC-
input voltage), in the steady state condition, the converter may be
regarded as a buck type switching converter with a limited maximum output/
input voltage ratio of 0.5.

The computer program also yields the ma~d.~~nn transient voltage stresses
as a function of 72 and allows determination of the settli ng time toward
steady stat e conditions .
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Transient stresses are shown to be a maximum for Z2 = 0 and will
almost completely subside for Z2 = 1. Therefore, control of the parameter
2.2 can be used effectively to suppress transient stresses for any opera-
tional condition except excessive input voltage that would have to be
contained by an appropriate input transient suppression circuit • The
analysis and computer simulation considers lossless power train components ,
therefore, it gives no information regarding the operational changes of
converter efficiency.

Two considerations for component losses may be made to assess devia-
tions from the ideal case:

1. Current Independent losses, such as transformer core losses
and leakage currents In the output rectifier and filter capacitor, may be
regarded as an additional shunt loss to the output load. Therefore, its
prime operational influence will be to remove the zero output load
instability and present the no load case as a Mode 2 operational condition.

2. Current dependent losses like copper losses in the inductor
and transformer can be simulated as a lumped resistance in series with
the output load. In general, if these losses do not exceed 10% of the
power rating of the converter, their influence on the normalized parameters
is minor and does not cause significant deviation of the operational mode
of the converter as presented in the analysis of the ideal, lossless con-
verter. Therefore, in most design cases, the ideal component-converter
analysis will provide a good representation for converter operation.

Power factor losses will increase with the ratio 
~m’~ aV as Z2 increases ,

-J but as this ratio changes only by 20% for 0<Z2<1 there is no dramatic
effect on efficiency expected over a wide voltage control range.

The computer program is very versatile and permits parametric studies
for design optimization by varying either the circuit parameters or the
switching control parameter.

H~ C0M~~~]1kTI0NS

The application of the computer program for analysis of control loop
design and optimization for the DC/DC switching converter is recommended.

It is further recommended that a study be conducted to determine the JI

advisability of replacing the ideal lumped parameter presentation of power
components and switches by more refined component models . A trade-off
determination should be made b etween the increased complexity of the
computer program and the necessity for more accurate and realistic results.
The latter study will be a necessity when further increases in switching
frequencies beyond the 100 kHz range are anticipated.
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APP~~ DIX A -

Circuit Analysis

The equivalent circuit , which is derived from the simplified power
switching circuit of the series capacitor resonance DC to DC converter, is
shown in Figure A-i. It represents a DC input volta ge B, a switch S, which
can be opened or closed in accordance with the operational switching require-
ments of the converter , a voltage generator VT, which replaces the passive
circuit configuration of the output circuit as reflected into the primary of 

- 
-

the converter transformer, the resonance inductor L, and the resonance capac-
itor C. Figure A-2 shows the equivalent circuit 

- 
for VT on which the

restriction:

VT = sign (I) • v0 • M (A-i)

is imposed.

I . . . . • transformer primary current

• . . • DC output voltage

M • • . . W1/W2 turns ratio of converter transformer

The following set of simultaneous equations describe the state of the
circuit at a particular time instant t•

E - VT - VL - = o (A-2) ‘1
= L • di./d,t (A-3)

V
C = (1/c) .fi • at 

- 
( A-li )

v~~~
_ sigI1 ( i ) s V

0
. M  (A— 5)

= v0(O) + (i/c0) • fi~ • at (A-6)

IC = abs (t/M) - vO/RL (*-7)
0

Differentiation of (A-6) together with (A-7) yields

dv0/dt = (i/c0) 
. [ab s (i/M) - v0/R] (A-8)

and

I = M . C0 [civ~,/at + v0/ (RL • Co)] si~ i (i) (A-9)

- A  - - - - - ~_ _ _ _ _ _ _ _
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Substitution of (A-9) into (A-3) yields:

V
L = L • M • C0 [ã

2v0/cjt
2 

+ dv0/dt C u R L • c0)] (A- b )

Substitution of (A-5) into (A-b ) yields:

V
L = L • C

0 
d2vT/dt

2 
+ (L/RL) dvT/d.t (A-il)

Differentiating (A-h) yields:

d,v
c/dt = i/c (A-l2)

Integration of (A-3) yields :

L • 1 = fvL
.d t + v L(o) (A-13)

and 
= ~ 

J V ~~ ~ + iL(o) (A-lb)

where
iL(0) = VL(0)/L (A-1 5)

Combination of (A-12 ) + (A-l5) yields

dv
c/dt ~ [~ ~ f 

VL
dt + 

~~ 
o)] (A-16)

and differentiation of (A-16) yields

V
L 

• l/(L . C) (A-li )

Equations (A-2), (A-U), and (A-li) provide a system of linear different ial
equations with the circuit voltages VT, vL, and. vC as variables. These are
chosen as the components of the state variable.

V(VT, VL, v~
) or V (v1, v2, V3)

with
V1 = V T; V2~~

VL; V3 = V ~

The set of second order linear differential equations (A-2), (A-li), and
(A-li) transferred into 3-space (Laplace transformation) yields the vector
equation:

V(y) S(x,y) = F(x) (A-18 )

where:
S(x,y) state function matrix for S-space

— F(x) ....... vector defined by boundary conditions at time-zero

26
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It follows f ran equations (A-2), (A-U), and. (A-17) that: -- -1

S(x ,y) = ~~ + S/T
0 

:~~
To T

1
) 

:2) 

(A-19)

with T
0 

= R.~ • C
0
; T

1 
— L/RL;w

2 = 1/(L • c) and:

fE/S \
F(x) = ( v1 (o)(s + l/T0) + Vj (0) J (A-20)

s • v~(o) + v (0) / -

where:V1(0) and v.~(o) initial values of the state function canponeflt vectors
and v~(o) and. v

T (o) Initi al values of the derivative of the state function3 component vectors v1 and V
3

The Eigenvalues or root s of the characteristic equation follow from setting 
-

Determinant s( x , y) = 0 which 4elda : ~ I
s4 + S3/T

0 
+ ~~(l/T0 

. T~) + w2) - S • w
2

/T
0 

= 0 (A-21)

Equation (A-2l) is of fourth order with one root ~~ = 0. The resial ning
cubic equation

s3 + S2/T0 + s(l/(T0
. T1) +w

2) + w
2
/T0 = 0 (A-22)

is characteristic for a a~~ped oscillation with the angular frequ~ icy w
and damping constants depending on T0 aod T1.

For the oscillatory mode, the other roots (Eigerrv’alues) of -

equation (A-22), labeled S1, 
~~2’ S

3 
can be written as: S~; S2 = 54 + jS~;S

3
= S 4 jS

5
. - -

From equation (A-18) it follows

V(y, S) = F(x) • S~~(x ,y) (A-23)

which can be written in the form

V(y , S) = X(0,y) + X(l,y) .
~
. ~(2,y)’S + X (3,y) (A-24)

s-so s - s1 (2-5 4) + S 
-

27 I
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Equation (A-24) yields the general form of the components of the state
variable in the time domain as

V(y,t) = X(0 ,y) + X(l,y) • exp (S
1 

• t)  + X(2 ,y) ~

[(34 + x(3 ,y)/x (2 ,y) )2 
+ s

5
2] 1/2 • e~~ (S4 

• t).

sin • (s
5 

• t + a)  (A-25)

where a = arct • (s5/ (s4 + X( 3 ,y)/X(2 ,y) )  (A-26)

Derivation of Constants X (n,yl

The constants X(n,y) are defined by equations (A-23 ) and (A-24).
Equation (A-24) can be written in the general form:

A3(s)
V(y, s) = (A-27)

B (s)

where A3(s) is a third order polynoin of s and B4 (s) is a fourth order
polynom of s with the value Bk(s) = Det . S(x ,y) and S~, S1, 34, and S5 are
roots or elgenvalues of S(x,y) (Equation (A-21)).

On the other hand, (A-23) can be written as:

V(y,s) = Det. F(x)~~~~~
/Det. S(x,y) (A-28)

where 5F(x) is formed by replacing the y-coluinn of S(x,y) by the column
F(x). It follows from (A-27) and (A-28) that

A3(s)  = Det . sF(x)(x
~Y) 

(A-29 )

Since (A-29) must have equal coefficients of 5ni on both sides of the
equation, it follows from (A-24) and (A-29) that:

X (0,y) (.s~~~~ [ (5_ 5
4)
2 

+ 85
2
] + X(i,y) . (s—s e) [(s_84)

2 
+ 55 ]  +

X(2,y) • (s—a 0) ~~~~~ 
s + X(3,y) 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
= Bet. S

Ffl
(x
~

Y) ( A 3 0)
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Applying the aforementioned condition of equal coefficients of s” to
equation (A-30) yield a set of li. linear equations in X(n y) as follows:

‘X(O,y) + X(i,y)

X(O,y) (—s i — 254) + X(1,y) . (— s e — 284)

X(0,y) [(s
2 

+ ~~2) + 25184)] + X (1,y) • [~~li
2 

+ s5 ) + 28054]

X(O,y) [~~
2 

+ ~~2) 
~
-
~~

) ]  
+ X (1,y) . [~~~2 

+ 8
5
2
) . (-5

0)]

+X (2,y) + 0  = E1

+ x(2 ,y) 
~~~l 

- s0) + x(3,y) = E2 (A-3l)
+ X (2,y) 

~ 
. 

~~ 
x(3,li ) 

~~~~ 
— 

~i
) =

+ 0 + x(3,4) 
~ 

3o~i 
= E14

or in matrix form :

X(n ,y) • S~(x ,y) = E(n ,y) (A-32 )

where the matrix S~(x,y) follows fran (A-31) as:

1 1 0 —.

-(s1 + 28
4) ~~~~ 

+ 284) -(s + 1

s~(x,y) = 84
2 

+ ~~~ + 2s1s4 8
4 

+ 8 + 2s0s4 8o8
~ ~~~~~~~ :A-33

( + 85
2) (~~~~~~~~ ) 

(
2 

+ ) ( s )  0 8081 .

and the matrix E(n ,y) is given by the coefficients of s~ for
n = 3, 2, 1, 0 when Bet . 5F ( )  is evaluated as a polynomial of s’~
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~v (o)

v1(0)/ T0 + v~ (0)

E(n,y) = E/(T0 T1)+ 
~~~ 

- v
3
(0)/(T0T1)

v1(0) w 2/T0 +w 2v (0) - v~ (o)/(T0 T~)

E - v
~

(o) - v
3
(O)

E/T0 
- (vl(o) + v3(O ) ) / T0 

- vi (o) - (0)

-v~ (o)/T0

0

V
3
(0)

v
3

(O )/ T 0 
+ V

: 
(0)

w 2 [E - v
~ (o) ] + v

3
(O)/ (T 0 T1) + v~ (o)/T0 (A-34)

w2 [~/~ - v1(0)/T0 - vj (0)] + v (0)/T0T1)

from equations (A-32), (A-33), and (A-34), it follows

X(n,y) = E(n,y) • ~~~ (x,y) (A-3~)

Using equations (A-25), (A-26), and (A-35), the state function V(y,t) is
defined in the time domain in terms of circuit paramete~s which enter into
the expressions for ~~ = RLCfl; T, = RL/L andw= l/ (LC)1 1 2 and in terms of
initial boundary cond.~tions ror Ehe transformer primary voltag? v1(O) and
the capacitor voltage v3 (0) and their derivatives Vj (o) and v3 (ê) whIch F’

are cont ained in matrix E(n ,y).
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APP~~DIX B

Computer Pro gra m to Analyze and Plot
Waveforms in the Time ThDmain

INTRO11JCTION

The computer program is written in Basic 4 language as implemented on
a time-shared syst em (TSS/8) using a P1P-8/i Minicomputer. The organization
of the program closely follows the mathematical modeling analysis of the
switching type converter as described in Appendix A.

The program Is subdivided In 4 segments, which are stored on the system
device (BF-08 Disk) in the user protected area and cabled into core for
operation as required by the program. An independent data record file has
been established for the program which handles input and output of data in
the 4 chained segments of the program. ~nal1 supplementary utility program s
were written to print the content of the data file and make changes of
certain circuit par ameters for the purpose of studyi ng transient response
phenomena.

The program senses for negative bias condition of the transistors and.
diodes. When this condition occurs, the inductor current Is set to zero
and the converter operates In a fi rst-or der mode defined by the discharge
of the output filter capacito r into the load resistance.

PROGRAM ORGANIZ ATION

The first pro gram segment has the fi le name EKPPO. It provides the
initial input to the data file which contains the circuit parameters C , CO ,
L, B]., and . M and the specified discrete value Z2 for the diode conduction
time . Additional parameters like Zi , the counti ng variable for the stri ng
of consecutive switching periods , the constant Z5 which set s an upper limit
for the value of Zi in the execution of the pro gram , and scaling parameters
for the graphic plotter are also defined in this first program segment .

The major function of segment EKPPO is to defi ne and solve the char ac-
teristic equation of the circui t and provide the roots of the characteristic
equation as input to the data file for further processi ng in the follow-on
program segments (see line statements 181 through 193).

The second pro gram segment has the file name EKPP1. Its main function
is to define the bounda ry conditions for each of the 4 swItchi ng states in
term s of either arbitrary initial circuit conditions , or as determined from
the state of the circuit at the end of the previous switching state. The
matrix elements of the state function equation are calculated and stored
in the data file.

The third program segment has the file name LI NEQ1. This is a sub-
prog ra m to invert the matrix of the state function and calculate the set
of constant s to be used with the time domai n solutions of the stat e
variables .
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The fourth and final program segment has the file name EKPP3. In this
part of the program, the time dependent values of the state variables are I 

-

calculated and printed, and/or plotted on a graphic terminal. The values
of the state variables at the end of the switching period are stored in the
data file for processing of boundary conditions for the subsequent switching
period . In case of continuous plotting, this program segment Is chained to
program segment EKPP1. The program loops through the segments ~ CPP1, LINE~i,EKPP3, EKPP1, etc., in a continuous fashion until the specified n-umber of
switching periods Z5 is reached. The program also contains statements to
limit the transistor and diode switching periods whenever the primary ioop
current reaches zero , thereby modeling the conditions for unipolar conduc- - -

tion of transistors and diodes. Thus, the conduction time is independent
of the specified range of the time variable which does not exceed the half
period time of the resonant frequency but it can be much shorter in the case
of specific operational modes of the converter.

Two utility programs have been written which provide for checking and
new input to the data file, independent of the program execution.

Program segment “EKD1” prints the content of the data file as output
on the teletype. Program segment “EKD2” is used to change the input
parameters of the circuit (C , CO, L, Hi, and M) and the initial boundary
conditions and plotting range, as defined by data lines numbers 61 through
68.

If the program is halted in any switching period, the combined use of
EKD1 and E}CD2 can facilitate checking of boundary relations and input of
step functions for the purpose of studying transient behavior.

COMMENTS

A final note on the usefulness of this computer modeling program is in
order. Safeguards have been provided to abort the program if circuit param-
eters are selected which do not meet the criteria for resonance oscillation
In the primary circuit . -

In program segment “EKPPO” there is a printout of the critical load
resistance R2 • A value Hi < B2 would provide overdamping without os cilia-
tions and an abortion of the program. On the other hand, a value Bl )) R2
will cause long transient periods when operational parameters are changed
and in some specific cases will result in modes during which either the
diode or the transistor current or both are zero during a number of con-
secutive switching periods .

A study of these conditions is of particular interest with respect to 1’
stability problems of the circuit but is beyond the scope of this report .

Although the program has been written for a constant value of Z2, the
program can be interrupted at any time to change the value of 72 and to
continue the study of transient behavior with this new value of 72.
Ultimately, Z2 could be made subject to restriction of output parameters
(output voltage, output current ) or limitation of stresses in electrode

- - components (v~~~) to implement desired control funct ions with automatic
feedback.
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LISTING OF PROGRAM SF~ MENTS

The following Is a list of symbols used in the various program
segments:

A(O ,O) to A( 3 ,3 )  Matrix elements of state function matrix

B(O) to B(23) Matrix elements of sub-matrices of state function matrix

C Equivalent resonance capacitance (C Cl + C2 )

CO Output filter capacitance

D (in EKPPO ) Criterion for solution of characteristic equation

DO Criterion for zero current approach

~~CI) Array variable (I = 0 to 20)

DZi.(O) Variable to store capacitor voltage v0(i)

Dii.(i) Variable to store inductor voltage v0(o)

D~i.(2) Variable to store inductor current

IX~mrny variable (not used.)

D~~ 1-) Variable to store elapsed tIme (T2)

D~( 5)  Variable to store capacitor voltage v0(i)

D~.(6) Variable to store inductor current .I
o(i)

1*(7) Variable to store inductor vo1ta~e v0(o)

D1i~(8) thru D~i.(20) 1~immy variables (not used)

1)5(I) Array variable (I = 0 to 7)

1)5(0) Variable to store state function subscript Y

Variable to store elapsed switching time Ni •

D5(2) Variable to store capacitor voltage v0(l)

D5(3) Variable to store inductor current J0(i)

D5(l#) Variable to store transformer voltage V0(2)

Variable to store switch count variable 11

1)5(6) Variable to store capacitor voltage v0(i)

D5(T) Variable to store inductor current J~
(l)
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E(I) Array variable (I = 0 to 3)

E(o) Initial value of capacitor voltage v0(l)

E(i) First derivative of capacitor voltage at time zero

E(2) Initial value of transformer voltage V0(2)

E(3) First derivative of transformer voltage at time zero

F(I) Array variable (I = 0 to 3)
F(O) -

F(l)
Variables defining switch boundary conditions - I :

F(2)

F(3)

G(I)  Array variable (I = 0 to 4)

G(O) storage variable for capacitance value C

G(l) storage variable for capacitance value C0
G(2) Stora ge variable for inductanc e value L

G( 3) Storage variable for load, resistance

G( 4) Storage variable for transformer winding ratio M

H(I) Array variable (I — 0 to 6)

H(0) stor age variable for root S~ of characteristic equation -

H( l) Storage variable for root S2 of characteristic equation

H(2) storage variable for root S
3 
of characteristic equation

H( 3) stor age variable for operating frequency

H( 4) stor age vari able for time constant T0 = RL • C0
H( 5) stor age varia ble for time constant =

H(6) storage variable for angular frequency w4 = 1/ ~~~~~~~~~~~~~~~~

I Integer variable used in array statements

J Integer variable used in array statements

Jo(i) Variable describing inductor current normalized value

—La
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K(I) Array variable (I 0 to 3)

K(O ) Stores progressing elapsed time of each switching
period, (Ni)

K( l) Specifies rnsnber of switching periods Z5

K(2) Full scale value of time for graphic plot

K(3) Stores normalized diode conduction time Z2

L Value of inductance in series-resonant circuit

L(I) rxixnmary arra y variable (not used) (I = 0 to 4)

M Value of transfo rmer winding ratio Wi/W2

Ni Value of switching period time

N2 Time increment

P Parameter in cubic equation

Q Parameter in cubic equation

Q]. Parameter in cubic equation

Parameter in cubic equation

Q3 Parameter in cubic equation

Parameter in cubic equation

Ri Value of load resistance

Value of critical load resistance

Si Root of characteristic equation

52 Root of characteristic equation ( real part )

S3 Hoot of characteristic equation (Imaginary part )

To Time constant (TO = RL • co)

Ti Time constant (Ti = RL/L)

P2 Time variable (within switching period)

T5 Total elapsed time (at end of switching period )

T6 Full, scale value of time for graphic plot
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T7 Upper limit value of time for graphic plot

T(3,3) Array variable (matrix T(3,~ )= Matrix A~ ’(3,3)

vo(i) Array variable (I = 0 to 3)

vo(o) Variable inductor voltage

vo(i) Variable capacitor voltage

Vo(2) Variable transformer voltage

vo( 3) VarIable output voltage 
-

W3 Effective angular frequency

1414. Resonance angular frequency

X$(i) String variable (I = 0 to 3)

x(i) Array variable (I = 0 to 3)

X(o) Constant in time dependent solutions of VO

X(l) Constant in time dependent soiutio ns of VO

X(2) Constant in time dependent solutions of VO

x( 3) Constant in time dependent solutions of VO

Y Index of state function variable

Yl Switch mode index

Y2 Switch mode index ‘

Z Argument for Sin and Cos functions

Z]. Counting variable for switch periods

Z5 Number of switch perioda (Zl) specifi ed for piotting
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PROGRAM S~~M~~T “E~~Pi”
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51’ PFCOEP C (4),H(6).IlS(i).I (t4)
61 01-EN P.”fl l A I ”
70 LET 1’I-’
1-” (El 0.50.1
I - i  11 1 SI’1 ,I1’)’LF1 S~~= p( I ) ’ IFl 53 .H(2)’tEl 6Ql~ H (3 )\LEl 10 .1,14)
FF1 I l l  TI~~H (5)’LET 64.l-4(6) ’1F1 72.0(3)
170 NEC OP D A ( 3 , 3 ) , E (3 ) . ( ( A)

336 (IF I’I (3).E (3) -
1 3 7  lOF-  l~~1’ 10 3
330 I,1AD 2 1 ( I )
1 414 74114 1 I
14) Y~ 1’5 (1’) S I i  Y~ F 1PF0 343

• 342 I -h INT “ I N I T I A L  P01)604K)’ C UNrIII O N S Al TI l E II
343 71’115 (S)’IF 73.1’ THIN 34 5
144 COIl 146
I~~5 IF 5.0 THEN 162
146 73 71 —4 .INT (71 /4 )SVI .( 1)’INi( 73)5Y2 ’ ( 1 ) ‘IPl (73/2 ,
147 Ii 51’) 1HENI4 9
141’ IF V I ’ - )  il-lEN 152
349 Ii 7 2 1  THEN 35 4
ISO II - VP’-) 11-EN 154
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52 I i  1 2 1  1 H F N  159

1S3 Ii 5-~~I THEN 159
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PROGRAM SEGMENT “L.tNEQ~ ”

OI_ U

OLL~ F-, OL’ , A I-  NA F ’ E ” - L J ( s E l I

l EAD S

L I S T
1v ~ ,E F’ P1)0(1-A l TO SOL 1_ E 4 -LINEA l , E~~U A T I U \ S
III’ f’ECOSD A (3 .3).)-(3).L (4)
122  I I E C O P D  P 1 3 1 . 0 4 ( 2 0 )
122 OPEN 8.”DA IA I”
325 LET 1 = 1
130 6(1 P.110.1
33 5 I’?
14 1) (El P.320.1
11-I’- 01 1- 1-123 1,1(3 .3)
191’ LE l EU1))’A (2 .2)*A (3 .3)-A (2 ,3)*A (3 .2) —

1 91 LET P(I)’A (I.2),A(3.3)—A(I.3)*A (3,2)
392 LE T P (2)’ACI.2 1*A (2 .3)—A (2.2 )*A (I ,3)
3 93 LET F (31 (1(2 .1 )*A (3 ,3)’A(2, 3 )*A l 3.))
1 94 LET ((4)’A (l.I)*A(3 .31(A (l.3)SA (3.l)
395 LET 1 (S1(A()- .))*A(2 .3)_A (1.3)SA(2 .)>
1 96 LET 1’ (61(A (2 .I)*A 13 .2)-A(3.l)SA (2.2)
197 LET P (i1(A (I.I)*A (3 .?)-A (3.))*A (I.?)
19 1) LET I-t0)’A(?,))*A (2.2)-A (2,l)SA(I.2)
1 99 LE T P (9)’A(P.2 )*A (3 .3)-A(t’.3)*A (3 .2)
21-I ’ L E t  F-( ’~ l / ) ’ A ( Q l .2 )*A(2 .3 1-A (0.3) .A(2.21
20 1 LET F (II)=A(1) .I) *A (3,3)-A(Y,3) *A (1.I-~
~)‘2 LET FU)2)’A (P.))*A(3.2)—A(6’.2)*A(3 .I)
203 LET F (I3)’A (P.21*A().3)-A (0.3)SA (I.2)
204 LET F-( 14)’A (0.I)*A (2 .3)-A(0.3)*A (2 .l)
21’S LE 1 P (15 1(A (0.))SA(2,2)-A (6I.2)*A (2.I)
206 1(1 F’()6 1(A(Y,))SA(I.3)—A(0 ,3)SA ().I)
207 LI I  P (I7).A(P.I)*A( I ,2 )—A(P.2)*A (I.I)
201- LE T P (lK )’A (l’.P ) S A ( I . I ) — A (I . t ) * A ( V , I l
?1’9 LET P(19)’A (2.0)*A (0,I)-A (I’ .V)*A (2.I)
P IP LII P (20)’0(I4.1-)*A(3.I)-A(3.Il) *A (1’ .I)
2 1 1  LE t 3’(2 ))’A(),V)*4(24))—A(2.V)*A (I,))
212 LET P(22 )’A (3.Y )*A (),)1—A (),P)*A (3 .I)
213 1(1 I- (231(A(2,P).A(3.I)-A (3 .)-)SA( 2,I)
2 34 (- 0’INJ
235 LET D~~P (P)sP( 3 1 - 1 * 1 - I )  1(F )9).P(2)sP (20)4P (9)*P (21 1.1- C 101.1-122
d I f ,  LET D .D *P (I31(P(23)
220 LET T(P.0)~~~A (I,3>*P (I’ ,-A(2 .I)*P (1,’A(3,l )*E (2 )1,D
22) L E T  T ( ) . P 1 ’ ( - A C I . 4 - )e P ( 0 1 . A( 2 . I ’ 1 ( F ( I ) -A ( 3 . 0) s F ( 2 ) 1 / I T
222 LET 1 (2.()’(A( I .1’)0P(3)-A (2.I’)*E ( 4).A (3.0).F- (5) 1/0
223 LET 1(3.0).(—A ( I,))ap(61 .A 2,01(E-(7).—M3.0).P(B))/D
225 ElI 1(0,) 1.1-AlP .) )sP(V-)+A(?. I )*)-(9)-A (3 . I )sF’ ( 30)1/U
22 6 lET i~~~.I)’( A(P .0)*P(P1-A (2 .V)SF(9)+A (3.V )SP (I0))/O
227 L E T  T (2.))= (—ACI’.0).P(3),A1(’.P)*1-(II)-A(3.P).P(14))/t1
220 LIT l (3.I)’ (A(0,V)*P (6)—A (2.P)SE (I2).A(3 .0)e1~~)b ))/D
231_ ’ LE 1 T(0 .2)’ (A (0.))eP (I)-A (I.I).1- (9) .A (3.I1 .1- (13))/b
231 LET l (I.2)’ (—A(P.P )sP (I) .A(I,I’)eF (9)-A (3.1’1(1(IJ))/D
232 LET T (2 .2 )’ (A(P,P)*P (4)—A (I,P)eF (II)*A (3 ,P)SP(1 6))/D
234 LE T T ( 3 . 2 ) . ( -A ( P . P) e P ( T ) , A ( I , t l ) s E ( 12 > —A ( 3 . P ) s P ( I l l ) / D
236 LET TUT .3).(—A (I’.I).P(2).A(I ,I}.F(I0)— A(2.l) *FUI3 ))/D
23 7 L E T  T (I.31((A(0.P)*P (2)—A~~~.PU.FC IP 1 (A (2 .6I)eE( 13)1/0
231’ LET I (2,3).(-A (@.0).pt5)+A(I.P,)SP (141(A(2 ,QUSP(16))/D
239 LET l (3 .3)’ (A (0.V)*P (61—M).P).P(151 .A(2.0)SP ( 3 7) 1 /U
250 LET P P . 7 0,0).F P 1(T P,) .F I).1(0,2).F 2).1C0.3)*F (3)
252 LE T X (I 1(T (I.P)*F (0).T (l2I).F~~~).T(),21*F(2 ) ,T (I.3),F(3 )
254 LET )‘(21(1(2,0).E(P).T(2 ,)1.F()).T(2,21.F(2).T (2.3).F(3)
256 LET P(31’1 (3.P)*F(01.T(3,) ).F()).I(3.21.F(2)*T(3.3)*F (3)
257 1- P I NT
21-P LET 3 . 2
290 PUT P.12 (’.I
292 IF D 4 ()01’P THEN 295
293 IF D4 (I0)~~) lI-lEN 296
294 PH INT ‘ SPEC IFY 041)0) FOP C H A i N  5TATEK ~~NT”’PMINi \( .0l0 300
295 CHAIN “E W 1’F 3”
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PROGRAM S~~MENT “~~a’p3”

OLD 16OCPAF-’ NAF-IE - -E KPP2 3
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lEADS

LI Si
25 01-EN S.”L )ATAI ”

311 PECOIID G (4).H(6).D5 (71 .H(rn)

32 kECOI--D P131,04(20 )
34 LET I’ l’
36 CII P.30.1
31’ LET 1~~2 •

41-’ CET P.32 ,1
SI’ 1)I7IN1 “04(21(”JL) 410),”1 (  (‘1(”Jt’4(61

I~~) S’K(I-’)\7S.IU))5T6 6(2)S?2.K(3)
152 Y ’ I )b ( QUNP RINl  “Y .”IY\PEINl “ TS. ” J b S \ P PI N I

ISA 73~~D SC5)’sI’-kIN1 “7I~~”I?)
159 ?3~~7 I ’ 4 . I NT (7 l / 4) ’ ? I . ( - )  ) ‘ l N I (Z 3 P i Y 2~~( - I ) 0 I N T( Z 3/ 2 ) - -
161’ IF S I ’ )  THEN 162
16 1 (F SI - I  THEN 164
162 IF Y21 ( THEN 366
3 63 IF Y2~~— ) THEN 167
1 64 IF 52 .-I THEN 169
165 IF Y2~~I 104(1) 1614
166 PRINT “111 -ANSIS 1OP I C OFIDUCTIO N FEJ1 -IOD ”%C OTO Il l
16 7 P6161 “TPAN S IS IO P 2 CON DUCT ION PI1-IOD”GOTO I?)
3 614 PEINT “DIODE I C OF4DUC TION 1INIOD”GOTO 170
169 PI’(NT “DIODE 2 C O?4fl (ICTION P(EIOD”\GOlO Ill”
17 11 6010 1 72
Ill ?2~~I
I i ?  K’S (P((H(I 1.P(3)/)U2) 7 ‘2.)4(2)’2)*SGN(H( I )•)‘(3)/)’(2))
173 N %~~?2.3.I4)593/H(21’N2 ’N 1 F25~ 0IP’ SfI(3).J14(l)
1 7 4  IF V .P 11-4(1) 17550010 4314
I T S  D I’ .AP5(2 .#P . 6( P) . H 1 2) 12 . X( 2 )) \ P I, I N l  “DH~ ” 3 DO’ F’NI34 1 “NI ~~” 3NI
1 714 1-P INT “PLTP”’i F-P IN T
1 140 FOP 12.0 TO NI S1(F 62
II’S 3(1 7 .4-l(P)sT2 ,ATN (H(2)/ HcI) ,)’ 31/PI P~~~)
3 91 LII 1-j1(I)’)’CP).X())S (PP(HC0)S121.$(2).(XP()4())ST2).N,~~IN (Z)/)4(2)
3 95 1(1 J1’ (I)6(P)s (P(I)SH(0) *EXP (H(0)e12))
)96 LIT J?(I1(JP(l).G(P)e(H(I).X(21e1XP (H(I).T2).KØSIN (Z)/H (2))
197 (11 JP (I).JE1 (I).C(0).(H(2).X (2)s(XI-(H()1.12).K.CO5(Z)/H(2))
1914 IF 12 .. 3.62 THIN 26?
399 IF AF S (JV (31) .‘ 00 THEN 225
0I’1-’ (-010 260
215 1(1 NI .12%PPINT “Nl ”JN )’I-kIFIl ‘

2)0 IF YI~~-) THIN 2211
2 3 3  IF J0(I)~~0 1)416 2)3
2 ) 2  04 ( 5 ) .~~P ( ) ) N D 4( 6 1 (JP~~~)\C O 1O 237
2)3 JP(I1(P\~~P (I 1~~P4 (5)\D4(6)’JP(l)
2 ) 5  6310 237
220 IF J I~( I ) ’ P  TH EN 225
272 04 41.12\04 01(~ 0 I )\D 4 2 1(Je I 1(c-0TO 237
225 JP~~~)~~0S1dP(I).D4(P)’D4C2) .Jl~C I 1
23 1 IF 52’) THEN 241)
93 9 F41 ’ (I)~~I- W 4 ( I 1(JP(I).—JP ())
240 PPINb INT (9999e (T5•T2 )’16).I61(S0PP,4999.~~P I),2.5)
242 I-H INT INT19999.(1S.T2 )/16).” “3
245 1 -PINT INT (SPPI4.4999.JP (I),P.USP1,INT
“S I’ 6010 3(71)
0611 IF Y I’ - I THEN 265
U,I (F JP ( I 14(7 THFPI 2634
264 04 (S)’VPfl)\tI4(6) .JN))\GOTO 9714
285 IF JP~~~).5 ThEN 267
286 T’- (4)’T25D4(P).VP(I)’ 4(2).JP (115 r~~ T O 270
267 JPfl) .PNVP(I) .D4t1 ’)’1-D4(P).JP(,TS (~r1TO 2714
261’ JP ())’0’V0CI)’D4(5)’D4(6)’J~~~I~~’c(O1O 270
27(7 IF VP’) THIN 234(7
275 ~A () 1~~I~~9?C) 1(JQI()). JP (I)
2140 P 1161 161 19999* (T5.T2)/T6), INT (S143414.4 999s10 1)12.51
2145 i F - P T  IN1 (9999* (15.T2)/T6).”
‘61-  I - P IN T INI(bPPP,4999..JP()),1l,I)NP R IN T
2911- NEP T I?
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:1)5 111 DV’D0/20
306 1-136 1 “D4 (21(”;04(21. ’ 14U-)”104(6)
3 1 - 1  111 72*1 THEN 396
3)1- ) ‘ P I N T \ I - N ( N T  “FL l1-”5I’4~ lN1
3)11 P0)’ 12’NI 10 1 ,10*61 SlEf 62/21-’
3)5 LET 7*H (2)*Tp*ATN(W(2) / (H(I1(I(3)/P(2 )))
32)’ LET 1_ 1 ’ (11.2(v ). ’ (I).EPI— (HCV).12) .3(0).62I- (k( I).12 )sKeSIN(,) ,HU-I
33)’ LET J 1 ” (I ) ’ C ( t 1 . ( X C I ) * l - , ( l I ) * l~~I-(H(1 ’1.T2))
341- L E T J11 (I)’ J0 (11’((1 ’)* (P(l)*P (21*FSP(pi(I).14).0. SIN(?I/H(?))
357  LET JI-- (I1(JC’(I )’ (-U),(I-4(21 *P(2) ,I64--(1 - (I).T2).H.COS(?)/H (2))
362 IF A P S ( I 0 ( I  1)  •‘ (‘V 1 1 - I - S 3(-~
363 6010 31-0
36~ II Y 1 ’ - I  THEN 36
365 IF 1)4(61’)’ THEN 37 0\I)L(S1(1_ (’(Il’(OlO 37?
366 IF 04(21’)’ 11-17 , 3 1- F -
367 DI~~41(12 \D 4(Y1 ’1_ 0(I) ’CO TO 372
3614 J1’( ( 1 * 0 5 1 _ P C I  ) L)h(0)\L)4(2).J ( (11(6010 372
371” J(’ ( I )~~I”\ 1_ 2( I 1(t’A( S)\r)4(A1(JV( I
312 I F ’ Y 2 I  THEN 3)1-
374 I I V ( I 1 ’ I — V 7 ( I )  \ J 11(I) ’— J E-(I)
376 P INT INTc999 9 .(TS.T2 / 1 6 , I N l SO1-T1 ’ .4999 .1_ 0111/2 ,S)
377 P~’I NT (NT (9999* (T5+T2)/16). ” “ I
3714 P~~3Nl INI (5L’1’11 .4999 .Jll(I )/V ,I)S)-I -I N I
379 tE l N I ’ 1 2 ’ I S I N I N F - )’JNT “N I ’” INIS1MII1 - 15(010 396
3)10 IF V I ’ - )  T H I N  3143
3 1 - )  10 6 4 ( 6 1( 1 4  T I-lEN 3 1 -5
7142 04(51’1-0())’GOTO 3146
11-3 II - P4C2 )~~1- 144076  31 -h ”,0 4 ( 4 ) ’ 12 \ U A ( 0 ) . 1 - 1 ’ ( I ) N C O l O  3I’ 4~
31-4 JP(I).P\1 _ 11( I ).L )h(Il )\ I14 (2 ).J 0 (I1\G0lO 31)4,
:11-N J11 (I).I-”- ’- V(l1(D ’ (S)\I’4 (6)’J14 (I)
7FF 10 5? ’ )  T H i N  3911
J,’P L I I  I I • I — LI ’ (I )\J) (I I ‘ — I C C  I)
3 9 2 1 2 1 1 ) 1  1N 119 999 *ITS.1 2 )/16 ) .INT IS0014 ,4 999*1_ Y(I1/ 2 ,b)
39? 4 ,1 9 1  INT (9999 .(15.T2 )/T6).” “,

394 I - P I N T  I N 1( 5 0 I l I * 4 9 9 ’, . j 1 ’ I I ) / I l , I) S P P I N T
795 6121 12
396 72’I’13)
3914 1I-4I NT\I - P 391 “F1lT ”S1 - ,~I N 1 \ I F  ?2’1’ THIN 425
399 IF Y2’I 1 1 -EN 4115
4011 IF 52’- I THEN 422
M’S IF 5 1. )  1)4 (6 421’
h I S  D5 (6).1_ 11111”US( 7 1 ’JE’ (11\D 5 (I) ’NI S COlD 429
4211 Db( 2) ”4P(I>\fl5 (31 ’J 11(17 \D S (I)’N I 5 6010 429
422 IF VI.) THEN 424
423 D5(6 1.I’1_ PCI)\D5(7) ’-JP (I) \DSII ) ’NI ‘6010 429
424 DS(21()-1_ P(1)’iflS(D).- JP( l)\DSC)) ’NI S 6010 429
425 IF 52’-) THIN 427
421’ D51 2 1’EP (I)SflS(I) ’N ) ’COIO 429
427 D S((-) ’ I-1_ P(I)5I75(I) ’N ISC OT O 429
429 Y .V*)505(P) ’V’FPINT “05C)1 ”ID SII) ’PI ’INT
430 LII 1’11
432 1(1 ~ .3(7.I
433 3= 2
434 F- l IT  )- ,3” .I

~ 1 N 6010 495 - -
4314 72 .11(1)
439 1- P INT “04 (2)”,04121.”I)4161”,D4(6)
441 LET 61’DSI) 1” I ET  N2’N I/PS ’.J#I NT “NI.” INIS1 - ’1 ’ IN IS ) ) 5.) 1)416 412
445 IF V • 2 THEN 452
446 1-l INT “ (PlOP IN A S I CNRINT OF 5 ”  5 6010 6(714 6
SP P6 16151- P 161 “(7) I1-”5PP 161

453 0R I N I N P R I N T  “7 1)EGEEE” I ” T EANS F . 1_O[ IA(F” .” OL ITP U 1 1 - 0 1_ l A C E ”
455 FOP 12’ (7 TO N I SI .l4P S STEP 142
456 LET ?‘H (21(TP.OTNUICP )/ (HCII.P(3 )/X(2)))
457 LET 1_ (7(21’P(QI ).P(I).F’PPIH(0),T2).)I(2).(PP(H (I)S12)eI SSII1 - (2)/141 2 )
45)1 LII 1_ P(3 1’AP S I’v61(21)/614)\IF SI’-) THIN 4614 -

~~
4S9 J P U) ’ 0 4 ( 6 ) \ I F  1 0 ( 1 1 . 1 1  10416 4 6 2 5 D 4 ( F l ) ’ l d Y ( 2 ) S G O l O  463
46(7 jV(I) ’0412)’ (F J P I I ) = 0  THIN 462
48 1 I)4(l) ’l,l012)560T0 483
41”? 9P121.-DS(41 .IX I-(-(T2-I)4( 4) )/04141)S1 _ 141 3 )’A3 - 5I1 -’ P (S 11/6 (41
463 IF 5 2 1  T ) l , N  U- ’~
41-i 2 1  ‘) ‘— ~~i 1 2  1
485 1-hIl l (5119999.(TN.1?)/ T61 .IN1(S(’P1’ .4999*’.11 (0I/I ,P)
4156 1611)1 INT)9999* (T5.T7U ,161. ” “,INT (S 01414•4999 S90(31/S)SiIiIO ’l

$ 44-P NEPT T N  COT ))  4)1 4 _ -

412 PI ’INISPPINT “I I II, ”NPI’. 161

L - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - —- -
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473 I-F - TN T “Z-DE (’F (EES”,”IND L ICTOR VOLTAGE ”\F0k T2.0 to NI *l .P25 STEP N2
474 LET 7 E4 (2)0T2+A1N~ H t2)/CH l~~6X(3)/N (2)))
475 LET le0CP)zP (P).X I).FXP(Hco5.T2),X (2).E~ P (NC1).T2).~~.SINc7) ,Hc2)
476 IF Y I N - )  THEN 472 -

471 J0 (I)04 (6)\IF JP (I).P THEN 5IP\D4 (7)~ V2 (ø)\GOTO 482
478 J1’CI) ’D 4(2)\IF J2 (I).0 THEN 479’D4 (I)~~(#ø (0)\G OTO 482
479 (i0 (I’).0\D4 (I)=P
4140 IF Y2’I THEN 482
48) ~i1 ’C P)r -~~0(8)
4142 PRINT JNT(9 999* (T5.T2)/T6),INT (5221)’.4999.’Q0(P)/2,5)\PNINT
4143 NETIT T2\Y=Y+I1 )D5 (P)SY\GO10 4914
4144 IF Y2 :I THEN 486
41)45 sO ( 2 ) : - ) 401 2 )
4146 fl5 (4) V0 (2~~\Y.141)~~5(Ø).y 1) IF 72 Q) THEN 4831
4147 71=7 1.I\GO TO 489
41)48 7 1 Z 1.2
41)19 fl5 (5) 7l~~T5 T5- ’D5 (I)\K(2)aTS\JF ’ 7!~~?S THEN 496
490 PRIN T~.E-RI N ’I’ “PLTT ”\I=PI\ PUT 14,31)1,1
492 LET 1=2
493 PUT 8.32,!
494 IF ?I.2~75 TI-lEN 52(7
4~9S CHAIN “E)4PE’)”
496 1.1’
497 1171 (7*32.!
491)1 1 0\PUT 8.3 (7,1
499 COTO 6(72
5 11)1 lJO (P)=P\04(7 )’e1)COTO 48(7
S291 04(1P):2\GOTO 495
6(70 PF~INT “I’LTT”\ENI)

H 
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PROGRAM SEGI~~NT “EKD].”

OLD

OLD PFIOG RA t” N A PE - - E N D !

Is EA DY

L IST
50 PR INT ‘PN OG RAP TO PRINT CONTENT OF DA’ IAI I
60 PR I N T

70 P R I N T
100 RECORD G (4).H(6).D5(7) ,H(4)

214(0 RECOR D A ( 3 ,3 ) , F ’ ( 3 ) , L (4 )
3(70 RE C O R D ’ X ( 3 ) , D4 ( 2 0 )
400 OPEN 8, ” D A T A I ”
420 L E T  1 (7
43(7 GET 8.10(7,1
44(7 LET I~~I
450 GET 8,20(7.1
46(7 LET 1 2
470 GET 8,300,1
500 FOR I ( 7  TO 4

51 (7 PRINT “GC ” ;l ;”)= ”;G (Y) ,
512 NEXT I \}- IsINT
515 PRINT
520 FOR 1 0  TO 6
530 P R I N T  ‘H(” i I J ” ) ”J H (l )e
532 NEXT I \PR IN T
535 PRINT
540 FOR 1 0  TO 7
550 P R I N T  “D5(” JI ~~”)” JD 5 (I).
55! NEXT I\ PR I NT \ PR IN T
552 FOR 1 0  TO 4
553 PRINT “I<(”1 I 3 ’) ”JK ( I),
554 NEXT I \P R INT \ P R IN T

555 PRINT “14 ’ AT RIX A (3 .3 ) ”
560 FOR 1=0 TO 3
565 FOR J 0  TO 3
566 PRINT A (I,J).

567 NEXT J\P R I N T
568 NEXT I ~P IsINT
569 PRINT
570 FOR 1=0 TO 3

575 PRINT “F( ’;IJ ”) ”JF(I) .
576 NEXT I ‘PRINT \PRINT
577 FOR 1 0  TO 4
578 PRINT “ L(” J I J ” ) = ” J L (  I )e
579 NEXT I \ PR INT \PR INT

5~~Q( FOR 1 0  TO 3
585 PRINT “ X ( ” J T J ” ) ” J X C I ) ,
586 NEXT I \ PRI NT
588 PRINT
59(7 FOR I 0  TO 2(7

595 PRINT “D 4 (”J I J ”)” 1D4 (I),

596 NEXT I \P RINT

597 IF’ D 4 (l0 )=I THEN 599

598 GOTO 600

599 C H A I N  “EHD2 ”

600 END
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PROGRAM S~~1~ NT Ii~~~~~~~~ I)

OLD

OLD PROGRAM NAME-’- EI(D2

READY 
-

LIST
40 PRINT “DATA REC OR D CHANGE”
50 RECORD G (4).H (6)~~DS(7).K(4)
55 RECOR D X (3),D4 (20)
60 OPEN 8.”DATAI”
61 FOR 1=0 TO 4~ INPUT G (I)\NEXT I
62 FOR 1=0 TO 6~ INPUT H(I)\NEXT i
63 FOR 1=0 10 7 \ INPUT D5 (I)~~NEXT I
64 ‘FOR 1=0 TO 4 \ INPUT l((I) V NEXT 1
65 FOR j=0 TO 3 \-INPUT XCI ) \ NEXT I
66 1 F0R 1 0  TO 6\  INPUT 04(1) \ NEXT I
67 F\ OR 1=7 TO 13 \ INPUT D4C 1) \ NEXT I
68 FOR 1= 14 TO, 20 \ INPUT D4 (1•) \ NEXT I
70 1=0 \ PUT 8~ 50,1
80 1=2 \PUT 8s55,1
85 IF (D5 (5)+20) K C 1 )  THEN 95
90 GOTO 100
95 CHAIN “EKPPI”
100 END ‘

145
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