386 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 15, NO. 2, MARCH 2000

Analysis of the Influence of Diode Reverse Recovery
on the Operation and Design of High-Frequency
Rectifiers

Lupgo V. Karatinov, Member, IEEEand David C. Hamill Senior Member, IEEE,

Abstract—Diode reverse recovery can cause anomalies in high-
frequency rectifier operation, including self-sustaining quasiperi-
odic oscillations. The output voltage can increase considerably be-
yond that predicted by the usual analysis. This nonlinear effect is
analyzed using a recently developed piecewise-linear diode model.
The theoretical results agree with experimental measurements. De-
sign guidelines are presented to avoid overvoltage and instability in
practical converters.

Index Terms—Design constraints, DH phenomenon, diodes, i S ] ]
nonlinear dynamics, rectification, reverse recovery, series-reso- Fig9- 1. Class D bridge rectifier with inductive drive.
nant converters.

switches as models for the semiconductor devices. For resonant
|. INTRODUCTION converters, to further simplify the analysis and design, the

. fundamental- component method is frequently used [3], [5].
R EC.EN.T YEARS ha_ve seen a push toward ever hlgh%‘rhis gives good results when the load@dfactor is high and
switching frequencies, with the aim of reducing th

volume and mass of power converters. At high frequenci%he switching frequency is close to the resonant frequency.

) . . . wever, such an analysis cannot predict all effects, some of
unavoidable parasitic capacitances and inductances domin

o . ) . Which can cause the practical circuit to exhibit unexpected and
the circuit action, leading to unacceptable switching loss an . .
S{Jmetlmes strange behavior.

inefficiency. The question naturally arises: Do the inheren In thi d with the oh fi
limitations of practical components and parasitic elements N thiS paper we are concernec wi € phenomenon of In-

impose an upper limit on the usable switching frequency? eased output voltage in a high-frequency bridge rectifier fed

attempting an answer, much attention has been paid to reso élnﬁn |r;duct|ve stoufrce, as shown in F'tg' 1_;:1 IS rgch{g (or
and quasiresonant converter topologies; to the switching milar) forms part of many power converters. The inductaiace

vices and their drive circuits; and to transformers and inductof&” be introduced intentionally, or it can come from leakage and

To date. however. little work has been done to establish tﬁgay inductances. In particular, it forms an essential part of the

effect of nonideal rectifier diodes, which play an essential rofe ries-resonant converter, Fig. 2, where this effect was first no-

in power converters, especially those with a dc output. Oﬁ'ge? [?] Anz;lyzmg thsse gfpveg?rstﬁssur?m? |d|e al Zx\wtches,
reason may be the inherent nonlinearity of diodes, which givgépd'_c' etqut?] lons can t_eo e;Lne ct)r te OE pu \_/O@(@ C-I
rise to intractable equations, precluding helpful analysis. cording 1o these equations, the oulput voltage IS always lower

In this paper we investigate the interaction between inteW—an thte mpu_ihdrlvetv_o Itage \'/tD (31, [5],'[ However, 'E pre;(r:]tlcal
tional or parasitic inductance and the reverse recovery of nQ Verters with certain circult parameters, €.g., when he rec-

ideal diodes, an essentially nonlinear process. We find anonﬁgr cireuit empd)loysblslc()jw F’OtV.V” df|ode_sdor lhas I'gtht loading,
lous behavior which causes significant output overvoltage a re are considerable deviations from ideal operation.

quasiperiodic oscillations These deviations are clearly depicted in Fig. 3, which
PWM and resonant switching converters operating at hi%ﬁmws how the measured output voltage depends on the drive

switching frequencies have complex voltage and curre pauency. Fig. 3 uses the series-resonant converter model of

waveforms. This necessitates the use of many approximatidig: 4 With the following parametersuy, is a square-wave
nerator with high and low voltage levelsV, = 45V,

in their analysis [1]-[5]. The most common is the use of ide&F \ :
L = 942 mH, Cr = 23.2 nF, four diodes MR752 with

storage delay timé,; = 5us (or minority carriers lifetime

Manuscript received July 14, 1998; revised August 2, 1999. Recommended_ 7 o ps), Cr, = 61.5 nF and loadR;, = 10 k2. Above the
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Fig. 2. Series-resonant converter (SRC).
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Fig. 3. Measured deviations from ideal operation of the SRC. The output voltage is considerably higher than that predicted by analysis. From fize-41 kHz
output voltage oscillates between two levels.

These diodes were selected to permit a conveniently low te:
frequency. One would not normally use such slow diodes in ¢ L
practical converter; however, it will be shown that the results ’
are scalable. Thus if the component values are suitably altere ©
for higher frequency operation, the same overvoltage peak i
expected to appear at 450 kHz with 500 ns diodes (“fast re "|'
covery”), and at 4.5 MHz with 50 ns diodes (“ultra-fast re- ]
covery”).

This oscillation was first described by Deane and Hamikig. 4. Model of the series-resonant converter.
[6] and was subsequently named tBél phenomenor{8],
[9]. Fig. 5 shows the bridge rectifier's input voltage. Thiemple, computer simulations of the DH phenomenon [7], [9]
square-wave voltage appears amplitude-modulated at a &hew that it depends only slightly on the capacitafigein the
quency apparently unrelated to the switching frequensgries resonant circuit. Even (g is absent, i.e., if we have
(quasiperiodicity). The output voltage follows the envelopthe circuit of Fig. 1, the phenomenon is present in the circuit
of the bridge voltage and thus has the same modulation. Thigh its full complexity, as shown in Fig. 6. The only difference
might cause the converter to malfunction, especially if it enteisthat the voltage dependence on frequency is flat below reso-
a control loop. nance. Deane and Hamill [6] found that this behavior is caused

The above behavior is quite robust: it exists for a wide randpy the diodes’ nonlinear transient characteristics, e.g., reverse
of circuit parameters and with different diode types. For execovery. Similar effects occur frequently in practice, but they
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Fig. 5. DH phenomenon in series-
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PSpice and SABER contain elaborate models of diodes that
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In this paper we analyze the influence of reverse recoveaye good for simulation, but are too complex for mathematical

on the operation of bridge rectifiers, and determine design camalysis. Recently, however, a suitable piecewise-linear (PWL)
that is not only simple enough to allow analysis but is also atances, a linear resistance, and an ideal switch, whose state de-

straints to prevent these effects. Until recently, the main obstadiede model has been developed [8]. This model, used in our
to analysis has been the lack of an appropriate diode model: amalysis, is shown in Fig. 7. It comprises two linear capaci-

are rarely reported in the literature and, to the best of our knowedrate enough to reveal the observed phenomena. For example,

Fig. 6. Measured output voltage dependence on the drive frequency in the circuit of Fig. 1.
edge, no analysis has been presented to date.
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pends on the anode—cathode voltage. The PWL model is capable — in(®
of modeling, to first order, transient effects such as reverse re- )
covery. vp>0 /% Vp<0
In Section Il we analyze a bridge rectifier fed from an induc- |
Cr Cr

tive source, assuming ideal diodes. This provides a baseline for

the more detailed analysis of Section Ill, which employs a diode Rp

model with reverse recovery. The resulting nonlinear equations

are solved numerically, and the results are presented as normal- K

ized graphs in Section IV. We end with a discussion of design

issues in Section V and draw some conclusions in Section V1. , , - _ _

. . . Fig. 7. Simplest PWL diode model exhibiting transient behavior.

It turns out that there are two important nondimensional pa-

rameters. First we havd = 7R /L, which expresses the

diodes’ minority carrier recombination timeas a multiple of

vp(?)

the circuit’'sL/ Ry, time constant. Anomalous phenomena occur P viH)

when A exceeds unity: this can always happer®if is made >t
large enough. Second is the normalized switching pefipd= -V, T2

T /7, wherel is actual switching period. Because these two pa- i

rametersd andT;, are dimensionless, it can be deduced that the i i) Lx

effects seen at low frequencies with slow diodes will also appea | /\ .

at high frequencies with fast diodes. \/

t
Il. IDEAL OPERATION 5
]

. . . . +V,+V,
For comparison purposes, we first analyze ideal operationc =~ ° %/ -

the rectifier in Fig. 1. The filter capacitar’;, at the output is +% Vi)

assumed to be very large, as normal in applications requirin ; VAT, >t

a nearly constant instantaneous output voltagex V. The - T

drive voltagev, is a square wave with amplitudeV and pe- e 12 ~V,-V,

riod 7. The diodes are modeled initially as ideal switches which

turn on and off instantaneously. Fig. 8. ldeal operation of the rectifier in Fig. 1: drive, inductor current and

Inductor currenti;, and voltagevy waveforms are shown inductor voltage waveforms.
in Fig. 8. Under steady-state conditions, these waveforms

are symmetrical with respect to zero and have equal peakation (1) shows that at a given inductance vdluthe nor-
values/rvax| = [rmin| (i€, aread is equal to ared).  ajized output voltage depends on the drive frequenc)(L/
This gives and the loadR;,. Figs. 9 and 10 show a family of curves for
a range of parameter = 4L/Ry. Fig. 9 shows that output
Vb + Vo Vp—Vo [T voltage is never greater th&},. Each curve has a value eten
L = L < ) times larger than the adjacent curve, shifting it a decade higher
in frequency. This is obvious from the equation as well.
This equation has two unknowng, and7; . Time intervall; is Fig. 10 shows that the pulses’ delay tiffieis nearly constant
the time needed for the curreit to drop to zero and is also thefor low frequencies, and is equal to the circuit time constant
delay time of the bridge pulses. The second equation needed#pr= L/R; . At high frequencies]; decreases and approaches
determining these unknowns is obtained from the output stag.
of the converter

I1l. OPERATION INCLUDING DIODE REVERSERECOVERY

I max
Vo=Ry-lo =Ry — Next we analyze the circuit again, under the same assump-
Vi + Vo tions as the ideal case but employing the PWL diode model of
wherelryax = —F— - Ti. Fig. 7 instead of ideal diodes. Fig. 11 shows a model of the

converter withD; and D3 conducting. The diode forward volt-
After some algebra, we obtain the following expressionsdn agessp; andvps are neglected in comparison with other circuit
andT;: voltagesvp, vy, andVy. As expected, the voltage and current
waveforms (Fig. 12) show that the diodes do not switch off when
3 the inductor current becomes negativeé at 7;. They conduct
Yo _ AL < 4L ) +1 (1) foranadditional intervah 7" needed for stored excess minority
Vb R.T R.T charge carriers to be removed from the diode (reverse recovery).
2L Vo/Vp @) The delay time of the bridge pulses is now equal to the period
T Rp ' Vo/Vp+1 T, = 17 + AT. To determine the steady-state output voltage,

i
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Fig. 9. Output voltage dependence on frequency for a wide range of parametdrL/ 12 ; .
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Fig. 10. Dependence on frequency of bridge pulses’ delay Timdor a wide range of parameter= 4L/R ;.

we need a system of three equations with three unknowns: ways positive. But now the negative part, areglowers the av-

therVy, 11, andAT, or Vo, 15, andAT. erage output current value. By equating the energy drawn from
the drive source to that delivered to the load, we see that the
A. Qualitative Description output voltage must be higher with reverse recovery than in the

ideal case (assuming the same drive frequency).
During the intervaAT’, negative current, flows throughthe A rough comparison can be made by looking at the shaded
output, discharging’;, [see areals in Fig. 12(e)]. In the ideal areas under the current waveforms of Fig. 12(b) and (e). Average
case discussed in the Section II, the output curignvas al- drive current during one half-cyclépyair—cyce) @and output
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Fig. 13. Conducting diodes are driven by a linearly changing current source.

11, 1o is less than p (yair—cycle) @NdVo > V. This explains
the effect, perhaps surprising at first encounter, that diode re-
verse recovery increases the output voltage.

vi(t)

B. Quantitative Analysis

— Unlike the ideal case, here, three equations are needed to de-
termine the three unknowns in the steady state. The first two
equations can be obtained in a similar manner as before. First,
the symmetry of the waveforms about the time axis (see Fig. 12)
makegiy, | atthe end of each half-cycle equal (which also makes

>t  areasd andB equal)

V Ve Vp — V¢ T
T, = %.Aﬂ%.(a 7 _AT)

Vb +Vo

L
\ or
> [

@.(TQ_Q.AT):@.<Z_TQ>_ ()

‘: The output stage gives the second equation

E)/‘\ / Vo=Rr-Io
f) —:r : >t

> where the curreni, can be obtained by averaging the diodes’

currentzp
Fig. 12. Operation including diode reverse recovery (case Whers lower T/2
than Vp): (a) drive voltage, (b) inductor current, (c) inductor voltage, (d) _ 1 indr
bridge voltage, (e) diodes’ and output current, and (f) charge on diode-model© — T/2 o D

capacitance& .

1 [ Vpt+V Vp + Ve
/ <_ D+ o, D+ OT1>d7'
0

currentl, are proportional to the sum of the corresponding T/2 /2 L L
shaded areadp (jair—cycte) = 1/T(A; — Az + Az) andlp = +/ <VD —Vo
1/T(A; + Ay — Az). Currentl is larger than p a1 cycte) if L
A1+ Ay — Az > Ay — Ao + Ag, i.e., if Ay > As.

Since these two areas are similar right-angled trianglgs,
will be greater tham; if T} is greater thant\T. WhenAT = Io = Vo+ Vo ' I <Z 3 2AT>

Vo + Vo

(T—T2)+ L

AT) dr.
13

Solving the integrals and using (3) we obtain

T1, the two currents are the same, arg = Vp; whenAT > L T \ 2
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Fig. 15. Dependence of the normalized diode reverse-recoveryAitran the normalized drive peridd,, .

or SubstitutingAT in (4) and rearranging yields
Vp+Vo Th (T
VO:RL-¥-TQ<5—2AT>. (4) Vo _, R T (T ©)
Vo L T \2 )

Equations (3) and (4) can be transformed to obtain explicit re- ) o ]
lations forV,, andAT. From (3) we have The third equation is found from the diode reverse recovery.

Since our simple PWL diode model contains only linear ca-
1 T Vo —Vo pacitances and a linear resistance (in contrast to exponentially
A== I — | = -1y ) ——]|. (5) ; ; : s i
2 2 Vo + Vo nonlinear ones in real diodes), the analysis involves only a
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Fig. 17. Dependence of the normalized time intetyabn the normalized drive peridfi, .

simple RC circuit. The junction capacitances of the noncorshown in Fig. 12(e) and (f): the first lasts f6i/2 — 75, when
ducting diodes are neglected, since they pass only a snidil,/dt| = (Vi — Vio)/L; the second lasts fofs, when
current. The converter model comprises thiB€' circuits |diy,/dt| = (Vp + Vo)/L.

driven by a current source (inductor current), which changes

linearly with time. Diode reverse recovery is determined bg. Interval |

the charging and discharging @y, so we must analyze The diode is switched on at the beginning of the first interval
the RpCp circuit of Fig. 13. Two intervals are involved, when (. is empty. For a period’/2 — T; the RpCp circuit
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T/2 —1T5), the charge o€’y is

passes the inductor current, and the instantaneous value ofAhéhe end of this interval(

chargegor onCr is

[(VD - V())T - (VD + Vo)AT]

L_
= -

Qcri

lacr(0F) — qorp(01)] exp(—t/7) + qorp(t)

qcr(t)

) /<] + - o)
Ty — T> + (Vp + Vo)AT.

[ (2

Now, following the same procedure and usipgr(01) =

whereqor(01) = 0 is the initial charge immediately after the
start of the intervalt = 0), 7 = Cr R is the diode model time

(7a)

T
2

constant (representing excess minority charge carrier recombi-
nation time) andyc g p is the particular solution of R cir-

cuit differential equation
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Fig. 19 Normalized drive period at maximum output voltage dependence on paraineterR2; /L.

The system of (5)—(7) can be normalized with respect to the = 100 uH, Ry, = 764, since these new parameters give
drive voltagelp and the diodes’ excess minority carrier reconmthe samed = 7.64. The maximum would then be at 7.2 times

bination lifetimer (equal toR»CF in the PWL diode model)

Ry, 2t (T,
v=T T T—n<?—t2> (8)
At:%-[tr(%—w) L_rﬂ 9)
0=
[B—(14+v)(ta — At+1)] exp(—t2) — (1 +v)(At —1)
(10a)
where

B=[1-v)—(14+v)At] exp <—% —i—tg) +(1—w)

. <% —ty — 1) + (14 v)At. (10b)

higher frequencyf = 310 kHz, sincer is that much smaller.

IV. NUMERICAL SOLUTION

The nonlinear system of equations can be solved numerically,
using the Newton—Raphson method (or similar). The results are
shown in Figs. 14-17.

Fig. 14 shows how the normalized output voltage depends
on the normalized drive period. Unlike the ideal case in Fig. 9,
where the normalized output voltage is always less than unity
and decays monotonically with rising frequency, here, at higher
A values, it becomes greater than unity, increases to a max-
imum, then decays more steeply toward zero. This agrees with
the deviations noticed in practical converters, described above.
The maximum value of the output voltage, and the frequency at
which it occurs, depend on the parameterThese functions,
vmax = f(4) andfy max = f(A), can be determined by cal-

The normalized equations show that, out of eight circudulatingév/6A4 and are shown in Figs. 18 and 19.
and diode parameters, only three qualitatively determine itsThe numerical results are verified by comparison with exper-
behavior: inductancé, load resistancé;,, and diode excess imental measurements. The experimental dependence shown in
minority charge carrier recombination time All three appear Fig. 6 was obtained for circuit parameters that give= 7.64,
only in the first equation, forming a constant that can bend measurements give= 12.24/5 = 2.45 andT,, = 1/(43
denoted by a parametet = 7Ry, /L. This explains why the kHz - 7.2 us) = 3.23. The numerical results of Figs. 18 and 19
phenomenon can be observed experimentally even when fasthe samed agree welly = 2.5 and7;,, = 2.7. This validates
diodes are used. if is small, the phenomenon appears at largbe simplifications made in the analysis.
Ry, and/or smalll.. It appears at higher frequencies, since the As further validation, we compare the theoretical predictions

drive period in equations is normalized by For example,

Fig. 6 was measured fat = 9.42 mH, Ry, 10 k2 and

with the experimental results of the dependence of the output
voltageV, onthe loadRky,. Fig. 20 was produced using the same

T = 7.2u8, givingA = 7.64, and the maximum output voltagecircuit parameters as for Figs. 3 anddy; = £Vp = 15V,
occurred atf = 43 kHz. Our model predicts a similar graphL = 9.42 mH, C;, = 61.5 nF, and a constant operating fre-

and behavior with faster diodes having = 1 s but with

quencyf = 27 kHz (" = 37 us). For ideal operation, i.e.,
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Fig. 20. Dependence of the output voltage on the loadR . : (a) ideal operation, (b) theoretical predictions for diodes witk 7.2 i1, and (c) experimental
results with diodes MR 752.

in® tive (see Fig. 17) for certain frequencies. This interval occurs at
I ] frequencies below those giving maximum output voltage, and
F | di/dt ) .
P ¢ coincides with the appearance of the DH phenomenon. The two
— seem to be closely linked, and their connection will be presented
in the future paper.
IRM

V. DESIGN CONSIDERATIONS

The parameter is an important quantity in the PWL diode
Fig. 21. Typical diode reverse recovery waveform during inductive curremhodel, but it is not generally given in device data sheets. How-
switching off. ever, it can be calculated from the reverse recovery information
usually given. Fig. 21 shows a typical reverse recovery wave-
using ideal diode model which includes no charge storage &rm and defines the quantitids-, dip/d¢t, andt,. It can be
fects, curve (a) remains beloW, = 5 V for all loads. For shown that, if the negative diode current increases at a higher
diodes withT = 7.2 us (which gives a reverse recovery of Sate so that charge removal is accomplished before substantial
1S), theoretical predictions give curve (b), and curve (c) preseméeombination can occur [2] (the usual case reflected in diode
experimental results with diodes MR 752. As the load residata sheets published by most manufacturers)
tance increases, the output voltage becomes higherithaat
Ry, = 2050 on the theoretical nonideal curve (b) and at 2120 20pT |dip/dt|
2 on the experimental curve (c). The curve (b) peaks to a value ta ™ |dip/dt| or T= 2l ta
of 7.8 V atR;, = 4330, while the curve (c) has a peak of 9.17
V at 5000¢2. The experimental results are in good agreementl|f the temperature is increased, the reverse recovery of silicon
with the theoretical predictions, made using a very simple dioékei-N diodes is significantly degraded due to increased minority
model. At load resistance higher than 530@he experiments carrier charge storage effects. On the contrary, GaAs Schottky
show that output voltage oscillates between two levels depictesttifiers have reduced reverse recovery at elevated temperature
by two lines in Fig. 20: the DH phenomenon. The steady stgte]].
analysis presented here cannot describe this effect; it has a dyFigs. 14 and 18 show that the output voltage becomes
namic nature and is planned to be investigated in a future pagegher than the drive voltagép, only whenA becomes greater
Figs. 15-17, respectively show the dependence of the nornthlan unity (approximately). This overvoltage can be several
ized diode reverse recovery tinf, the bridge pulse delag, times higher thavy, at higherA values, i.e., at light loads or
andt¢; on the normalized drive peridt},. These dependencieswith slow diodes, and might destroy output filter capacitors,
are nonmonotonic. Moreover, sinég cannot increase further usually designed foV, < Vp. To avoid overvoltages and
than(7/2)/= when At increases witi, t; becomes nega- strange behavior, the series-resonant converter and high-fre-
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Fig. 23. Dependence of the normalized output voltage the normalized drive peridd,, .

quency rectifiers should be designed so that even in the woFd. 22 shows the measured dependence of the output voltage on

case, i.e., at lightest loads, the conditidn= 7R, /L < 1is

satisfied, givingL/Ryp nax > 7.

frequency for decreasefd;, values giving4A = 1.6, 1.0, 0.63,

and 0.40. These curves agree well with the theoretical predic-

For example, the parameters used for Figs. 6 and 20 give tlans form Fig. 14 and validate the above consideration.

circuit time constanf./ Ry,

If the circuit parameters are given, Fig. 14 and the above re-
lation can be used to determine the maximum switching fre-

9.42 MH/10 K2 = 0.942 s, the

diode time constant = 7.2 us andA = 7.2/0.942 = 7.64.

quency above which the output voltage decreases below allow-

To makeA less than unity we need to increabg¢R;,, by de-

creasingRy, increasingl, or adjusting both simultaneously.able limits, e.g., by 10% or less. (For this purpose, the voltage
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axis of Fig. 23 employs a log scale for improved legibility.) On [4] J. G. Kassakian, M. F. Schlecht, and G. C. VerghBsimciples of Power
the other hand, if the switching frequency is known, Fig. 23 _ Electronics Reading, MA: Addison-Wesley, 1991.

. h L mA val for th iterion. Hence the [5] R. L. Steigerwald, “A comparison of half-bridge resonant converter
gives the minimu ‘value 1or the same criterion. [ _ topologies,”|EEE Trans. Power Electronvol. 3, pp. 174-182, Apr.
maximum allowable inductance at the input of the bridge recti-  1988.
fiers can be determined. This condition should be met even forl6] J. H. B. Deane and D. C. Hamill, “Instability, subharmonics, and chaos

. o in power electronic systemslEEE Trans. Power Electronvol. 5, pp.
the worse case, i.e., for the minimum valuelof. 260-268, July 1990.
The above relation is also useful for the series-resonan{7] L. V. Karadzinov, G. L. Arsov, and L. Kocarev, “Amplitude modula-
converter, since at high frequencies its behavior is similar (see ~ fion phenomenon in series-resonant converters Pioc. 4th Theme

. . . ETAI Symp. Int. ParticipationOhrid, Macedonia, Sept. 27-29, 1993,
Figs. 3 and 6).The relation should be added to the design rules ;" 33734’
for series-resonant converters [3, p. 405] and is a further reasors] L. V. Karadzinov, D. J. Jefferies, G. L. Arsov, and J. H. B. Deane,
for adding a preload at the output. Also, the correct frequency “Simple piecewise-linear diode model for transient behaviont’ J.

f lati h | be d ined f Electron, vol. 78, no. 1, pp. 143-160, 1995.
range for regulating the output voltage can be determined foNYg G L. Arsov and L. V. Karadzinov, “Influence of the circuit parameters
Fig. 23. on the DH phenomenon,” iRroc. 8th Symp. Power Electron.—Ee;95
Novi Sad, Yugoslavia, Sept. 27-29, 1995, pp. 253-258.
[10] C. R. Winterhalter, S. Pendharkar, and K. Shenai, “Modeling and
VI. CONCLUSION characterization of reverse recovery performance of high-power GaAs

. . . Schottky and silicon P-i-N rectifiers,” iRroc. 26th Annu. IEEE Power
Diode reverse recovery affects the operation of high-fre-  Electron. Spec. Conf.—PESC!980l. 2, Atlanta, GA, June 18-22,

guency rectifiers. The deviations from ideal operation can 1995, pp. 847-850.
produce substantial overvoltages and quasiperiodic oscillation,
open-loop. The equations derived clearly show that the phe-
nomena depend oA = 7Ry /L, i.e., on only three out of eight
circuit parameters. These are
1) diode excess minority charge carrier recombination ti
7 (which can be derived from data-sheet information);
2) converter load resistandey;
3) source inductance.

Comparison with experimental measurements shows clc
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