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

Lupco V. Karadzinov David C. Hamill
Faculty of Electrical Engineering, Surrey Space Centre, University of Surrey,
St. Cyril and Methodius University, Guildford, Surrey GU2 5XH, England,
Karpos Il b.b., P.O.Box 574, 91000 Skopje, Macedonia, tel.+44 1483 300800, fax +44 1483 534139,
tel. +389 91 363566, fax +389 91 364262, e-mail: D.Hamill@surrey.ac.uk

e-mail: L.Karadzinov@gee.org

Abstract —Diode reverse recovery can cause anomalies inand stray inductances. In particular, it forms anessential part of
high-frequency rectifier operation, including self-sustaining the series-resonant converter, Fig. 2, where this effect was
quasiperiodic oscillations. The output voltage can increase first noticed [6]. Analysing these converters using ideal
considerably beyond that predicted by the usual analysis. SWwitches, explicit equations can be obtained for the output
This nonlinear effect is analysed using a recently developed VoltageVo. According to these equations, the output voltage is
piecewise-linear diode model. The theoretical results are @lways lower than the input drive voltage [3, 5]. However, in
confirmed by experiment. Design guidelines are presented practical converters with certain circuit parameters, e.g. when

to avoid overvoltage and instaliity in practical converters.  the rectifier circuit employs slow power diodes or has light
loading, there are considerable deviations from ideal opera-

tion.

1. INTR_OD_UCTION i . These deviations are clearly depicted in Fig. 3, which
PWM and resonant switching converters operating at highoyys how the measured output voltage depends on the drive
switching frequencies have complex voltage and currepbquency. Fig. 3 uses the series-resonant converter model of
waveforms. This necessitates the use of many approxmathﬂ@_ 4 with the following parameter¥opipx = 10 V, L = 9.42

in their analysis [1-4]. The most common is the use of idegjy ¢ = 23.2 nF, four diodes MR752 with storage delay time
switches as models for the semiconductor devices. For respo-

nant converters, to further simplify the analysis and design, the J % o *
T, i

fundamental-component method is frequently used [3, 5]. This
gives good results when the load@dfactor is high and the —-—c
switching frequency is close to the resonant frequency. Hoyy- LR Ca = §RL
ever, such an analysis cannot predict all effects, some of whiéh

can cause the practical circuit to exhibit unexpected and some- / —_

times strange behaviour. =|= ¢ | D- f

In this paper we are concerned with the phenomenon of -
creased output voltage in a high-frequency bridge rectifier fed Fig. 2. Series-resonant converter (SRC)
by an inductive source, as shown in Fig. 1. This rectifier (or ,,
similar) forms part of many power converters. The inductance
can be introduced intentionally, or it can come from leakage
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Fig. 3. Measured deviations from ideal operation of the SRC. The output voltage
is considerably higher then that predicted by analysis. From 14 kHz to 41 kHz, the
Fig. 1. Class D bridge rectifier with inductive drive output voltage oscillates between two levels.

0-7803-4343-3/98/$10.00 (c) 1998 IEEE



14

C 12

10

CL Ry

=

Fig. 4. Model of the series-resonant converter

tsa=5us (T = 7.2ps), C. = 61.5 nF and loat&k. = 10 K.
Above the resonant frequenigy= 10.766 kHz, the output volt-
age rises. At 45 kHz it reaches its maximum: 2.4 times that
predicted by analysisVppkp2. At frequencies below the 5 ' ' o L S
maximum, the output voltage oscillates between two levels, 1 1000 e requency (Ha) 10000
depicted by two lines in Fig. 3. Fig. 6. Measured output vottage dependence on the drive frequency in the circuit

This oscillation was first described by Deane and Hamill of Fig. 1
[6] and was subsequently named Bid phenomenoifi8, 9]. obstacle to analysis has been the lack of an appropriate diode
Fig. 5 shows the bridge rectifier's input voltage. This squarenodel: one that is not only simple enough to allow analysis but
wave voltage appears amplitude-modulated at a frequensyalso accurate engh to reveal the observed phenomena.
apparently unrelated to the switching frequency (quasRecently, however, a suitable piecewise-linear (PWL) diode
periodicity). The output voltage follows the envelope of thenodel has been developed [8]. This model, used in our analy-
bridge voltage and thus has the same modulation. This migi¥, is shown in Fig. 7. It comprises two linear capacitances, a
cause the converter to malfunction, especially if it enterslimear resistance, and an ideal switch, whose state depends on
control loop. the anode—cathode voltage. The PWL model is capable of

The above behavior is quite robust: it exists for a Wid@odeling, to first order, transient effects such as reverse re-
range of circuit parameters and with different diode types. FGPVery:
example, c;omputer simulatiqns of the DH phen.ome'non [7, 9] 2 IDEAL OPERATION
show that it depends only slightly on the capacita®da the . , ) ,
series resonant circuit. Evendfis absent, i.e. if we have the FOr comparison purposes, we first analyse ideal operation
circuit of Fig. 1, the phenomenon is present in the circuit wiff the rectifier in Fig. 1. The filter capacitay. at the output is
its full complexity, as shown in Fig. 6. The only difference i¢SSUmed to be very large, as normal in applications requiring a
that the voltage dependence on frequency is flat below ref§arly constant instantaneous output voltage=Vo. The
nance. Deane and Hamill [6] found that this behaviour @five voltagevp is a square wave with amplitudeVo and
caused by the diodes’ nonlinear transient characteristics, d?gfiodT. The diodes are modelled initially as ideal switches
reverse recovery. Similar effects occur frequently in practicé/nich turn on and off instantaneously.
but they are rarely reported in the literature and, to the best ofngyctor curreni, and voltagen. waveforms are shown in
our knowledge, no analysis has been presented to date.  Fig. 8. Under steady-state conditions, these waveforms are

In this paper we analyse the influence of reverse recovetymmetrical with respect to zero and have equal peak values
on the operation of bridge rectifiers, and determine desidjmaxl = [l (i.e. areais equal to areB). This gives:
constraints to prevent these effects. Until recently, the main VotVo r _ Vo~ Vo

=

L L %_Tl%

output voltage (V)
o]

10 . .
P ] F f This equation has two unknowns; andT.. The second equa-
) o il tion needed for determining these unknowns is obtained from

st H the output stage of the converter:
s —> ip(Y)
p | A
£ ol I | 1|1
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Fig. 5. DH phenomenon in series-resonant converter: casef whgnkHz Fig.7. Simplest PWL diode model exhibiting transient behavior.
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Fig. 8. Ideal operation of the rectifier in Fig. 1: stant 7. = L/R.. At high frequencies]: decreases and ap-
drive, inductor current and voltage waveforms proaches’l’/ 4
Vo=R Oy=R, ELS
2 3. OPERATION INCLUDING DIODE REVERSE
+
where iaax = Vo +Vo T, RECOVERY

Next we analyse the circuit again, under the same assump-
After some algebra, we obtain the following expressionéin tions as the ideal case but employing the PWL diode model of

and T Fig. 7 instead of ideal diodes. Fig. 11 shows a model of the
V. AL OaL o converter wittD: andDs conducting. The diode forward volt-
2 =———+ [0 +1 (1) agesvp: andvps are neglected in comparison with other circuit
Vo RT JURTU voltagesvp, V. andVo. As expected, the voltage and current
T _2L Vo IVp (2) waveforms (Fig. 12) show that the diodes do not switch off
TR Vo /Vp +1 when the inductor current becomes negativé atT:. They

Equation (1) shows that at a given inductance value, tﬁ(g‘gnduct for an additional intervdll needed for stored excess

normalized output voltage depends on the drive frequen@1Inorlty charge carriers to be removed from the diode (re-

(1/T) and the load. Figs. 9 and 10 show a family of curves foF > recovery). The delay time of the bridge pulses is now

a range of parameter= 4L/R.. Fig. 9 shows that output volt- equal to the total diode conduction peridd= T, + AT. To
age is never greater thd. Each curve has a value aften determine the steady-state output voltage, we need a system of

times larger than the adjacent curve, shifting it a decade higii@ie€ equations with three unknowns: eitter T, andAT, or
in frequency. This is obvious from the equation as well. Vo, T2 andAT.

Fig. 10 shows that the pulses’ delay tifneis nearly con- A Qualitative Analysis

stant for low frequencies, and is equal to the circuit time con-
1

During the intervalAT, negative currerib flows through the
output, dischargin§. (see areds in Fig. 12(e)). In the ideal
case discussed in the Section 2, the output cug@rds
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Fig. 9. Output voltage dependence on frequency for a wide range of _ ) )
parametes = 4L/R. Fig. 11. Converter model wifh; andDs conducting
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vo(t) B. Quantitative Analysis
a) t Unlike the ideal case, here, three equations are needed to
Vo T2 determine the three unknowns in the steady state. The first two
| i equations can be obtained in a similar manner as before. First,
! (1) (o the symmetry of the waveforms about the time axis (see Fig.
! =] 12) makesi||| at the end of each half-cycle equal:
b) E — t _
\\i/i E i \\/ VD+VO m-:l_:VD+VO mT+VD VO@_T:L_AT%
. P ! L L L 2
i oY) | i i or Vo *Vo [GTZ—ZmT):VD_VO E@_TZ% (3)
i N ! ; L L 2
i - i The output stage gives the second equation:
0 — A Vo] t Vo = R Uo
‘—1*—)5 where the current can be obtained by averaging the diodes’
! | T o VoV currentip;
I T2 i /2 T
i | | | 1 . 1 QVD +Vo Vp *Vo Qﬂ
I | I | = — T = T + T +
+V_| | 1 Vierince(t) i lo T/2 _['Dd T/ 2_[ L L Ty
d) ! t T2
! _Vo VD +Vo Qj
Vo + D -T,)+
v 7 : : { PL (T T2) i AT[HT
'/:\: AT ' Solving the integrals and using (3) we obtain:
N_io(t) | /\
112 ! Vo +Vo T
e) : ' t | :Mgigl_ MTQ
! 3 ° L T2
™ | :l 1 \ I \
< Vo T
; D.andD, | D.andD: | or Vo = R EIVDTOBTi%—zAT@ (4)
i i qeroc(t) i i Equations (3) and (4) can be transformed to obtain explicit
EQ“i | 5/ relations fon/o andAT. From (3) we have:
S = ’ t

f) — 1.0 -Vo U
_ N _ AT:—M—QI—TZ%D >0 (5)
Fig. 12. Operation including diode reverse recovery (case Whisriower than 2 0 2 b TVo O
Vp): (a) drive voltage, (b) inductor current, (c) inductor voltage, (d) bridge voltage . . . . .
(e) diodes’ and output current, and (f) charge on diode-model capaciance Substituti ngAT in (4) and rearranging ylelds.
always positive. But now the negative part, akgdowers the Vo _ 2 EAN BE% - Tz@ (6)
Vb L T

average ouput current value. By equating the energy drawn
from the drive source to that delivered to the load, we see thail he third equation is found from the diode reverse recovery.
the output voltage must be higher with reverse recovery thanSince our simple PWL diode model contains only linear ca-
the ideal case (assuming the same drive frequency). pacitances and a linear resistance (in contrast to exponentially
. . nonlinear ones in real diodes), the analysis involves only a
A rough comparison can be made by looking at the Shad?ﬁigple RC circuit. The junction capacitances of the non-

areas under the current waveforms of Fig. 12. Curlieps: . conducting diodes are neglected, since they pass only a small
eycle) @Ndlo are proportional to the sum of the correspondingent  The converter model comprises thR@ circlits
shaded areasiaticyoie) = 1T (AL = Ae + Ag) @ndlo = 1T (AL griven by a current source (inductor current), which changes-
+ A~ As). Currentio is larger thamphaitcycie) if Ac + A2 — Az >

linearly with time. Diode reverse recovery is determined by
A—At A e ifA> A

the charging and discharging Gf, so we must analyse the
Since these two areas are similar right-angled triangles,

R:=Cr circuit of Fig. 13. Two intervals are involved, shown in
will be greater thawg if T1 is greater thaddT. WhenAT = Ty, Figs. 12(e) and (f): the first lasts fof2 __TZ’ whendi/dt =
the two currents are the same, &ad= Vo WhendT > Tu, Io (Vb + Vo)/L; the second lasts fap, whendi /dt=(Vb — Vo)/L.
is less tharip(aitcycie) 2Nd Vo > Vp. This explains the effect,  |nterval I: The diode is switched on at the beginning of the
perhaps surprising at first encounter, that diode reverse rec@yst interval wherCr is empty. For a perio®/2 — T the ReCr
ery increases the output voltage. circuit passes the inductor current, and the instantaneous
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At the end of the second interval{ T,) the capacitanc€r

|D1
is completely dischargedicr(t) = 0, and the diode switches
Re | ver(t) off. Substitutingl> — AT for Ty, the above equation becomes:
g L |
0= é?cplr— ~(Vo +Vo)(L-AT+ T)EEXP(— BIT)-  (7b)

Fig. 13. Conducting diodes are driven by a linearly changing current source
value of the charggcr onCr is:

(Vb +Vo)(AT-1)
The system of equations (5), (6) and (7) can be normalized
Qcr (t):[qcp(0+)— qCFp(o*)] expEt/T)+ deer () with respect to the drive voltagé and the diodes’ excess

oA — . , minority carrier recombination lifetime (equal toR:Cr in the
whereogcr(0") = O is the initial charge immediately after thePWL diode model):

start of the intervalt(= 0), T = Cr R is the diode time constant ot, (T
(representing excess minority charge carrier recombination V—TB—LB—ZQJ @ (8)
time) anddcrp is the particular solution of the differential 2

equation: _10 dh @—v 9
Qerr () = T Uy (t —T7) At_ZEHZ %E L 1+vH (9)

Since we neglect current through the junction capacitancesoz[B_ (1+V)(t, - At+ ])]exp(—tz )= (1+ v)(At- 1) (10a)
G of non-conducting diodesp: is nearly equal té.. Bearing
in mind that:

T,
im(t)=iL<t>:VDlv°t+v°tv°m 8=[-v- @+ vadeqt 2t (10b)

where

we obtain

Tx O
+(1-v) —-t, - 10+ (1+Vv)At
Qorr (1) =T E%(t -1) + ATE ; H? v

The normalized equations show that, out of eight circuit and

and diode parameters, only three qualitatively determine its be-
0" = @‘VD -V, +VD -V, AT@ haviour: inductancé., load resistancé&, and diode excess
Gere(07) =T L L minority charge carrier recombination tint€. All three ap-
Finally, we get the instantaneous diode charge as pear in the first equation, forming a constant that can be de-
T noted by a paramet&€=€T€R /L. This explains why the phe-
Ger (1) =f{[(\/D ~Vo)T = (Vo + Vo)AﬂEXp(_ tr)+ nomenon can be observed experimentally even when fast di-

odes are used. Ifis small, the phenomenon appears at large
# (Vo ~Vo)(t=1) + (Vo + V)0 T R. and/or small. It appears atphigher frequenF():Fi)es, since tge

At the end of this intervak & T/2 -T2 ), the charge 0@k is: drive period in equations is normalized byFor example,

L 0T 0 Fig. 3 was measured for=9.42 mHR. = 10 K2 andt = 7.2
Qe = [(VD ~Vo)T = (Vo + Vo)A ﬂexpB- %‘ TZQ It B" (7a) Hs givingA = 7.64, and the maximum output voltage occurred
atf =43 kHz. Our model predicts a similar graph and behav-

—Vo)EI—Tz —r@+ (Vo +\o)AT iour with faster diodes having= 1 ys but withL = 100uH,
2 R. = 764Q. The maximum would then befat 310 kHz.
Interval II: Now, following the same procedure and using

dcr(0") = Qcrr as an initial condition, we have the following 4. NUMERICAL SOLUTION
equations: The nonlinear system of equations can be solved numeri-
. . Vo +Vo Vo +V, cally, using the Newton-Raphson method (or similar). The
ou (1) =1L ) = L t+ L T results are shown in Figs. 14 through 17.
OV, +V, Vo +Vo [0 Fig. 14 sho_ws h0\_/v the nprmalizgd output voltage.depends
Qere(t) =T B (t-1)+ i TlE on the normalized drive period. Unlike the ideal case in Fig. 9,
where the normalized output voltage is always less then unity
©')=1 FD +Vo gT ”) and decays monotonically with rising frequency, here it is
Gore L ! greater than unity, increases to a maximum, then decays more
and finally: steeply toward zero. This agrees with the deviations noticed in
r B L 0 practical converters, described above. The maximum value of
Qer (1) = — [0 Qcri— — (Vo + Vo )( T, + T)expt /T)— the output voltage, and the frequency at which it occurs, de-
L T g pend on the parametéx These functionsymax = f(A) and
- (Vo +Vo)(t—T) + (Vo + Vo) I} fumax = f(A), can be determined by calculatidg oA and are

shown in Figs. 18 and 19.
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The numerical results are verified by comparison with exdelay, andl:1 on the normalized drive period. These depend-
perimental measurements. The experimental dependemEies are non-monotonic.
shown in Fig. 6 was obtained for circuit parameters that4ive Moreover, sincel» cannot increase further thdi2 when
= 7.64, and measurements gwe 12-2_4/5 =245 ané['n = AT increases witio, T: becomes nega tive (see Fig. 17) for
1/(43 kHZ7.2 Us) = 3.23. The numerical results of Figs. 1&ertain frequencies. This interval occurs at frequencies below
and 19 for the samé agree wellv = 2.5 andTn = 2.7. This  {nose giving maximum voltage, and coincides with the appear-
validates the simplifications made in the analysis. ance of the DH phenomenon. The two seem to be closely
Figs 15, 16 and 17 respectively show the dependencelioked, and it is planned to investigate their connection in a
thenormalized diode reverse recovery time, the bridge puldeture paper.
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5. DESIGN CONSIDERATIONS tion, open-loop. The equations derived clearly show that the

Figs. 14 and 18 show that the output voltagebecomes Phenomena depend & 7 R/L, i.e. on only three out of eight
higher than the drive voltagé, only whenA becomes greater Circuit parameters. These are: (1) diode excess minority
then unity (approximately). This overvoltage can be sever@harge carrier recombination time; (2) converter load resis-
times higher thaWp at higherA values, i.e. at light loads or tance; and (3) source inductance. Comparison with experi-
with slow diodes, and might destroy output filter capacitoréﬂe”tm measurements shows close agreement. When faster
usually designed foNo < Vb. To avoid overvoltages and d_lodes are used, the same effects will be observed but at
strange behaviour, the series-resonant converter and hiigher frequencies.
frequency re_ctifiers_ should be designedleo that even in thean, additional constraintA < 1 orL/R_uax > T, should be
worst case, i.e. at lightest loads, the condiierr R/L < 11is  added to the design rules for converters, in order to protect the
satisfied, giving-/R_max > T. circuit from overvoltages (which might damage output filter

For example, the parameters used for Fig. 6 give the circagpacitors) and from open-loop instép (quasiperiodicity).
time constant/R = 9.42 mH/10R = 0.942ps, the diode time For frequency-controlled converters, a modified frequency
constantr = 7.2us andA = 7.2/0.942 =7.64. To makkless fange should be used, and this can be determined from the
than unity we need to increakéR, by decreasin@ increas- 9raphs presented.
ing L, or adjusting both simultaneously. This work can form the basis for analysing similar phenom-

If the circuit parameters are given, Fig. 14 and the abof&@ in other converters. All switching converters have some
relation can be used to determine the maximum switching frélf@y inductance in series with their diodes, so we expect the
quency above which the output voltage decreases below Blenomena to be widespread, especially as switching frequen-
lowable limits, e.g. by 10% or less. (For this purpose, tHd€S are pushed ever higher. Further investigations should ex-
voltage axis of Fig. 20 employs a log scale for improved leg!ain the DH phenomenon and how it depends on circuit pa-
bility.) On the other hand, if the switching frequency is knowr{@Meters; the general influence of delay; a.nd similar effects_m
Fig. 20 gives the minimunA value for the same criterion. switching converters where the duty ratio is not 0.5. Analysis
Hence the maximum allowable inductance at the input of i @PPropriate control methods and their closed-loopiliab
bridge rectifiers can be determined. This condition should [3&€ also of interest. These and other investigations are made

met even for the worse case, i.e. for the minimum val@.of POSSible now a suitable piecewise-linear diode model is

. . . available.
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