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I. INTRODUCTION

Single-phase rectifier circuits, especially of the condenser-
filter type, play an important role in the production of direct
currents and voltages from an alternating-current source. They are
widely used in battery chargers, radio and television power supplies,
detectors in radio receivers, and in many other ways.

Since a voltage drop occurs across the diode tube while
current is flowing, a power loss occurs in the tube. In most
cases, the alternating-current source is connected to the rectifier
through a step-up or a step-down transformer. An effective
internal series impedance, therefore, exists in the practical
circuits. The analysis of rectifier circuits that are made in

1,2,455 and a paper12 is based on the assumption that

several books
the transformer is ideal and that the internal impedance of the
source and the tube drop are zero. This assumption causes a
serious error, especially when the value of load resistance is
low and the equivalent tube and source resistance is high.

The purpose of this study is to analyze single-phase
rectifier circuits using a high-vacuum thermionic diode and
taking into account the tube drop and the resistive loss of the
source transformer. Although it is true that practical circuits

also involve other undesirable factors than those as mentioned

above, for instance, the leakage inductance of transformer,

For all numbered references, see Bibliography.
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imperfect load resistor and shunt capacitor, etc., nevertheless
inclusion of these factors increases the complexity of analysis.
In order to simplify the analysis in this paper the nonlinear
effective resistance of the high-vacuum diode is assumed to be
replaced analytically by an equivalent fixed resistance, the
leakage inductance of transformer has zero value, and all other
circuit elements are perfect. The filter circuits connected to
the rectifier include: (1) load shunted by a capacitor; (2) load
in series with an inductor; (3) the choke-input type. The
equations for the steady state direct output current and voltage
in each case have been derived. These equations have been

experimentally verified.



II. REVIEW OF LITERATURE

The behavior of the rectifier circuit consisting of a
thermionic diode, output load and smoothing condenser taking into
account the tube drop has been discussed by many authors6’9’10’15.
The results of investigation are summarized below.

The equations for power output, power loss in the diode,
and effective value of diode current have been derived by Moullin6,
and those for the direct output voltage can be found in either
Roberts's or Waidelich's paper. The equations mentioned above
were developed under the condition that a linear characteristic
and zero source impedance had been assumed.

Waidelich gave the results of the analysis in the form of
curves giving the angles at which the tube begins conducting and
ceases conducting and also the direct output voltage for various
values of the ratio of the load resistance to the tube
resistance. Similarly, experimental curves showing the ratio of
the direct output voltage to the peak value of the source voltage
were presented by Roberts and by Schadelo. These curves may be
helpful in estimating the behavior of the rectifier circuits and
in the design of rectifiers.

Before the analysis is made, the idealization of the

voltage-current characteristic curve of a high-vacuum thermionic

diode is reviewed.



Idealization of The Voltage-Current Characteristic Curve of

A high-vacuum Thermionic Diode

Due to the fact that the voltage-current characteristic
curve of a high-vacuum thermionic diode is nonlinear in general,
analysis of rectifier circuits is difficult. Because of this
inherent difficulty of analysis, simplifying assumptions must be
made if useful results are to be obtained for even the most
elementary circuits. A simplification that may be made is an
idealization of the voltage-current characteristic curve of the
thermionic diode. This characteristic curve in the conducting
direction may be approximated by: '

1) A straight line through the origin, as is shown in
Fig. 2-1la.

2) A straight line through one point, which differs
from the origin by an amount of Eé , as 1s shown in Fig. 2-1b.

The second approximation may be made to fit reasonably
well the actual characteristics of the diode. However, the E;
may be negligible in comparison with Egp, the peak value of an
alternating-voltage source, and its presence in the equivalent
rectifier circuits would increase the complexity of analysis.

As shown in Fig. 2-la, the current-voltage characteristic
of a high-vacuum thermionic diode is assumed to have a relatively
constant slope in the conducting region and hence may be
approximately represented as an ideal rectifier in series with

a resistance Ry, for the current-voltage curve of such a



combination is identical with the idealized curve of the
rectifier if R, is chosen equal to the reciprocal of the slope of
the rectifier current-voltage curve in the conducting region.

The ideal rectifier, may be visualized as a switch which is
closed and has zero resistance if the current flows through it

in one direction, and is opened and conducts no current if,
because of a reversed voltage, current tends to pass through it
in the opposite direction. Therefore, when analyzing rectifier
circuits, it is convenient to replace the diode by an ideal

rectifier in series with a resistance.
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IITI. ANALYSTIS OF RECTIFTER CIRCUITS WITH A SMOOTHING

CAPACITOR

6,9,10,15

The following is the analysis of the rectifier circuits

with a smoothing capacitor taking into account the voltage drop

across the tube and source transformer, including both half-and

full-wave rectifications. The main symbols used in this analysis

are listed below.

sinusoidal source voltage.

instantaneous value of the output voltage.

peak value of the source voltage.

angular frequency of the source.

load resistance.

equivalent resistance of tube and transformer.
capacitance of the filter condenser.

instantaneous current in the load resistance.
instantaneous plate current of rectifier.
instantaneous current in the condenser.

average rectified output load current.

average or d-c output voltage across the load.
ignition angle, at which the tube begins to conduct.
extinction angle, at which the tube ceases to conduct.

conduction angle, during which the tube conducts.

For simplification of analysis, the following assumptions

are made:
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1) Diode tube is replaced by an ideal rectifier in series
with a resistance R,, as shown in Fig. 2-la.

2) The alternating-voltage applied to the rectifier
is assumed to be a pure sine wave.

3) The effective internal series impedance of the source
transformer is to be considered as a pure resistance, i.e., the
leakage inductance of the transformer is neglected.

4) All other circuit elements are assumed to be perfect.

The analysis is divided into two parts. First, half-wave
rectification is discussed. Second, full-wave rectification will

be considered.

(a) Half-Wave Rectification

According to the above assumptions, the actual circuit
shown in Fig. 3-1la may be idealized as the circuit shown in
Fig. 3-1b, where R, is the total resistance, which involves the
equivalent resistance of the tube and the transformer.

Applying Kirchhoff's law to the circuit of Fig. 3-1b

yields two differential equations. They are

Eqn SinwWt = Riip + RE (3-1)
] . .
0 :—TJ Lcou: + RL (3_2)
or lc = R¢C ;é‘é— (3-3)

During the conducting period, the ideal rectifier acts

as a short circuit and the tube current i} passes through the
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Fig.3-1. Half - wave rectifier circuit with a shunt

capacitor for smoothing.



resistor R, and filter load. The relations among the currents are

expressed

Combining Equations (3-1), (3-3), and (3-4), we obtain the
expression that involves only the current passing through the

load resistor. It is

di (Rt+R)' Esm_ cinwt (3-5)

At RRC/ ° T RReC

This is a first order, non-homogeneous linear differential

equation. The solution of this equation may be put in the form

- wt.- cot®
L= Tnsin (wi-0)+ To € (3-6)

where

6 = tan' (JL@LC_) = tan' (_‘ﬁ’._%_)
R+ Rt I+ Re

and IO1 is an arbitrary constant, which represents the coefficient
of the transient term in the expression for load current i during
the portion of the first cycle when the tube is conducting, and
may be determined by the initial condition of the load current.
Examination of Eq. (3-6) reveals that the load current involves
two components, namely steady state and transient, and its
resultant waveform during the conducting period is, of cource,

no longer a sinusoidal wave. To determine the coefficient Iol
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of the transient term in Eq. (3-6), it is assumed that the load
current passing through the resistor R is I1 at the instant when
wt equals &y,

Therefore

- cote
Lot = [L = Tmsin (k- 6)]-€ (3-7)

Il and d& may be set to zero if the operation of the rectifier
starts at the condition when the capacitor is uncharged.

The current through the capacitor during the first
conducting period can be obtained from Eq. (3-3) and expressed

by the equation

. -wt-coto
te = —wWRC- cot®-Los€ + WRC'Im'COS(Wt‘e) (3-8)

Substitution of the expressions of i and i, i.e., Equations (3-6)
and (3-8), into Eq. (3-4) gives the expression of the tube current

ib during the portion of the first cycle when the tube is

conducting. It is
Lp = L [WRC cos (wt-6) + sin (wt-6)]

-wt-cot e
+( 1~ wRCcote) 1o € (3-9)

Eq. (3-9) can be simplified to

) ) R -wt-cofe
tp= Lpp SIN (Wt-6+3) — "R_{Ime

where ¢ = tar' wRC
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and

Inp= Im J(WRCY + I

The extinction angle, denoted by @1, at which the diode acts
to disconnect the filter circuit from the source voltage during the

first cycle, is easily obtained by letting i, equal zero at wt= @1.

b
Thus

—ﬁ|‘COT6

_ST Lo € = Inp sin( [‘31— 0+%) (3-10)

Beyong the instant that wt equals to ﬁl’ the ideal
rectifier acts as an open circuit, the filter circuit is
disconnected from the source, the capacitor discharges through
the load, and the rectifier operates in its nonconducting state.
During each nonconducting period, the tube ceases to conduct, i.e.,
iy has a zero value, and the currents that pass through the load
resistor and the shunt capacitor have the same magnitude but
opposite directions. The load current during this nonconducting
period of the cycle is described by Eq. (3-2), where i, =-i, which

has the solution

(=D é€ (3-11)

where D; is an arbitrary constant and may be determined from the
condition that the capacitor voltage, and hence the current through
the load resistor, must be continuous from the conducting period
to the blocking period at the instant when wt equals to(31, that

is, the currents given by Equations (3-11) and (3-6) must be equal
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for wt = Pl' Thus

-T-—B' - Cot 6
D€ =Imsin (py-0) + 1€ P
or

R'C N R‘C
D;=Lpysin ( pr=0)€ " + Ig€ " (3-12)
' B

Substituting Eq. (3-12) into Eq. (3-11) yields the expression
for the load current during the portion of the first cycle when

the tube ceases to conduct. Thus

ey BTN
. w( t
(= Ipsin(pr@)€ "0+ L€ Rt ae1s)

During the nonconducting period, the terminal voltage falls
exponentially until the source voltage exceeds this terminal
voltage, and the next conduction period is reached. The ignition
angle of the second cycle 6{2 may be determined by the condition
that the source voltage e equals the terminal voltage Ri ( i should

be the load current in blocking period) at wt = 21t + a{z. Thus

Esm Sin (27+ely ) = RL

. _(ZN*"(;-@')
= R-|Lausin(p-0e "

L ansee P
wc( AT

T Io‘é Rt :I (3“14)

or
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21+ oly - B
. R . - (Bt
Sin ey = Eon | TmSin(fim@)€ e (3-15)

___f_( 2977+ &2 *fl )
we R Re
+ Loy €

The switching in reactive circuits gives rise to
"transients'". The transients in this problem are repeated during
each cycle and require an iterative solution. The load currents
during both the conduction and the nonconduction period, and
the ignition and the extinction angles for the second cycle, the
third, the fourth, . . . etc., can be found by a process similar
to that for the first cycle. The following are the expressions
for the load currents and the angles at which the tube begins to

conduct and ceases to conduct during the nth cycle.

) -wl-cote
Imsin(wt-8)-1,,¢

2nTr oy & wt £ 2(n-D7+ B,

f,2,3,--- (3-16)

n
y .
=
I

-_wi_)
b, ¢ WAC <
n€ 2(n~1)1r+(3nﬁ wt £ Znn+ ol

noo4, 2,3,
L (3-17)

for the load currents, and

-— COTe . [Z(n—'AW"' Fﬂ]

: (3-18)
—%—lfm'é = ImpSin(fn=0+3)
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for the extinction angle. Also

_[ZIHD(M\- En]

. wRC
___L_[Zrmw-o(nn + 2(n°!)ﬂ+[5n} (3-19)
we R Rt }
+ I.on'é

for the ignition angle, where

[2n-0m+olp]- cot O
IOYI: [In— Im Sfﬂ. (O(n_e)].é

2(n-n7+Pn _ 2(nﬂn+ﬁn
. WRC wR¢ C
Dn= Imsin (fn-6)-€ + Ton€
E
Ip= R‘"‘ sin olp (3-20)

The notations in the above equations refer to Fig. 3-2. Equations
(3-18) and (3-19) can be simplified by substituting the expressions

of Im, I

b’ Ion and In into them. Then they become

—({}.n-o(yl)’COTe S,ne ;
- - 3-21
Q- = g SIN(Pp-0+¢) (3-21)
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Fig. 3-2. Waveform of output current showing the behavior

of the rectifier circuit with a smoothing capacitor.
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for ﬂn, and
R _2)T+o(n+|"én,
. _ Rt . WRC
sin ol pe, = sin ((5,;6)-6

J(WRC)2+( I+ —;—;)1

_ [’“‘*““"-*m-’ézw””)]
w RC

+ Q¢ (3-22)

for Ap4, » where

R
Re

QA= sinoly— SN (An-6)

T

,/(wR(’.)t* U+ &)

The circuit operation is called steady state when
consecutive cycles are identical. Fig. 3-2 illustrates that when
the value of the load current at the instant that the tube begins to
conduct after some cycle, namely the (n + 1)st cycle, equals to that
of the previous cycle, i.e., I(n +1) = In, the steady state con-
dition is reached. Now, a question to be answered is 'would the
waveforms for successive cycles become equal after a time or would
they become higher and higher indefinitely?" In order to find out
whether these initial values of current will stabilize or not, a
comparison among a few values of load current will be made as
follows.

First, choose n equal to 2, 3 and 4 and substitute the
corresponding value of sin on, which can be obtained from

Eq. (3-19), into Eq. (3-20). Thus
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_(2714‘0(2-@)) __4__( 274k + B3 )
-I __I . wRC WC R 'Rt
2= dmsin (B-6)€ + 1o €

- (@ fay L (A 2’”*(31)
‘ . RC ¢ R
13=Imsm({32~6)~6 W + 102'6 w Rt

__(27[*'0(4—{}3) __L( 61[1—0(4".44“[53)

. RC w( R R

by the proper substitution of I, and I 5 into the expressions of

and I4 respectively, and the expansion of these equations in

terms of I1 and the angles, the expressions for I3 and I4 that are

above become

SR
=1y { SinC i-6) €

_ A (Amds-f By-ch
. WC( R * " Re )
+5”1(@r6}€

_ 4 (2Mrdlz-ola (3-23)

. w( R
- S’n(o(z‘e)é

ﬁz""l
+ Rt )

. 4ntds Byt Bi-olz
we Rt )
+ 1o €
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_(Zﬂ:\,"Q'l%B) __W_lc(4ﬂ+:4-{3’+|ﬂ;-:o(3)

' . RC .
L,r I {Sm( P3-6)-¢ + sm((&;—@)'e

__L( om+ 0(4’ F" +ﬁ;f{51'0‘3—°‘1)
. we R S Ry
+ sm((s‘-s)é

4 anmecla-P3  Pa-ols
. WC( R * Rt )
-sin(ol3-0)-€

1 (4medla- B py+ Pa-oly-o
: -152( R ' Re )
- sSin (oﬁ—@)é }

{ ( G+ ola + Bb‘(‘ ﬂz+ {51—0(3—0(2)

“We Re

R
+ lo, . € (3'24)

Equations (3-23) and (3-24) show that the terms having the
coefficient I01 decrease gradually and will die out or become
negligible as the cycles repeat. Consequently, the number of terms
having the coefficient I~ in Eq. (3-24) is more than that of
Eq. (3-23). This means that the number of terms having the
coefficient I, in the expression for I, will increase if the
corresponding value of I, is replaced in term of I, ;. But the
sum of these large number of terms has a value which is smaller
than that of the other terms as the cycles repeat; therefore, the

difference between I and I will decrease gradually.

(n +1)
Finally, the circuit operation becomes repetitive.
A quantitative example is given to show the behavior of the

rectifier circuit in the following.
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Example 3-1. Calculate the values of dig R (Sn, and load
current at the instant that the tube begins to conduct for the
rectifier circuit shown in Fig. 3-1 until the steady state is

reached. The circuit constants are given by

E = 250 volts; f = 60 Ce Po Se
sm

R = 5000 ohms ; cC = 10 MF
R = 600 ohms;

Assume the operation starts at wt = 0, with the capacitor uncharged.

The results of the calculation is shown in Table 3-1.

Table 3-1. Computed results of Example 3-1.

n A (deg.) ﬂn (deg.) I, (ma)
1 0 150.53 0

2 23.37 141.49 19.83
3 29.65 138.57 24.75
4 31.56 137.60 26.17
5 52.18 ‘ 137.28 26 .66
6 32.38 137.28 26.78
7 32.38 137.28 26.78
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It is apparent that the answer of the question considered
above is "the load current will become stable after several cycles."
The behavior of the rectifier circuit can then be described as a
steady state consisting of a series of "repeative transients'.
Equations (3-21) and (3-22) tell us that the ignition and the
extinction angles are function of wRC and the ratio R/Rt. It is
found that the time required to reach the steady state condition of
the circuit depends upon the values of the circuit parameters.

After the steady state is reached, the same load current
waveform will be repeated during each cycle. The equations
expressing the steady state values of the ignition and the
extinction angles, denoted by o and ﬁ respectively, can be found by
replacing the of, or on+1 and fn by o4 and (5 respectively in
Equations (3-21) and (3-22), since dl, equals to olp,, when the
steady state condition is reached. Thus

-(pR-ek)-cote
Q€ P = 55':“: sn(@ 6+d) (3-25)

R _(271'4-0[-‘})

Rt ‘L ( y.€ wRe
i o = sincf-6)
S v

_[ZJH —;%;((5—"‘)]

WRC (3-26)

+ Q€

where
R
Rt

JOwRC Y+ 1+ B Y
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The results of these equations may be given in the form of
curves, as appear in Figures 3-3 and 3-4, showing the steady state
values of the ignition and the extinction angles respectively as
functions of wRC for various values of the ratio of the load
resistance to tube and transformer resistance. The data for
plotting these curves were obtained by the use of an IBM 7040
computer. The source program is shown in the appendix. Meanwhile,
the corresponding curves for the conduction angle, which is defined
as the difference between the extinction angle(5and the ignition
angle A , may be seen in Fig. 3-5. It is found that when other cir-
cuit parameters are held constant, an increase in R, increases the
conduction angle or conducting period of the tube.

After the load current waveform becomes stable, the
average direct load current can be found by integrating over the
interval between 2(n-1)n+ and 2nnt + and then dividing the value

of the integral by the period of the cycle, 2xt. Thus

2(n-;)ﬂ+[3
{ . -wt-coth
lac=757 [ImSm (wt-6)+1,,€ ]d(wt)
2(n-Nr+ L
2N+ K __wt
R
" Dn-e V% dwt)

2(n~0ﬂ+p
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which, after integration, substitution of Igp, D,, and Iy, applying
Equations (3-25) and (3-26) and certain trigonometric transforma-

tions, may be put in the form

Esm {ws(d+é)-cos(ﬁ+§?)1}
cos &

I =
4CT 0 (R+ Re)

The direct-current output voltage is then expressed by the equation

Ede= R-Ig4¢

- _ Em {cos(d+§)-cos(ﬁ+é)}
2n (1+-5%) cos &

or

Edce  COS(ck+@)-COS(P+d)
Esm O+ By cos @ (3-27)

The curves showing the variation of the ratio of Eg. to Egn
versus WRC for different values of the ratio of R to Ry are plotted

in Fig. 3-6.

(b) Full-Wave Rectification

The full-wave rectifier connection with a smoothing
capacitor may be seen in Fig. 3-7a. A center tap on the trans-
former secondary is used, and the sinusoidal source voltages eg and
eg are therefore equal and 180 degrees out of phase when their

positive directions are assigned as indicated; that is

eg = Eg, sin wt

e, = -e

S S

= Egy sin (wt + 7 )
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Under the assumptions at the beginning of this chapter, the
rectifier circuit may be idealized as shown in Fig. 3-7b. The two
rectifiers are assumed to have identical characteristics. During
one half of the cycle, the voltage across rectifier 1 only is in the
conduction direction while rectifier 2 is nonconducting, and

rectifier 1 passes current when the source voltage e. is greater than

s
the charged voltage across the capacitor, e. Beyond the crest of
the source voltage, eg, the capacitor discharges and the charged
voltage falls exponentially until the other source voltage, egs
becomes equal to it. During the other half of the cycle, the
conditions are reversed. Hence, the operation of the full-wave
rectifier circuit with a smoothing capacitor is the same as that of
the half-wave circuit, except the capacitor receives the charge
twice during each cycle. Thus, the same analysis as used in half-
wave rectification with some minor changes may also be applied to
the full-wave circuit. After analyzing, it is found that the
equations for obtaining the steady state values of the ignition
angle & , the extinction angle (5 and the d-c output voltage Eq,
are the same as Equations (3-25), (3-26) and (3-27), except 27 must
be replaced by n. The curves showing the ignition angle & , the
extinction angle P , the conduction angle ¥ and the ratio of the
d-c output voltage to the peak value of the source voltage as
functions of wRC for different values of the ratio of the load

resistance to the equivalent resistance of the tube and the

transformer were plotted as shown in Figures 3-8 through 3-11.
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Fig. 3-12 Bridge rectifier circuit with a shunt
‘capacitor for smoothing.
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Figure 3-12a represents a bridge rectifier circuit with a
smoothing capacitor. This is an arrangement of rectifiers per-
mitting full-wave rectification of the current from a single-phase
two-terminal source. To examine the operation of the bridge
circuit, one may refer to Fig. 3-12b, the idealized circuit of
Fig. 3-12a. It is observed that during the portion of the half-
cycle in which the source voltage eg is positive (relative to the
reference direction shown on Fig. 3-12b) and during which the
rectifiers 1 and 3 conduct and the rectifier 2 and 4 do not conduct,
the capacitor receives a charge. At this time the voltage across
the capacitor is built up. When the charged voltage across the
capacitor is greater than the source voltage, the filter-load
circuit is disconnected from the source, and no tube conducts
current. Meanwhile, the capacitor begins to discharge through
the load resistor, and the charged voltage falls exponentially until
the negative source voltage during the second half of the cycle
rises and becomes equal to it. Beyond the instant when the negative
source voltage becomes greater than the charged voltage across the
capacitor, the rectifiers 2 and 4 conduct current while the
rectifiers 1 and 3 act as open circuits; The four rectifiers
connected in this circuit are assumed to have identical
characteristics. It becomes evident that the operation of the
bridge rectifier circuit with a smoothing capacitor is the same as
that of the full-wave circuit discussed above. Hence, the results

of the analysis in the case for the full-wave circuit of the two-
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tube type can also be used for the bridge rectifier circuit.
However, care must be taken in choosing the value of the resistance
Ry when one calculates the load current and the angles at which the
tubes begin conducting and cease conducting for the bridge circuit.
Since two tubes are always carrying current during the conduction
period, the resistance R. should be chosen equal to the sum of the
transformer resistance and two times the equivalent resistance of
each tube, i.e.,

Rt = Rtr + ZRO
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Iv. ANALYSTS OF FULL-WAVE RECTIFIER CIRCUIT

1
WITH A SERIES INDUCTOR FOR SMOOTHING.S’ 0,16

An inductor can be connected in series with the rectifier
circuits for the purpose of smoothing the current because it stores
energy when the voltage across it is positive and releases this
stored energy to the load when the voltage is negative. As a matter
of fact the current in the inductor for the full-wave rectifier never
falls to zero, that is, the current will flow through the inductance
and the load resistance at all times. The determination of the
current and voltage waves as a series of repeated transients is
therefore difficult. For simplifying the analysis, it may be
assumed that the current passing through the inductance and the
load resistance transfers suddenly from one to the other anode at
the instant when one anode becomes negative, and the other one
positives. Furthermore, many assumptions are made as follows.

1) diode tube is replaced by an ideal rectifier
in series with a fixed resistor Rj.

2) The supply voltage is a pure sine wave.

3) The leakage inductance is neglected.

4)  All other circuit elements are perfect.

Under :the assumptions outlined above, the rectifier circuit,
as shown in part (a) of Fig. 4-1, may be idealized in the form of
the circuit given in part (b) of Fig. 4-1. The resistance, denoted
by Ry, appearing in the idealized circuit is the sum of the

equivalent resistance of tube R,, the resistance of inductor Rf, and
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€g Esm sinwt

ey: Esmsin(wt+7r)

2 (a) Actual circuit

L
Ideal Ry —_—
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Ry= Ryt R+ Ryp

2
K g
Ideal (b) Idealized circuit
Fig 4-1. Full-wave rectifier circuit with a

series inductor for smoothing.
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the resistance of the transformer measuring from the center-tap
point to one anode of the tube. Since the rectifiers are assumed to
be operated under the condition that when one rectifier ceases to
conduct, the other begins, thus only one equivalent resistance

of the tube and one half of the total resistance of the secondary
transformer are included in the resistance R.. Hence the

resistance Ry may be treated as one part of the filter circuit.

The loop voltage equation for the circuit in part (b) of Fig. 4-1

may be written as

di .
Lgr* (R+Re)i= e @-1)

during one half of the supply-voltage cycle, and

'olL
dt

L + (R+ fzt)L:eS' 4-2)

during the other half of the cycle. The homogeneous solutions of
Equations (4-1) and (4-2) are given respectively by

R+ Rt

- CGar wt
Lh= A e
and
R+ Rt

where A and B are the arbitrary constants. Also, the particular
solutions of these equations, when solved, are expressed respective-

ly as
Esm

L=
P J(R+ ReY+(w LY

sin (wi-X)
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and

. Esm .
Lp= sin (wt+m-X
P J(ReRe + WL ( )

where

A= Tarf'(R+R)

Then the complete solution of Eq. (4-1) is of the form

£ -wl- cot A
= sm \ t- €
TR e rouiy o WA A 4-3)
and that of Eq. (4-2) is
' E<m -wt: cotA
L= = Sin(wt+T-A)+ B¢ -4
,,/(R+ RtY 4+ (whk)®

The constants A and B may be determined by the initial condition.
The initial value of the current at the beginning of each half-cycle
is the wvalue of the current at the end of the preceding half-cycle.
Hence, the value of the current obtained by Eq. (4-3) at the end of
the half-cycle during which the filter circuit is supplied by the
source ey is the initial value of the Eq. (4-4). From Fig. 4-2,

the constant A in Eq. (4-3) may be obtained by setting i = L, when

= (n-1)n. Thus

—-(n-1)7 - Cot A
sinfin-on - x] + Aé

1, = Esm
Jers Ree (L
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Assuming the operation of the rectifier circuit starts at wt = 0,
then n must be an odd integer. Hence

n-Dm- CoT A
(R+Re) + (wlL)

After substituting the expression of A into Eq. (4-3), the current

during the nth half-cycle can be obtained by the equation

Esm . Esm WL é- [wt-n-om)- cotA
__ Esm . IRV LS
L (R+ ReJ HwL) Sin (WEA) (R+Re) +HWL)*

. 4-5

for (m-pm £ wténm | n=14,2,3- -5)

As described above, the initial condition for determining the
constant B in Eq. (4-4) is the value of the current at the end of the
preceding half-cycle, i.e., the current i in Eq. (4-4) equals I(n+1)
when wt = nx, and from Eq. (4-5)

-[nn--nm]- cot A

Esm { Esm-wl }
S LIPS SN S~ A, I 2
L J(R+ ROSWLT SR A) ) ket (it
or
Esm -wl -TT-CoT/\} I é-rr- cotA
= — ——{ | + € +1.
Taes (RR) 4 (wLy? { "

(4-6)

Therefore the current during the (n+l)st half-cycle is expressed by

. . ~(wt-n1m)- cot A
L= Esm S[n(wf.-*ﬂ—)t)-i-{————sim-ﬁi—-———z—‘flnﬂ }
[(R+ Ry +(wLY (R+ReY+ (wL)

for ny £ wt £(ntdT ) n=1,2,3---- “-7)
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Examinating of Equations (4-5) and (4-7) shows that the current
consists of both a steady state and a transient component. The
transients are repeated during each cycle. Hence there is a
question whether the current does or does not become stable. Before
trying to answer this question, it must be realized that when a
steady state is reached, the waveform of the load current must be
the same during each cycle. Under this condition, the initial
values of the current at the beginning of each cycle must be the

same. Therefore the proof may be started by the use of Eq. (4-6).

Egm wl -7 cot A
— ~{1+e
(R+Re) + (wl)?

F’:

and
-7 Cot A

Q=e
It should be noticed that P and Q are constant. Then Eq. (4-6)

becomes

I,..,= P+ &I, %-8)

It may be assumed that the operation of circuit starts at wt = O and

the inductor stores no energy. Therefore

From Eq. (4-8), it is obtained

and

—
w
1

P+ QI
P+PG = P(I1+Q)

i
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Also 14:: P+ 0.13
= P+ QP+ @)
= P(I+GQ+G8)
In+.| = P(‘-'.a.,. az.,. ........... .,.&n-' )

As the cycle is repeated infinitively, the series in the parentheses
of the above equation approaches a constant. Since Q is always less
than unity, except when both the resistances R and R, have the zero
value or when the product of the angular frequency and the inductance,
wL, approaches infinity, the series is then convergent to a constant
value. Therefore, the initial values of the current at.the beginning
of each cycle will approach a constant after many cycles. Hence, a
steady state condition consisting of repeated transients will be
reached and repetitive current waveforms will be obtained. A
quantitative example showing the behavior of the full wave rectifier
circuit using a series inductor for smoothing is given below.

Exgmple 4-1. Calculate and plot the load current for the
rectifier circuit in part (b) of Fig. 4-1 until the steady state is

reached. The constants of the circuit are given as:

Esm = 500 volts, w = 377 rad./sec.,
R = 1500 ohms, R = 500 ohms,
L = 5 henry.

Assume the operation starts at wt equals to zero with the inductor

storing no energy.
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The results of Example 4-1 are shown in Fig. 4-3. So far, the
behavior of the full-wave rectifier circuit with a smoothing inductor
has been proved to be stable. Consequently, the steady state value
of the load current can now be determined. Assume the steady state
condition of the current in a rectifier circuit is reached at the
nth half-cycle. As proved previously, the load current has the same
initial values after this cycle. 1In other words, the value of the
current at the beginning of the nth cycle must be equal to that at

the end of this cycle. Thus

I(n+1) = I

Substituting this relation into Eq. (4-5) and letting wt equals

ni, yields

E
,ﬁRHQt)er (wby?

sin (ny-A) + + 1€

(R+R4) 4+ (wL)?
or

-7 cotA
wlh- Esm- (1 + €

[(Q*Rt)’ + (wl)? ]'( |- €

-7 CoT A
)

Then Eq. (4-5) becomes

. Esm QSin)\ -(_wt-(n-u)ﬂ} cot A
L= - asin(wt-)\n P
J (R¥ReY (LY (1- )
(n-0m £ wt & nT7 4-9)

n= ‘, 2[3’....
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which is the expression for the steady state load current. Now,
the d-c load current Ig.can be determined by averaging Eq. (4-9) over
the interval between wt = (n-1)x and wt = nw, where n is an odd

integer, i. e.,

nm
lde= —7![_ t d(wt)
(n-»T
— Esm meo
= - - Sin(wt-A)d(wt)
TR R+ (WL | 4oy
9 cin A nm - [wt-(n-0m)- cof A
(1- ¢ 7 € d(wt)
(n-77
= Esm {2&05)\4- 2wL'S'm)\}
7 [ CR+ReY+ (WL (R + Re)
_ 2 Esm
Lac T (R+Re) “-10)

The d-c output voltage can then be determined, that is
Ede = R-I4

2 Egm
mCre £ ¢-11)

This result may be checked by the method which is described as
follows.
As assumed previously, the current flowing through the

inductance and the load resistance transfers abruptly from one to
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(a) Equivalent circuit
Esm
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(b) Waveform of the source voltage

Fig. 4-4. Equivalent circuit of Fig 4-1.
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the other anode of the tubes. It is easily to see that the circuit
conditions are then exactly the same as if we had a single source of
voltage furnishing nothing but positive half-waves of voltage to the
load resistance and the inductance, with the rectifiers removed
completely from the circuits. The equivalent rectifier circuit and
the waveform of such a special source appear in part (a) and part
(b) of Fig. 4-4. The Fourier series for the source voltage ef is
given by

e;’=%(2—%ws 2w1:—--—'%—CoS fwt------ )
In accordance with the principle of superposition and a-c circuit

theory, the load current i can be found as

2 Esm .4 Egm COS (2wt-A)
T(R+ &) 3T [(R+ ReY + (2wl )

4 Esm c0S (4 wt-Ag) (4-12)

157 [ (R+ R + (4wl

where

.K|== Tanﬂ Cﬁ%%ﬁi‘)

and

A2 = tan! (—é—%)
When the integration over a half-cycle is taken for determining the
average value of the load current, it will be found that the
integration of all the terms on the right hand side of Eq. (4-12),
except the first term, are zero. Hence, the d-c output current

obtained by this method has the same result as that expressed in

Eq. (5-10).
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Either of the above methods may apply in the analysis of
bridge rectifier circuit using a series inductor for smoothing. The
results are the same as a full-wave rectifier, except the resistance
Rt includes two times the tube resistance instead of one as that for
full-wave, i. e.,

Re = 2Rg + Ry + Ry
since two tubes carry current during the conduction period.

The load current waves obtained by the rectifier circuit
with a series inductor or a shunt capacitor have a ripple. Although
this ripple may theoretically be reduced by increasing the size of the
inductor in one circuit or increasing the size of the capacitor in
the other, it would be impractical as well as uneconomical to make
the inductance too large in an actual circuit. Also, too large a
value of capacitance may cause a high peak tube current which would
damage the rectifier device. For the purpose of reducing the
ripple voltage, a full-wave rectifier circuit with a filter circuit
consisting of an inductor in series with a parallel capacitor and a
load resistor will be introduced in the following section. Such a

filter circuit may be called a '"choke-input filter'.
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V.  ANALYSIS OF FULL-WAVE RECTIFIER CIRCUIT
2,5,8,11

WITH CHOKE-INPUT FILTER

Part (a) of Fig. 5-1 shows a full-wave rectifier circuit
using a filter consisting of an inductor in series with a parallel
capacitor and resistor. Under the same assumption made at the
beginning of the preceding chapter, an idealized circuit may be
drawn as shown in part (b) of Fig. 5-1. The circuit diagrams of
Figures 4-1 and 5-1 show that the rectifier circuit with a choke-
input filter is similar to that with a series inductor, except a
shunt capacitor is connected across the load resistor. When this
capacitor appears in the filter circuit, it receives charge from the
source. Then, two conditions of operation may occur in the
rectifier circuit. (1) The charged voltage across the capacitor
may exceed the source voltage plus the voltage drop across the
inductor during each cycle. Thus, the filter circuit will be dis-
connected from the source. Therefore the current passing through
the inductance will fall to zero during the cycle, (2) The current
flows continuously through the inductor throughout the entire cycle
and the tube never ceases conducting during the conduction cycle.

Although it is possible to analyze the rectifier circuit of
this type when it is operated under the first condition mentioned
above by the method used in the third chapter of this paper, the
procedure is relatively difficult. Also, such a condition seldom
occurs in practice, since L is usually large enough to prevent it.

Therefore, the analysis that will be made in this section covers
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Fig. 5-1. Full-wave rectifier circuit with @ choke-input
filter.



- 54 -

only the second condition of operation, i. e., under the condition
of operation that the current in the inductor is never zero.

To analyze the full-wave rectifier with a chokesinput filter
under this condition, two methods may be used. They are: (1) Set up
the loop voltage equations for the rectifier circuit. The equation
for the load current must be a second order nonhomogeneous
differential equation, since the circuit consists of both the
inductance and the capacitance. Thus, the solution of this equation
involves two arbitrary constants, which may be determined by the
initial value and the first derivative of the load current at the
beginning of each cycle. If the steady state condition could be
reached, then the average output current and voltage can be obtained,
(2) Remove the ideal rectifiers from the circuit, as is shown in
the part (c) of Fig. 5-1, and replace the sources by a special source
which fﬁrnishes the positive half waves only. Consequently,
represent this special source by the Fourier series and apply a-c
theory and the principle of superposition to the circuit for
obtaining the load current.

Investigation proves that the latter method is simpler.

Since in the most usual conditions of operation, the current in the
inductor never falls to zero, neither the current in the inductor
nor the voltage across the capacitor at the beginning of each cycle
is a known conditionS. The first method of analysis is therefore
more difficult than the second one. Consequently, by the use of the
second method that was outlined above, the rectifier circuit may be

replaced by the equivalent circuit in part (c) of Fig. 5-1. The
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special source e€g has the waveshape shown in part (b) of Fig. 4-4.
The Fourier series representation of eg is

4 cosdwt- %

e = Esm (‘%“—3—7}- T cos4dwt-. . ...

(5-1)

where w is the angular frequency of the supply voltage.
For the steady state continuous-conduction condition, the

d-c output current is

Lac= -ﬂlﬁsm— (5-2)
(R+Rt)
and the d-c output voltage is
Edc= - (Z’ isn;t ) (5-3)
R

When the second-harmonic component of the source voltage, i. e., the
second term on the right hand side of Eq. (5-1), is applied to the
filter circuit, the second-harmonic component of the inductor

current, denoted by Lb§2 , is given by

e 4 Egm L 180° 549
f 3/27- Zg2

This is an expression in the frequency domain, and the phase is

referred to eg. The Zf appearing in the above equation is the

2

impedance of the filter circuit for the frequency of the second-

harmonic and is expressed as
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{

Zyp= Ry + jowl +

1 .
& tJjawe (5-5)

For the purpose of eliminating all of the alternating component of

the load current, the following condition is specified
XL > X(_ K KR (5-6)

Under this condition, the filter capacitor by-passes all of the
alternating component of the current and makes the ripple voltage
appear across the inductor rather than across the load. Then

Eq. (5-5) simplifies to

Substituting this relation into Eq. (5-4) yields

4 Egn £ (180°-81)

Ib 2
h - Iwl
where S; ' | \:

and the voltage across the load may be written as

£, A Iog2 _ 2 Esm £(90°-6))
27 2w 3awC[ RE+Qwl) (5-8)

If the relation expressed in (5-6) is true for the second-harmonic,

it is an even better approximation for the fourth. Consequently,
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the fourth-harmonic component of the inductor current and of the
voltage across the load can be found by a process similar to that
for the second. Such a process yields

A Eem L (180 82)

Ly = (5-9)
f 15]2 TF-,/ R + (4wl)?

where

4wl

5, = tar!
2 = fan Re

and
Eom L (90°-d2)
‘5fiTr'wC;/ Re + (4wl

Egq = (5-10)

From the Equations (5-7) and (5-9), the ratio of the magnitude of
the fourth-harmonic current in the inductor to that of the second-
harmonic is given approximately by

Tota ~ 1 _ 10 percent
Tps2 {o

and the similar ratio for voltage across the load can be obtained
from the Equations (5-8) and (5-10). It is

Eta 1 _ 5

~ -

Ef2 20

percent

It is apparent that the fourth-harmonic current and voltage are very
small compared with those of the second-harmonic. A similar process
may be used to find the higher harmonic components of currents and

voltages than those have been found thus far. However this is not
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necessary, because not only the amplitude of the high harmonic

mn

g 1is smaller but also the

components of the source voltage e
harmonic frequency is higher than those of the second harmonic.

This will, of course, cause the ratios of the high harmonic
components of current and voltage to those of the second-harmonic

to be very small values. Thus the ripple components of the current
in the inductor and the voltage across the capacitor are
predominantly second harmonic. Hence, the expression of the current

passing through the inductor may be written approximately in time-

domagin as

b= Tae* Ly

(5-11)
= 2Esm _ 4 Esm cos (2w't“£()
T (R+R¢) 3m ) RE+ (2wl)

Eq. (5-11) shows that the current in the inductor consists of a

d-c component and a a-c component. If the negative peak of the a-c
component of the current at any time reaches a value in excess of
the d-c component, then there will be a reversal of the current in
the tube. However the tube prevents such a reversal current from
flowing, the rectifier is therefore disconnected from the load and
the current in the inductor happens to be zero during one part of
the cycle. As mentioned previously, this condition of operation
does not appear in our analysis. In order to fulfill the condition
of operation that the current in the inductor possesses throughout

the entire cycle, there must be some restriction imposed on the
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problem, namely, the condition that the inductance is large enough
to prevent the a-c component of the current having an amplitude in
excess of the d-c current, since a large value of inductance gives
a small amplitude of the a-c component of the current. Under the
assumption that the capacitor across the load has a reactance very
much smaller than the inductive reactance of the choke coil and if
the above condition is fulfilled, the maximum value of the a-c
component of the current must be smaller than or equal to the d-c
component. In other words, the amplitude of the second term must
be smaller than or equal to the first term on the right hand side

Of Eq. (5'11)0 Thus

4 Esm ¢ 2 Esm
3nfR€+(2wL)’ T (Rt Re)

If the critical value of the inductance, i. e., the value causing
the a-c component to be equal to the d-c component of the current,

is caled L, the value is found to be

_ J4R‘+ ERRt - 5 Re
Le= (5-12)
oW

If the frequency of the supply voltage is 60 cycles per second,

Eq. (5-12) gives

J4R + 8RRy - 5RE 5-13)
2,262

LC:
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This value of L, would just let the current drop to zero and
therefore represents the minimum value of the inductance in the
choke-input filter to enable the current to pass through the
rectifier throughout the entire cycle. If the inductor is chosen
to have a large Qkand the load resistance is large, so that 2wl and

R are large compared with Ry, then, Eq. (5-13) may be approximated as

_ R
Le = 1,131

For the design purpose, it is desirable to make Ib somewhat large.

Thus, L. is usually taken as

R
1,000

Le=
The waveforms showing the currents in the inductor when the value
of the inductance in the choke coil is less than, equal to and
greater than the critical value of inductance are given in the
part (a), (b) and (c) of Fig. 5-2 respectively. These curves are
reproduced from an oscillogram taken on the circuit, as is shown

in the part (a) of Fig. 5-1. Consequently, the output voltage in

time domain is given approximately by

€ = Ed(_ + efg

(5-15)
ZESYPl - QEsv;l - Sln(zwt—J,)
Vi (H %) ?,nw(‘_// Re + (2wh)
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(@) L<Le

(b) L=Lc WA

de

C
L
N

(c) L>L,

C
C

wi

Fig. 5-2. Waveforms showing the tube current in
a rectifier circuit using a choke-input

filter.



- 62 -

VI. EXPERIMENTAT, VERIFICATION

For the purpose of checking the correctness of the equations
derived for the rectifier with three different types of filter
circuits, three experiments have been made. In these experiments
a 5U4-G diode tube was used. Also, a center-tapped transformer was
connected for the full-wave circuits. The direct-current output
voltages, Eg., were obtained by a direct-current voltmeter. The
maximum and the minimum values of the current passing through the
tube for each case, and the ignition angle & and the extinction
angle ﬁ for the capacitor filter circuit were read by means of an
oscilloscope. Accurate reading of the angles o and /3 are
difficult to obtain. Some photographs showing the waveforms of the
rectified voltage and the tube current have been taken. Each set
of the circuit parameters taken in these experiments has been
substituted into the corresponding equations for calculating the
theoretical results. 1In an attempt to find out what equivalent
value of the tube resistance would make the calculated results
elose to the experimental results, the values of R, were chosen
in three ways. They were chosen equal to the reciprocal of the
slope of a straight line drawn: (1) through the points on the
current-voltage curve of the 5U4-G diode corresponding to the
maximum and the minimum values of the tube current, (2) tangentially
to a point on the current-voltage curve corresponding to the

maximum value of the tube current, (3) through the points on the
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current-voltage curve corresponding to the maximum and the average
value of the tube current. These methods for determining the
approximate value of the tube resistance are illustrated
respectively by the diagrams as shown in Fig. 6-1.

The experiments taken for three different types of rectifier

filter circuit are described separately as follows:

(a) Half-Wave Rectifier With A Smoothing Capacitor.

In this experiment a 124 volt (R. M. S.) source voltage with
frequency of 60 cycles per second was used. For the purpose of
reducing the effect of the internal impedance of the transformer on
the circuit, no transformer was used. Data and results are listed
in Table 6-1. The same circuit constants have been substituted into
Equations (3-25), (3-26) and (3-27) for calculating the theoretical
results, where the values of R, included in R; are chosen
respectively by the three methods outlined above. The calculated
results when R, is chosen by the first method are shown in
Table 6-2 while those using the second and third method are shown
in Tables 6-3 and Table 6-4 respectively. Since the diode tube is
disconnected from the source when the voltage across the capacitor is
greater than the source voltage, the minimum value of tube current
is zero. Thus, the value of Ro is obtained by the first method is
essentially equal to the reciprocal of the slope of the straight
line which is drawn from the origin to a point on the current-

voltage curve of 5U4-G diode corresponding to the peak value of the
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tube current. After examination of the three tables showing the
calculated results, it is found that when the values of the tube
current are less than 50 ma, the calculated results when R, was
chosen by three different ways didn't make too much difference.
However it is indicated that when the tube current has values in
the range from 50 ma to 150 ma, the corresponding results listed in
Table 6-2 show good agreement, i. e., the first method for
determining the values of the tube resistance is the best among the
three methods when the tube current of the 5U4-G diode is operated
in this range. In contrast, the results shown in Table 6-4 check
closely with the results shown in Table 6-1 when the value of the
tube current are of the order above 150 ma. This means that the third
method for determining the R, is best when the current passing
through the 5U4-G diode is greater than 150 ma. Hence, when the
d-c output voltage and the angles £ and /% are calculated from
Equations (3-25) through (3-27) for a half-wave rectifier circuit
with a capacitor for smoothing, the values of the tube resistance
may be chosen equal to the reciprocal of the straight line which is
drawn (1) from the original to the point on the current-voltage
curve of the diode corresponding to the peak value of the tube
current when the current is low, (2) through the points on the curve
corresponding to the maximum and the average values of the tube
current when the current is high.

The oscillograms showing the waveforms of the tube current

and the output voltages appear in Fig. 6-2. Fig. 6-3 illustrates
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the corresponding waveforms and the reading of the angles & and P
of Fig. 6-2. The curves of Fig. 6-4 show the computed waveforms

of the output voltage and the tube current corresponding to the
photographs of Fig. 6-2. Table 6-5 shows the calculated results
without consideration of the tube and the transformer voltage drop,
and the equations from which these results were calculated are shown
in the appendix. The comparisons made between Table 6-1 and

Table 6-5 show that the calculation neglecting the voltage drop
across the tube and the transformer for the half-wave rectifier

circuits with a smoothing capacitor results in a serious error.

(b) Full-Wave Rectifier With A Smoothing Inductor.

The measurements taken across one section of the center-
tapped transformer secondary show that the voltage supplied to the
rectifier circuit is 360 volts (R. M. S.) with a frequency of 60
cycles per second and an internal resistance is 150 ohms. Table 6-6
shows the data obtained by experiment. Three methods for determining
the value of R, have been applied in calculating of the theoretical
results by Eq. (4-11). It is found that the first method for
determining R  is the best among those. In other words, when
Eq. (4-11) is used for calculating the d-c output voltage of the full-
wave rectifier circuit with a smoothing inductor, the equivalent
resistance of the tube may be chosen equal to the reciprocal of the
straight line which is drawn through the points on the characteristic

curve of a diode corresponding to the maximum and minimum values of
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the tube current. The results calculated by the first method

are shown in Table 6-7 but those by the other methods were not
included in this paper. Figure 6-5 and Fig. 6-6 show the
experimental and the computed waveforms of the output voltage
respectively. They are also erroneous if the voltage drop across
the tube and the transformer are neglected in the calculation of
the d-c output voltage for this type of rectifier filter circuit

when the load resistance has a low value.

(c) Full-Wave Rectifier With The Choke-Input Filter.

Since the analysis of this type of rectifier circuit in this
paper are made under the condition that the current passing through
the inductor never falls to zero, the values of the load resistance
were chosen below the value that would make the tube current become
zero during the conduction cycle. Because the capacitive reactance
is assumed to be very small compared with the inductive reactance
and the load resistance, a capacitor having a high capacitance was
used in this experiment. The supplied voltage and the transformer
are the same as that used in section (b). Experimental data and
results are shown in Table 6-8. Three methods for determining the
R, have been tried in the calculation of the theoretical results. It
is also found that the calculation using the first method to find the
value of R, gives results that are closer to the experimental results.
The calculated results are listed in Table 6-9. The oscillograms

showing the output voltage and the current in the inductor appear in
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Fig. 6-7. Fig. 6-8 shows the computed waves corresponding to the
photographs of Fig. 6-7. Also the experimental curve showing the
direct output voltage versus the direct output current of the
5U4~G diode for the choke-input filter with L = 33 henry and

C =204F is shown in Fig. 6-9.
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Table 6-1. Experimental data and results.
R i
No. (kn) (puF) wRC (ma) (deg.) (deg.) (v) Esm
1 0.3 1 0.113F 400 O 176 32 0.183
2 0.5 1 0.188 270 0 172.5 38 0.217
3 5 0.1 0.138 36 0 168.5 50 0.286
4 8 0.1 0.302 22 0 162 52 0.297
5 0.8 1 0.302 200 O 167 42 0.24
6 10 0.1 0.377 20 O 158.2 52 0.297
7 1 1 0.377 170 0 164.5 44 0.252
8 20 0.1 0.754 13 0 141.5 60 0.343
9% 2 1 0.754 115 0 148 52 0.297
10 40 0.1 1.508 11 2.6 123.8 74 0.425
11 5 1 1.885 80 6.4 128.5 75  0.429
12 60 0.1 2.262 8 6.4 116 86 0.492
13 80 0.1 3.016 8 12.8 107 96 0.55
14 100 0.1 3.77 8 16.7 107 104 0.595
15% 10 1 3.77 75 12.8 115 99 0.565
16 0.7 20 5.276 620 20.5 144 80 0.457
17 1 20 7.54 520 25.7 139 92 0.526
18 30 1 11.31 60 36 105.5 134 0.765
19% 2 20 15.08 340 35.9 134 111 0.635
20 50 1 18.35 50 45.2 102.5 145 0.828
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Table 6-1. (continued)

R C mig. oA {% Ede P
No. (ka) (MF) wRC (ma) (deg.) (deg.) (v) Egp
21 3 20 22.62 270 39.8 130 121 0.69
22 80 1 30.16 30 52.6 102.5 155 0.885
23 100 1 37.7 25 57.7 102.5 159 0.908
24 6 20 45.24 175 46.2 126 135 0.77
25 0.8 200 60.32 620 31.8 147 90 0.515
26 1 260 75.4 560 34 .6 144 10 0.556
27% 10 20 75.4 140 50.1 123.5 142 0.811
28% 2 200 150.8 340 38.5 139 117 0.67
29 30 20 226.2 56 60.5 118 160 0.914
30 50 20 377 40 64.2 115.5 158 0.903
31 5 200 377 215 51 134 142 0.811
32 80 20 603.2 30 66.9 115.5 160 0.914
33 100 20 754 27 69.4 110.5 162 0.925
34 10 200 754 140 54.8 125 141 0.805

The oscillograms of the output voltage and the tube
current are shown in Fig. 6-2.
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Calculated results.

R¢ R A Eac

No. wRC (n) R¢ (deg.) (deg.) Egm
1 0.113 213 1.4 0 176.2 0.186
2 0.188 243 2.03 0 172.8 0.215
3 0.188 450 11.1 0 170.2 0.295
4 0.302 480 16.7 0 164.1 0.307
5 0.302 266 3 0 167.5 0.243
6 0.377 500 20 0 160.3 0.313
7 0.377 288 3.48 0 164.1 0.255
8 0.754 550 36 .4 0.2 144.1 0.348
9 0.754 320 6.25 0.2 148.9 0.307
10 1.508 570 70 3 124.7 0.428
11 1.885 360 13.9 5.1 125.1 0.437

12 2.262 600 100 7.4 115.1 0.5
13 3.016 600 133 11.8 109.6 0.558
14 3.77 600 167 15.9 106.1 0.604
15 3.77 367 27.2 15.8 112.4 0.583
16 5.278 180 3.9 16.3 142.2 0.442
17 7.54 200 5 21.4 140.3 0.498
18 11.31 390 77 36 .4 105.1 0.775
19 15.08 225 8.9 31.7 135 0.614
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Table 6-2 (continued)
Re R X (4 Bdc
No. wRC n) Re (deg.) (deg.) Esm
20 18.85 420 119 45.5 101.9 0.837
21 22.6 243 12.3  37.2 132.1 0.672
22 30.16 455 176 52.3 115.2 0.86
23 37.7 470 217 58.1 102.1 0.918
24 45.24 280 21 45.5 127.3 0.754
25 60.32 180 4.5 28.1 149.7 0.49
26 75.4 186 5.4 30.6 147.3 0.527
27 75.4 300 33.2  51.5 123.2 0.81
28 150.8 225 8.9 37.3 141 .4 0.618
29 226.2 415 72 60.23 117.2 0.913
30 377 438 114 64.3 113.8 0.908
31 377 250 20 47.1 132 0.741
32 603.2 455 176 67.7 111 0.929
33 754 462 217 79.1 109.8 0.937
34 754 300 33.3 52.3 127 0.808
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Table 6-3 Calculated results.

Re R < p Eqc

No. wRC (n) R (deg.) (deg.) Egm
1 0.113 133 2.2 0 175.6 0.217
2 0.188 157 3.2 0 171.8 0.244
3 0.188 325 15.4 0 169.9 0.301
4 0.302 420 19 0 164.0 0.309
5 0.302 180 4.5 0 166 .4 0.265
6 0.377 400 25 0 160.2 0.316
7 0.377 194 5.2 0 162.7 0.275
8 0.754 480 41.7 0.2 143.9 0.349
9 0.754 225 8.9 0.2 147.3 0.321
10 1.508 510 78.5 3 124.6 0.428
11 1.885 328 21 5.1 122.8 0.448

12 2.262 525 114 74 114.9 0.5
13 3.016 525 153 11.8 109.4 0.559
14 3.77 525 190 15.9 105.9 0.605
15 3.77 240 41.7 15.9 109.9 0.592
16 5.278 120 5.8 18 .4 134.8 0.505
17 7454 127 7.9 24.3 132.1 0.574
18 11.31 280 107 37.1 101.3 0.79
19 15.08 150 13.3 35 128.4 0.68
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Table 6-3. (continued)
R¢ R o G Egc
No. wRC () Ry (deg.)  (deg.)  Egp
20 18.85 300 167 46.1 99.5 0.851
21 22.62 157 19.1 41.1 125.5 0.734
22 30.16 340 235 53.1 95.8 0.905
23 37.7 410 244 58.3 98.2 0.919
24 45.24 190 31.6 49.3 122 0.802
25 60.32 120 6.7 33.2 144 0.569
26 754 125 8 35.6 141.8 0.602
27 754 213 47 64 .5 119.1 0.855
28 150.8 150 13.3 42.2 135.9 0.719
29 226.2 290 103.5 63.1 113.9 0.903
30 377 320 156 66.5 111.3 0.970
31 377 185 27 50.6 128.3 0.781
32 603.2 340 236 69.5 108.9 0.941
33 754 405 247 69.8 108.8 0.942
34 754 213 47 56.1 123.2 0.836
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Calculated results.

R¢ R X ( Edc

No. wRC (n) "Ry (deg.) (deg.) Esm
1 0.113 175 1.7 0 175.9 0.201
2 0.188 200 2.5 0 172.4 0.229
3 0.188 400 12.5 0 170.1 0.297
4 0.302 440 18.2 0 164 0.308
5 0.302 220 3.7 0 166.9 0.255
6 0.377 440 22.7 0 160.2 0.315
7 0.377 233 4.3 0 163.3 0.266
8 0.754 520 38.3 0.2 144 0.348
9 0.754 266 7.6 0.2 148 0.315
10 1.508 535 75 3 124 .6 0.428
11 1.885 300 16.7 5.1 124 0.443

12 2.262 560 107 7.4 115 0.5
13 3.016 560 143 11.8 109.5 0.559
14 3.77 560 179 15.9 106 0.604
15 3.77 325 30.8 15.8 111.5 0.586
16 5.278 156 4.5 17.2 139.6 0.466
17 7 .54 160 6.25 22.9 136.3 0.536
18 11.31 368 81.5 36.5 104 .6 0.78
19 15.08 19 10.3 32.9 132.6 0.638
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Table 6-4. (continued)

Re R P e
No. wRC n) R (deg.) (deg.) Esm
20 18.85 400 125 45,7 102.1 0.842
21 22.62 200 15 39.1 129 0.702
22 30.16 420 190 52.9 101.3 . 0.895
23 37.7 450 222 58.1 102.3 0.92
24 45 .24 250 24 46.9 125.5 0.771
25 60.32 156 5.2 29.8 147.6 0.532
26 75 .4 150 6.7  33.3 144 .4 0.568
27 75 .4 266 37.6  52.6 121.7 0.822
28 150.8 188 10.6  39.4 138.4 0.682
29 226.2 468 81.5  61.2 116 0.922
30 377 433 116 64.5 113.7 0.909
31 377 288 22 48.2 130.8 0.831
32 603.2 420 191 68.2 110.4 0.933
33 754 445 225 69.2 109.5 0.939

34 754- 266 37.6 53.7 125.7 0.812
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A (5 Edc
No. wRC (deg.) (deg.) Esm

1 0.113 0 173.5 0.318
2 0.188 0 169.5 0.318
3 0.188 0 169.5 0.318
4 0.302 0 163.2 0.318
5 0.302 0 163.2 0.318
6 0.377 0 159.6 0.32
7 0.377 0 159.6 0.32
8 0.754 0 143 0.34
9 0.754 0 143 0.34
10 1.508 3.8 123.5 0.425
11 1,885 6 118 0.465
12 2.262 8 114.9 0.49
13 3.016 15.2 105.8 0.585
14 3.77 16.5 104.8 0.6
15 3.77 16.5 104.8 0.6
16 5.278 21.8 101.4 0.665
17 7.54 31 97.6 0.73
18 11.31 40 95.1 0.8
19 15.08 45 93.8 0.83
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Table 6-5. (continued)

No. wRC (JZ;.) (dgi.) z:;
20 18.85 49 93.1 0.86
21 22.62 52 92.5 0.885
22 30.16 55 91.9 0.9
23 37.7 60 91.5 0.93
24 45.24 62 91.25 0.9
25 60.32 65 90.95 0.95
26 754 68 90.75 0.96
27 754 68 90.75 0.96
28 150.8 80 90.39 0.97
29 226.2 86 90.25 0.98
30 377 87 90.15 0.99
31 377 87 190.15 0.99
32 603.2 87 90.1 0.999
33 754 89 90.1 0.999

34 754 89 90.1 0.999
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Table 6-6. Experimental data and results.

L Ry, R ibmax  ibmin Eg.

No. (h) (n) (k) (ma) (ma) )
1 8 250 100 5.2 0 325
2 8 250 50 10 0 315
3% 8 250 10 42 17 297
4 8 250 5 72 42 290
5% 8 250 0.4 400 285 130
6 8 250 0.2 500 275 80
7 15 200 100 5.2 0 320
8 15 200 50 10.2 0 319
9 15 200 10 51.5 7 300
10 15 200 5 72 36 282
11 15 200 30 16.5 5.3 315
12 15 200 0.4 500 125 135
13 15 | 200 0.2 630 150 90
14 33 650 100 5 0 325
15 33 650 50 9.5 0 310
16 33 650 10 34 23 290
17 33 650 5 60 43 260
18 33 650 0.5 250 210 92
19 33 650 0.2 275 245 52

%

The oscillograms of the output voltage are shown in
Figo 6-50
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Table 6-~7. Calculated results.

L R Ro Ry Egqc
No. (h) (k) (n) () )
1 8 100 1,000 1,400 321
2 8 50 580 980 318
3 8 10 342 742 302
4 8 5 300 700 286
5 8 0.4 155 555 135
6 8 0.2 147 547 86
7 15 100 1,000 1,350 321
8 15 50 580 930 319
9 15 10 450 800 301
10 15 5 270 620 289
11 15 30 465 815 317
12 15 0.4 157 507 142
13 15 0.2 150 500 100
14 33 100 1,000’ 1,800 320
15 33 50 590 1,390 311
16 33 10 330 1,130 288
17 33 5 320 1,120 258
18 33 0.4 167 97 92.5

19 33 0.2 163 963 55.5
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Table 6-8. Experimental results.
L Ry, C R ibmax  ibmin Egc
No. () (n) (MF) (k) (ma)  (ma) )
1 8 250 200 8 65 28 288
2 8 250 200 5 85 45 278
3 8 250 20 5 80 40 280
4 8 250 200 1 250 170 200
5 8 250 20 1 250 170 197
6 8 250 200 0.4 440 260 122
7% 8 250 20 0.4 420 250 120
8 8 250 200 0.2 520 310 75
9 8 250 20 0.2 520 310 75
10% 33 650 20 35 14 4 320
11 33 650 200 10 46 34 290
12 33 650 20 10 38 26 296
13 33 650 200 5 66 54 270
14 33 650 20 5 64 52 267
15 33 650 200 1 162 158 164
16 33 650 20 1 160 160 166
17 33 650 200 0.4 265 235 90
18 33 650 20 0.4 265 235 20

%

The oscillograms of the output voltage and the tube
current are shown in Fig. 6-7.
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Table 6-9. Calculated results.
L c R R, R¢ Ege
No. (h) (uF) kN-) () () (v)
18 200 8 320 1720 298
2 8 200 5 285 685 285
3 8 20 5 280 680 285
4 8 200 1 180 580 206
5 8 20 1 180 580 206
6 8 200 0.4 200 600 130
7 8 20 0.4 200 600 130
8 8 200 0.2 150 550 85
9 8 20 0.2 150 550 85
10 33 20 35 500 1,300 312
11 33 200 10 270 1,070 294
12 33 20 10 280 1,080 293
13 33 200 5 300 1,100 266.5
14 33 20 5 310 1,110 266
15 33 200 1 200 1,000 163
16 33 20 1 200 1,000 163
17 33 200 0.4 180 980 9%
18 33 20 0.4 180 980 9%
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VII. DISCUSSION

Examination of Figures 3-3 through 3-6 and 3-8 through 3-9
shows that the ignition angle o{, the extinction angle F , the
conduction angle ¥ and the ratio of d-c output voltage to peak
value of the source voltage developed by the high-vacuum diode
rectifier operating with a shunt-capacitor filter system not only
depend upon the load resistance R and the shunt capacitor C, but
also depend upon the equivalent resistance of the tube and the
transformer, R.. Figures 3-5, 3-6, 3-10 and 3-11 indicate that
when all the parameters, except the load resistance, for the
rectifier circuit with a shunt-capacitor filter are held comnstant,
an increase in the load resistance, R, increases the d-c output
voltage and decreases the conduction period of the tube, i. e.,
the conduction angle, thereby reducing the output ripple voltage
and smoothing the wave. Similarly, the change in waveform and
direct output voltage are also affected by an increase in‘the
capacitance C; it is found that the higher the capacitance C
the smaller the output ripple voltage and the greater the direct
output voltage. The effects of the R, on the behavior of the
rectifier circuits are also illustrated by the calculated curves.
It is observed that when Eg and wRC are held constant, the con-
duction angle Y and the direct output voltage decrease as the
value of Ry increases. When the wvalue of Ry is too large to make

the ratio of the load resistance to the resistance of the tube and
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transformer approach infinity, i. e., the ideal rectifier case,
the ratio of the d-c output voltage to the peak source voltage has
a value less than unity and conduction angle ¥ does not become
zero, even though the value of wRC would have been made infinite. It
is apparent that the higher the tube and transformer resistance, the
greater the output ripple voltage. Therefore, when a high output
voltage with good regulation is desired, the tube and transformer
resistance should be made as low as possiblela. On the other hand,
it is a fact that the higher the source resistance, the smaller the
peak tube current, so a high source resistance is desirable when it
is important that the peak current be kept downlé. However, the
smoothing of the output voltage would be somewhat sacrificed.
Examination of Eq. (4-12) shows that an increase in inductance
L or load resistance R decreases the amplitudes of the a-c components
of the output current; therefore the ripple voltage is small. The
tube and transformer resistance also affect the behavior of the
rectifier circuit using a choke-input filter or a series inductor for
smoothing. The presence of Ry in Eq. (4-11) and (5-3) indicates that
the direct output voltage varies as the ratio of Ry to R varies.
When the load resistance is decreases, the ratio of R, to R becomes
appreciably large; therefore the direct output voltage is decreased.
Since a decrease in the load resistance gives a high value of the
direct output current, the direct output voltage decreases as the
direct output current increases. This phenomenon has been proved by

the experimental curve shown in Fig. 6-9. The portion of curve
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plotted by solid line is obtained experimentally and that shown by
dotted line was plotted in accordance with the result of Reference 5.

So far, it could be concluded that the voltage drop across the
tube and source transformer is one of the important characteristics of
a high-vacuum thermionic diode rectifier circuit. Neglecting this
factor can introduce an appreciable error.

After the experiments were made for checking the correctness
of the equations derived in this paper, the comparisons made between
the calculated results and experimental results showed good
agreements if the tube resistance is chosen properly. Also, the
calculated curves of the ratio of the d-c output voltage to the peak
value of the source voltage for both half- and full-wave rectifier
circuit with the shunt capacitor filter type as given in
Figures 3-6 and 3-11 respectively compare very well with the

9 10
experimentally obtained curves as given by Roberts and Schade .
Also, curves in Figures 3-3, 3-4, 3-8 and 3-9 have been checked
closely with those curves presented in Waidelich'slS paper. These
calculated curves permit the solution of the inverse problem to
determine the magnitude of the source voltage necessary to give a
certain average voltage output for a given load.

Three different types of filter circuit have been considered
in this study. Each of them has relative advantages and disadvan-
tages. With the capacitor-input circuit, the direct voltage across
the load may reach a value near the peak value of the source voltage,

while with the series inductor circuit, it is only approximately
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63 per cent of this valueg. In addition, the tube current is
almost smooth in the series inductor circuit, while it has the

form of large pulses of current of short duration in the capacitor
filter circuit8. To avoid the rectifier device being damaged by a
high peak value of the current, a high-vacuum thermionic tube is
desirable to use in this circuit, since the high-vacuum tube will
limit the peak current to a reasonable value. Otherwise series
resistance must be added. Compared with the series inductor filter,
the choke-input filter circuit has a smaller ripple in the output

voltage if the shunt capacitor is large, since a large capacitor

may by-pass the harmonic components of the load current.
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VIII. SUMMARY AND CONCLUSIONS

The single-phase rectifier filter circuits, including the
half- and full-wave rectifiers with a capacitor and full-wave
rectification with either a series inductor or a choke-input filter,
have been analyzed taking into account the voltage drop across the
tube and the transformer. 1In these analyses the high-vacuum
thermionic diode was considered. The voltage-current characteristic
curve of a diode was assumed linear, and the equivalent resistance
of the tube was chosen equal to the reciprocal of the slope of the
diode characteristic curve in the conducting region.

For the capacitive filtering case, the equations expressing
the ignition angle, the egtinction angle, and the ratio of the d-c
output voltage to the peak value of the applied voltage when the
steady state condition is reached have been derived. It was found
that these equations not only depend upon the product of the
angular frequency of the applied voltage and the time constant of
load circuit, but also depend on the ratio of the load resistance to
the equivalent resistance of the tube and the source transformer.
Most of these equations appear to be of a transcendental form, the
solution of which requires either graphical or trial-and-error
method. Both of these require tedious work and are time consuming
with hand computations. However it is easily accomplished today by
the use of an IBM 7040 computer. The calculated curves showing the

variation of the ignition angle, the extinction angle, and the
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ratio of the d-c output voltage to the peak value of the supply-
voltage for half- and full-wave rectifications were plotted with
WRC as abcissa for several different values of the ratio of the load
resistance to the equivalent resistance of tube and transformer.

The equations derived for the direct output voltage of the
rectifier circuit with either the series inductor or the choke-input
filters show that they depend only on the ratio of the load
resistance to the total resistance of the tube, the transformer, and
the inductor.

All the equations mentioned above had been experimentally
verified. It is found that the calculated results checked closely
with the experimental data if the equivalent resistances were
properly chosen.

The effect of circuit parameters on the behavior of
rectifier circuits operated with three types of filters have been
discussed. It becomes evident that the tube and the transformer
resistance of practical circuits appears as an additional
parameter which cannot be neglected in the analysis of the single-
phase rectifier. However, inclusion of this resistance greatly
complicates the analysis.

The method of analysis presented in this paper may be extended
to other types of rectifier circuits. Although the analysis made in
this paper did not take into account all of the possible factors
which may be involved in the practical circuits, nevertheless the

results were presented in convenient form for practical use.
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XII. APPENDICES

Appendix A

The following is the results of the analysis of the
rectifier circuit with capacitive filtering, where the voltage
drop across the tube and the transformer are neglected. The
equations for the angles of and (5 and the d-c output voltage
that are outlined below are copied from the MIT EE Staff book5.

They are given by

p = fai' (- wRC) @

_2n+o-Tar' wRC)
. . RC
Sinf = sin (tad' wRC)-¢ W (2)

E
Egc= = J1+(ch)7~(l~cosy) )
i

2

where

Y=/5—o(
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Appendix B

Fortran Program For Analvzing Half Wave Rectifier With A

Smoothing Capacitor

This Fortran program is applied for obtaining the ignition
“angle of{ , the extinction angle ﬁ , and the ratio of the d-c
output voltage Eg. to the peak value of the source voltage Egp.
Since both the equations for angles o and P appear to be of the
transcendental form, to solve these equations the trial-and-error
method is required. This method may be performed by applying

Newton's formula, which is given by

£ (Xg)

fRXK)

Xesr = Xk~

where f(Xk) represents the transcendental equation to be solved,
and X, is an estimate of the root of the equation. When the
transcendental equation is solved, one may guess a root, Xpes and
substitute it into the above formula to obtain the new root X . .
If X ., does not equal to X or if the difference between them is
larger than a small percentage of value that is expected, let X
equal to X; .y and repreat the calculation until an equality
between X and X7 is obtained.

The Fortran program of our problem is written in such a
manner that first, an arbitrary value of KL 1is guessed (it may be

chosen equal to zero), and substituted it into Eq. (3-25).
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Newton's method is then applied for calculating the angle p .
After the angle G is obtained, then it is substituted into

Eq. (3-22) to obtain the angle of of the next cycle. If the

new value of o does not equal the old one or the difference
between them is larger than a small percentage of the value
expected, substitute this new value of o into Eq. (3-25) again

to calculate another new value of @ . This iterative calculation
is applied repeatedly until the value of o{ equals or differs

from the old one by a small amount. When the angle o remains
constant during successive cycles, the steady staté condition is

reached. The ratio of Eg, to E can then be determined by

sm
Eq. (3-27). The constants read in this program include R, R,

C and w.

c PROGRAM FOR HALF WAVE RC CIRCUIT
READ (5,1) R,RT,C,W
1 FORMAT (4F10.0)
PI=6.28318
ALPHA1=0.
ALPHA=0.
BETA=3.
A=R/RT
B=W*R*C

T=ATAN(B/ (1.4+A))
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S=ATAN(B)
D=1./SQRT(B*B+(1l.+A)*(1.+A))
TS=SIN(T)/SIN(S)
DETERMINATION OF BETA

2 Q=SIN(ALPHAL)-D*A*SIN(ALPHAL-S)
5 Ql=Q¥EXP(- (BETA- ALPHA1)*COS(T)/SIN(T))
H= (TS*SIN(BETA-T+S)-Ql)/ (TS*COS (BETA-T+S)
1  4+Q1*COS(T)/SIN(T))

IF (ABS(H)-0.002) 3,3,4

BETA=BETA-H

GO TO 5

DETERMINATION OF ALPHA

=- (PI+ALPHA- ALPHAL +A%* (BETA- ALPHAL))
X=D*A%*SIN(BETA- T)*EXP (U)+Q*EXP (V)
G=(SIN(ALPHA)-X)/ (COS (ALPHA+X/B)

IF (ABS(G)-0.002) 6,6,7
ALPHA=ALPHA-G

GO TO 3

E=ALPHA- ALPHAl

IF (ABS(E)-0.002) 8,8,9
ALPHA1=ALPHA

GO TO 2
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CALCULATION OF EDC/ESM
8 EDCESM= (COS (ALPHA+S)-COS (BETA+S))/ (PI*COS(S)*(1.+A))
WRITE (6,10) ALPHA,BETA, EDCESM
10 FORMAT (1¥,7H ALPHA=,F10.5,5X,6H BETA=,F10.5,5X%,
1 9H EDC/ESM=,F10.5)
STOP

END



ABSTRACT

The purpose of this study is to analyze single-phase
rectifier circuits taking into account the tube drop and the
resistive loss of the source transformer. Included are the
analyses of rectifier circuits using a shunt capacitor, a series
inductor, and a choke-input filter for smoothing. In these
analyses a high-vacuum thermionic diode is considered and a
linear characteristic of a diode is assumed. The equations for
the direct output current and voltage of each type of circuit
are derived. Also, for the capacitor filtering case, the results
of the analysis in the form of curves showing the angles at which
the tube begins to conduct and ceases to conduct and the ratio
of the direct output voltage to the peak value of the source
voltage as functions of the product of the angular frequency
of the source and the time constant of the circuit for various
values of the load to tube and transformer resistance are given.
Experiments are performed for checking the correctness of the
equations derived.

It is found that the tube and the transformer resistance
of practical circuits appears as an additional parameter which

cannot be neglected in the analysis of the single-phase rectifier.



	btdst0059_ld5655_v855_1966_l511_0001
	btdst0059_ld5655_v855_1966_l511_0002
	btdst0059_ld5655_v855_1966_l511_0003
	btdst0059_ld5655_v855_1966_l511_0004
	btdst0059_ld5655_v855_1966_l511_0005
	btdst0059_ld5655_v855_1966_l511_0006
	btdst0059_ld5655_v855_1966_l511_0007
	btdst0059_ld5655_v855_1966_l511_0008
	btdst0059_ld5655_v855_1966_l511_0009
	btdst0059_ld5655_v855_1966_l511_0010
	btdst0059_ld5655_v855_1966_l511_0011
	btdst0059_ld5655_v855_1966_l511_0012
	btdst0059_ld5655_v855_1966_l511_0013
	btdst0059_ld5655_v855_1966_l511_0014
	btdst0059_ld5655_v855_1966_l511_0015
	btdst0059_ld5655_v855_1966_l511_0016
	btdst0059_ld5655_v855_1966_l511_0017
	btdst0059_ld5655_v855_1966_l511_0018
	btdst0059_ld5655_v855_1966_l511_0019
	btdst0059_ld5655_v855_1966_l511_0020
	btdst0059_ld5655_v855_1966_l511_0021
	btdst0059_ld5655_v855_1966_l511_0022
	btdst0059_ld5655_v855_1966_l511_0023
	btdst0059_ld5655_v855_1966_l511_0024
	btdst0059_ld5655_v855_1966_l511_0025
	btdst0059_ld5655_v855_1966_l511_0026
	btdst0059_ld5655_v855_1966_l511_0027
	btdst0059_ld5655_v855_1966_l511_0028
	btdst0059_ld5655_v855_1966_l511_0029
	btdst0059_ld5655_v855_1966_l511_0030
	btdst0059_ld5655_v855_1966_l511_0031
	btdst0059_ld5655_v855_1966_l511_0032
	btdst0059_ld5655_v855_1966_l511_0033
	btdst0059_ld5655_v855_1966_l511_0034
	btdst0059_ld5655_v855_1966_l511_0035
	btdst0059_ld5655_v855_1966_l511_0036
	btdst0059_ld5655_v855_1966_l511_0037
	btdst0059_ld5655_v855_1966_l511_0038
	btdst0059_ld5655_v855_1966_l511_0039
	btdst0059_ld5655_v855_1966_l511_0040
	btdst0059_ld5655_v855_1966_l511_0041
	btdst0059_ld5655_v855_1966_l511_0042
	btdst0059_ld5655_v855_1966_l511_0043
	btdst0059_ld5655_v855_1966_l511_0044
	btdst0059_ld5655_v855_1966_l511_0045
	btdst0059_ld5655_v855_1966_l511_0046
	btdst0059_ld5655_v855_1966_l511_0047
	btdst0059_ld5655_v855_1966_l511_0048
	btdst0059_ld5655_v855_1966_l511_0049
	btdst0059_ld5655_v855_1966_l511_0050
	btdst0059_ld5655_v855_1966_l511_0051
	btdst0059_ld5655_v855_1966_l511_0052
	btdst0059_ld5655_v855_1966_l511_0053
	btdst0059_ld5655_v855_1966_l511_0054
	btdst0059_ld5655_v855_1966_l511_0055
	btdst0059_ld5655_v855_1966_l511_0056
	btdst0059_ld5655_v855_1966_l511_0057
	btdst0059_ld5655_v855_1966_l511_0058
	btdst0059_ld5655_v855_1966_l511_0059
	btdst0059_ld5655_v855_1966_l511_0060
	btdst0059_ld5655_v855_1966_l511_0061
	btdst0059_ld5655_v855_1966_l511_0062
	btdst0059_ld5655_v855_1966_l511_0063
	btdst0059_ld5655_v855_1966_l511_0064
	btdst0059_ld5655_v855_1966_l511_0065
	btdst0059_ld5655_v855_1966_l511_0066
	btdst0059_ld5655_v855_1966_l511_0067
	btdst0059_ld5655_v855_1966_l511_0068
	btdst0059_ld5655_v855_1966_l511_0069
	btdst0059_ld5655_v855_1966_l511_0070
	btdst0059_ld5655_v855_1966_l511_0071
	btdst0059_ld5655_v855_1966_l511_0072
	btdst0059_ld5655_v855_1966_l511_0073
	btdst0059_ld5655_v855_1966_l511_0074
	btdst0059_ld5655_v855_1966_l511_0075
	btdst0059_ld5655_v855_1966_l511_0076
	btdst0059_ld5655_v855_1966_l511_0077
	btdst0059_ld5655_v855_1966_l511_0078
	btdst0059_ld5655_v855_1966_l511_0079
	btdst0059_ld5655_v855_1966_l511_0080
	btdst0059_ld5655_v855_1966_l511_0081
	btdst0059_ld5655_v855_1966_l511_0082
	btdst0059_ld5655_v855_1966_l511_0083
	btdst0059_ld5655_v855_1966_l511_0084
	btdst0059_ld5655_v855_1966_l511_0085
	btdst0059_ld5655_v855_1966_l511_0086
	btdst0059_ld5655_v855_1966_l511_0087
	btdst0059_ld5655_v855_1966_l511_0088
	btdst0059_ld5655_v855_1966_l511_0089
	btdst0059_ld5655_v855_1966_l511_0090
	btdst0059_ld5655_v855_1966_l511_0091
	btdst0059_ld5655_v855_1966_l511_0092
	btdst0059_ld5655_v855_1966_l511_0093
	btdst0059_ld5655_v855_1966_l511_0094
	btdst0059_ld5655_v855_1966_l511_0095
	btdst0059_ld5655_v855_1966_l511_0096
	btdst0059_ld5655_v855_1966_l511_0097
	btdst0059_ld5655_v855_1966_l511_0098
	btdst0059_ld5655_v855_1966_l511_0099
	btdst0059_ld5655_v855_1966_l511_0100
	btdst0059_ld5655_v855_1966_l511_0101
	btdst0059_ld5655_v855_1966_l511_0102
	btdst0059_ld5655_v855_1966_l511_0103
	btdst0059_ld5655_v855_1966_l511_0104
	btdst0059_ld5655_v855_1966_l511_0105
	btdst0059_ld5655_v855_1966_l511_0106
	btdst0059_ld5655_v855_1966_l511_0107
	btdst0059_ld5655_v855_1966_l511_0108

