
2w4 35th Annual IEEE Power Electronics Specialists Conference Aachen, Germany, 2004 

! 

A UNIFIED MODEL FOR THE ZVS DC-DC CONVERTERS WITH 
ACTIVE CLAMP 

N.Lakshminarasamma, BSwaminathan,  V.Ramanarayanan 

Power Electronics Group, Department of Electrical Engineering, 
Indian Institute of Science, Bangalore-560012 

mailto:nlakshmin~ee.iisc.ernet.in,swami~ee.iisc.ernet.in 

Abstract 

Active clamp dcdc converters are recently intro'duced family 
of two switch pulse width modulated converters featuring zero- 
voltage switching. The topological structure of these converters 
in relation to their hard-switched PWM converters is 
highlighted. With proper designation of the circuit variables 
(throw voltage V and the pole current I), all these convertem 
are seen to be governed hy an identical set oiequations. In this 
framework, these circuits exhibit 6 sub-periods per cycle with 
identical current waveform in the resonant inductor. With 
idealized switches, the steady-state performance is obtainable 
in an analytical form. This set of equations may be solved 
through a simple spreadsheet programme. The steady-state 
performance provides a design constraint on the normalized 
current. The conversion ratio of the converter is also readily 
available. A generalized equivalent circuit emerges for all these 
converters from this steady-state conversion ratio. I t  is 
interesting to note that this equivalent circuit provides a 
dynamic model as well. The circuit model proposed in this 
paper enables one to use the familiar state space averaged 
results of the standard PWM de-to-de convertem (both steady- 
state and dynamic) for their ZVS active clamp counterparts 

1 Introduction 

Single ended active clamp converters are becoming popular 
for compact dc-dc converters switching at frequencies 
beyond 100KHz. The analysis of such converters has been 
presented with different topologies and different levels of 
approximation ['I. The realization of ZVS active clamp 
variation for many of the dc-dc converter topologies has also 
been presented in the past'". Such proliferation of converters 
with variable frequency control under the classification of 
quasi-resonant converter has also been reported earlier. The 
unified model of all quasi-resonant converters was brought 
out elegantly in a paper in 1987'3'. 
The present paper identifies such a unified performance 
results of the ZVS active clamp converters. This is done by 
defining a normalized current (lN) through the pole current 
(I), throw voltage (V), and the switching period (Ts) of the 
switch[". With such a definition, the circuit intervals and the 
defining equations become identical in all the ZVS active 
clamp dc-dc converters, In the sections that follow the 
method of analysis is outlined through the example of Buck 
converter with active clamp. The circuit -Topologies in the 
sub-interval and the solution for the same under idealized 
operation are derived Equivalent circuits valid for steady 
state as well as dynamic performance is proposed. 

C. 

Fig I Auivec lmpedZVSwnvaer  

Fig. 1 shows the active clamped ZVS buck converter. This 
circuit is obtained from the hard-switched buck converter 
with the additional circuit elements added as shown in fig. 2. 

clampcapaci~o<,$s2 / 4. 
Clamp Switch 

Fig. 2 Additional elements in the active clamped buck convener 

The rules for the additional elements are as follows. 

1 ,  Cn in parallel with the Main switch S ,  
2. LRin series with the switch SI  
3. Cn and Dc in parallel with the switch and inductor 

(SI + LR) 
4. Clamp capacitor C, and Clamp switch Sz from the 

midpoint of St and LR to Clamp point. Any fixed 
voltage point can sewe as a clamp point. 

2 .  Principle and operation of active clamp buck converfer 

The ZVS buck converter with active clamp, illustrated for 
analysis here is presented in fig. 3. 
The operation of the circuit follows sequentially the sub- 
circuits shown below. 
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I +kl(TS) 
V TI=- L R  ; 

Normalized current is defined in terms of pole current 1, 
throw voltage V, and the switching period Ts. 

I N = - ,  L R 1 .  

interval T2: Resonant charging of inductor Ln and 
discharging of CR 

i(O)=I ; v(O)=Vg 

v Ts vg J 
Interval T2 Interval TI 

t 
v(t)= v cos- 

Interval T3 Interval T4 

n T Z = - m  ; ~ ( T ~ ) = I + V  

interval T3: Resonant inductor LR is freewheeling 

Interval T5 Interval T6 L,-=o d i  ; i(t)= 1 +vE ; 
dt 

Fig 3 Active clamped ZVS buck convener with IU 6 sub-periods over a period 

The ZVS buck converter with active clamp, illustrated for 
analysis here is presented in fig. 3, along with idealized 
waveforms. The operation of the circuit follows sequentially 
the sub-circuits shown above. 
Interval TI starts when the main active switch turns on 
following the freewheeling state. This is followed by 
commutation of current from freewheeling diode (T2). In 
interval T3, the resonant inductor is freewheeling. At the 
end of T3, the main active switch is turned off. in interval 
T4, LR loses its excess energy and after a short resonant 
interval T5, the circuit moves on to the freewheeling state. 
The simulated and the idealized waveforms of i(t) (current 
through LR). capacitor current and the pole voltage 
waveforms are shown in fig. 4. 

3 Steadpsrare performance analysis: 
The analysis is done by solving the defining equations in 
each interval with appropriate initial conditions and finally 
equating the initial condition of first sub-period with the 
final conditions of the Inst sub-period. 

interval TI: Linear charging of inductor LR 
i(O)=- kl(Ts) ; v(O)=V ; 

V 
i(t)=-kl(Ts)+-t ; 

LR 

TI+T2+T3=DTs ; 

interval T4: 

i ( t )= I+V t ;  i ( ~ 4 ) = 1 ;  E v+vc LR 

T4=- 
v + v c  

interval T5: V, Vc. Ln, Cn form a resonant loop 

i ( O ) = I  ; v ( O ) = O ;  
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Fig. 4 Simulated & idealized resonant inductor current, clamp capacitor current and pale voltage 
waveforms 

Interval T6 The inductor current drops from I(T5) to kl(T5) 
linearly in T6 with a rate of change of current of VclLR. 
kI(T5) is the same current as the starting current in TI.  With 
a few steps of calculation the following may be established. 
The power that flows into the clamp capacitor must be zero 
in a switching cycle for the operation to be steady. The 
voltage across C, is constant, so its average current must be 
zero. Thus from I,(t) waveform we have: 

Q(T4) + Q(T5) + Q(T6) = 0 ; 

I(T5)T6(l- k) 
IT4 +vcR+ IT5 - VCR + =0; 

XI  + P) 2 

( k + l ) T s / T 6  . , M e r e  p=('); 

3.1 Spread sheet organizaiion iable for steady siaie 
performance 

Starting with an initial value of Vc and kI(T5), one may 
compute sequentially through the 6 intervals to obtain a 
steady-state solution. A spreadsheet may be conveniently 
used for this purpose as shown in Table 1. The first guess 
for the initial current kI(5) and Vc.are entered and re-entered 
from the computed values till convergence is obtained. The 
number of iterations is in most cases not more than 3. 
Figure 5 shows the clamp ratio and conversion ratio as a 
function of the normal current IN. Note the X-axis intercept 
in the clamp ratio (fs/2nfR). 

3.2 Sieady stale conversion ratios. 

The conversion ratio M=VJV, can be evaluated by 
averaging the pole voltage over a full cycle. Under the 
assumption that the resonant frequency is much higher than 
the switching frequency, the conversion ratio for the buck 
converter is 

M = - - D - ( l + k ) I ,  vo - 
"P 
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Buck Boost Buck-Boost 
Converter Converter Converter 

V vg vo vg+vo 
I lo k I L  

Rd (1 + k ) h  (1 + k)L, (1 + k h  
TS TS Ts 

M 1 D - ( l + k ) l N  
I - D+( l+  k)lN D - ( I  + k) 1, 1 - D + ( l +  k)lN 

Aachen. Germany, 2w4 

Cuk 
Converter 
vgcvo 
Ig+l0 

(1 + k)L, . (1 + k)L, -~ 
(I-D)Ts’ DTs 

D- ( I  + k)lN 
I -D+(I+  k)lN 

boltage Ratio 0.14 0.151 0.131 0.111 

Fig 5 Conversion ratio and Clamp ratio as a function of normalized current 
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'I1 ' 
3.3 Equivalent circuits of active clamp ZVS converters 6 Small signal model: 
The conversion ratio (VoNg) shown for the buck The signal model is obtained by the basic assumption that 
converter in the table 2 may be simplified as follows: the natural time constants of the converter network are 

much longer than the switching period. This assumption 
coincides with the requirement of small switching ripple. 
Hence, with this basic assumption, the resulting averaged 

vo - vo LRI(I + k)  , - - D - I , ( l  + k ) ; - = D -  
VB VP VgTs ' model is obtained in the fig. 8 hy averaging the converter 

waveforms over the switching period T 
V, = DVg - 

This may be shown by the following equivalent circuit 
fig. 6 

LRKI + k) , 

Ts (I+k)LR 

I:D 

l:D 
Fig. 6 Equivalent circuit ofactive clamp ZVS Buck 

Fig. 8-a Perturbation ofthe nonlinear circuit averaged madel about a 
quiescent operating point. 

The interesting result is that the active clamped (I+k)L, 
converters retain the qualitative nature of the hard- 
switched counterparts with additional lossless damping 
introduced in the equivalent circuit as shown in Fig. 6. 
The resonant sub-interval TI introduces lossless damping 
to the predominantly second order dynamic model of the vg - 
converter. This is very similar to the current de endent 
delay introduced in current programmed convertelj)l] .This 
damping resistance is and is a function of resonant I:D 
Inductor LR and switching Frequency Ts. This 
simplification process may be done for all types of 
converters. The results on the conversion Ratio and 

+&@#rnR 
Fie 8-b Lineraliud circuit averaxed model 

damping resistance is given in table 2. The equivalent 
circuits for a few converters are given in fig. 7. The dependant linear sources are replaced by an 

equivalent ideal transformer, yielding the final small 
signal ac circuit averaged model. 

I-D 1 1: D 
Fig. 7 Equivalent circuits ofthe active clamped ZVS boast, buck- 

boost and cuk converters 

I:D 
Fig. 8-c Small simal ac made1 of active clamp buck converter 

Fig. 8 shows the averaged model of a active clamp ZVS 
buck converter obtained following the linear circuit 
reduction techniq~es"~. Dynamic models are obtainable 
for the whole family of active clamp converters from the 
circuit models. 
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5 fiperimental results 
As a means o f  verifying the steady state model given in 
fig. 6 and the small signal model given in the fig. 8, an 
active clamp buck converter prototype is implemented. 
Following are the specifications of the prototype 
implemented. 

Output power = 60 walts 
Input voltage = 50 volts 
Output voltage = 20 volts 
Switching frequency = 250 KHz 

CR 
-I In 

MU1 

R 
12 1 

I 1 I 
. .  .. 
-0 

Fig. 9 Active clamp buck convena 

Steady state performance results, dynamic model 
confirmation results, experimental waveforms o f  active 
clamp Buck converter are presented in section 5.1, 
section 5.2 and section 5.3 respectively. 

C 

t B 0 . 2 5 9  
aanp Ratio -a- ~ 1 . 3 3 2  

+C=O.436 

IN 

Fig IOb Clamp ratio [VcNgl as a function of normalized current 

The X-axis intercept in the clamp ratio (fs12nfR) is found 
to lie between 0.02 to 0.03 in both experimental results 
and spreadsheet design results. 

5.2 Small signal model of active clamp buck converter 
As a means o f  confirmation of the small signal model o f  
the active clamp buck converter, output impedance i s  
measured using the network Analyzer. 
The output impedance measurement is done with both the 
active clamp circuit disabled (hard switched buck 
converter) and the active clamp circuit enabled for the 
circuit shown in fig, 9. Fig. 1 I shows the magnitude and 
phase plot of output impedance o f  the hard switched buck 
converter and the active clamp buck converter. 

5 .  I Steadvstate Derformance ofthe converter 20 

fi 10 
d 
j.lo 
5.20 

4 0  

A set o f  design'cukes showing the relationship between 
DC conversion ratio [VJV,] and Clamp ratio [VJV J as a 
function of normalized current obtained by spreadsheet 
design table in fig. 5 was experimentally verified and the 
results are as shown in the fig. IO-a and fig. 10-b 
respectively. They show good agreement with the a 
theoretical obtained graphs with the spreadsheet design. 

, , , , .  . , , , .  . , , , .  . , , . .  , , , . ,  
t D=0.259 

Conversion Ratio - D=0.332 

+D=0.436 IO' I 0' IO' 
F~~qucocy 611) 0.50 7 

0.00 1 
0.00 0.05 0.10 0.15 

IN 

Fig IO-a DC Conversion ratio I a function ofnormalized 
C"EC"t 

Frewncy 611) 
2446 Fig. I I Measured output impedance of Hard-switched buck convener and 

Active clamo buck convener 
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The impedance plot of the hard-switched buck converter 
shows high Q effect (seen by the peak in the magnitude 
as well as a sharp change in the phase angle at the natural 
frequency of the filter). The Q for the hard-switched buck 
converter is seen to be 2 [5.3dB]. The active clamp 
converter exhibits damping and resultant low Q. The 
output impedance does not have complex conjugate poles 
at all. The damping is quite substantial so that the natural 
frequencies ofthe output tilter are now all real. 

5.3 Experimental waveforms of active clamp buck 
converfer 
The Experimental waveforms of gating pulses for 
switches SI an S I .  resonant inductor current waveform, 
drain to source voltage and gate pulses of switches S ,  and 
S2 indicating Zero voltage switching, clamp capacitor 
current and pole voltage waveforms are presented. 

Figa: GatingpulsesforEwitchsSI and SZ; Vds(Sl)and IndurtorLrCurrmt 

Fig b: Vgs and Vds of SI showing ZVS; Vgs and Vd5 of SI showing ZVS 

2441 
Fig c Pole voltage and Inductor current waveforms; Pole voltage and 
Clamp capacitor current waveform 

6 Conclusions: 
Active clamped ZVS converters have become popular 
recently. This family of converters is derivable from the 
hard-switched dc-dc converters by addition of resonant 
circuit elements following simple rules. Though there are 
a large number of variations present, all these converters 
are seen to have the same 6 sub-intervals per cycle. 
Further the circuit equations governing these sub- 
intervals are identical when expressed in terms of pole 
current; throw voltage and iieewheeling resonant circuit 
voltage (I, V, and Vc). It is seen that the steady state and 
dynamic equivalent circuits can be obtained from this 
idealized analysis. Apart from reducing the switching 
losses in the converter, the resonant sub-interval 
introduces lossless damping in the converter dynamics. 
The most striking result is the simple elegance of the 
equivalent circuit of this family ofconverters. 
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