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Push-Pull Forward Three-Level Converter with
Reduced Rectifier Voltage Stress

Zhilei Yao"?, Lan Xiao', Yong Huang', and Chunying Gong'
'Nanjing University of Aeronautics and Astronautics, Nanjing 210016, P.R. China;
*Yancheng Institute of Technology. Yancheng 224051, P.R. China

Abstract-This paper proposes a push-pull forward (PPF)
three-level (TL) converter, which is suitable for low and
wide-range input voltage applications, such as fuel cell power
system. Half of the switches sustain half of the input voltage,
and the others sustain one and one-half input voltage. Input
ripple current and output filter inductor ripple current can be
reduced with the TL waveform of the secondary rectified
voltage. However, voltage stress of the rectifier diode is high
with the conventional TL control strategy in a high
output-voltage situation, considering voltage spike across the
rectifier diode caused by the leakage inductance. When 1/2 level
of the secondary rectified voltage shows first, and 1 level of that
appears later, the voltage stress of the rectifier diode can be
reduced by paralleling with external capacitor. Operating
principle, control strategy, and selection of the external
capacitor are analyzed. Finally, experimental results verify the
theoretical analysis.

[.  INTRODUCTION

Available fossil fuel reserves and environment concern are
now the driving source to the use of new clean and
renewable energy sources [1]. such as photovoltaic energy.
wind energy and fuel cell. The emission of fuel cell is only
water, and the noise is very low. so it has been receiving
more and more attention in distributed generation power
systems [2] and electrical vehicles [3]-[6]. Dc-dc converter
is an important part of them [7]-[8].

As the output voltage of fuel cell is often low [9]. the
push-pull forward (PPF) converter has been attracted
considerable attention on built-in input filter and
voltage-spike reduction of the main switches by the
clamping capacitor [10]-[13].

However. the output voltage of fuel cell fluctuates with
the load [9]. such as 50 V — 90 V. so the input ripple current
should be low. The three-level (TL) converter has been
proposed to reduce the voltage stresses of the switches. input
filter and output filter [14]-[15]. However. the conventional
TL converter often presents 1 level of the secondary rectified
voltage first. so the voltage stress across the rectifier diode is
high [16]-[17]. especially under high output-voltage
condition. For example. when the de-de converter is as the
front stage of a full-bridge inverter that provides the voltage
of 220 Vac. the output voltage of the de-de converter should
be about 360 V. and the voltage stress of rectifier diode is
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Science and Technology Production Transtormation in Jiangsu Province
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about 700 V. Therefore, it is difficult to select the rectifier
diode considering the voltage spike caused by leakage
inductance of the transformer and the reverse recovery of the
rectifier diode.

In order to reduce the voltage oscillation across the
rectifier diode. two clamping diodes are introduced to the
primary side [17]-[20]. However, it can only eliminate the
voltage spike across the rectifier diode caused by the
resonant inductor. and it still cannot get rid of the voltage
spike caused by the leakage inductance of the transformer,
which cannot be ignored, especially in a high output-voltage
situation. as the reverse recovery of the rectifier diode cannot
be neglected [21].

Another method is to add a secondary passive snubber
[22]. The voltage spike across the rectifier diode can be
reduced by the appropriate selection of the snubber
capacitors. but the minimum value and maximum value of
the duty cycle are affected by the snubber capacitors. and
thus the output voltage is influenced. e.g.. the output voltage
may generate a overshoot voltage at slight load under high
input voltage condition.

In order to solve the aforementioned problems. this paper
proposes a PPF TL converter. It integrates the advantages of
the PPF and the TL converters. Half of the switches sustain
half of the input voltage. and the others sustain one and a
half of the input voltage. The voltage stress of the rectifier
diode can be reduced by the control strategy and external
paralleled capacitor. Operating principle of the proposed
converter is illustrated in Section II. whereas the control
strategy is described in Section I1I. Selection of the external
capacitor is analyzed in Section IV. Finally. Experimental
results from a 500 W PPF TL converter confirm the
theoretical analysis in Section V.

11.  OPERATING PRINCIPLE

Fig. 1 shows the main circuit of the proposed converter.
where S; ~ S, are the main power switches. C, ~ Cgy are the
output capacitors of’ Sy ~ Sy, Dy ~ Dy, are the body diodes of
S| = S,. and Ds and D, are the clamping diodes.

The switches S, and S; are PWM controlled. and S, and S5
are switched 180" out of phase with a small dead time. As the
total charge Q, of low voltage-stress MOSFET is often lower
than that of high one [21]. S, and S, are wrned off very little
carlier than S; and S;. respectively. The drain-source voltage
o' Sy and S, can be clamped to half of the input voltage by
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Ds and Dg. respectively. and the drain-source voltage across
S, and S; can be clamped to one and a half of the input
voltage by the flving capacitor (Cy) and the clamping
capacitor (C). The switches S, and S; are the leading
switches, and S; and S, are the lagging switches, so the 1/2
level of the secondary rectified voltage appears first.

=
) S Ca . 1N,‘: Cp| Cpy U i
Cct o D i %so, %s Ds
=+ » S| Co Li> |
Fuel A D oL éU
Cell[*Y T A C T RSUs
Ipi C s3L-s3
= [ De I S
ot : iCos &D, L&D
. JNpl S, T L 4
L -

Fig. 1. Main circuit of the PPF TL converter.

Before the analysis, we make the following assumptions:

1) all the diodes are ideal, except for the rectifier diodes
D, ~ D,. which are equivalent to ideal diodes and
paralleled capacitors to simulate the reverse recovery.
junction  capacitances, and external paralleled
capacitors:

2) all the inductors. capacitors and transformer are ideal.
except for the leakage inductances Ly, and Ly, of the
transformer., and Ly, = Ly, = Ly

3) Csl - Cs4 - Clag- (jsl - Cs} - (wlead- CDI -
C[)4 = CD;

4) the divided capacitors ' and C, are equal and large
enough to be treated as two voltage sources with a
value of U,/2:

5) C is large enough. and its voltage in steady state
equals to input voltage (U;,): and

6) Cy is large enough. and its voltage in steady state is
Up/2.

Cp; = Cps =

Fig. 2 shows the key waveforms of the proposed converter.

where w4, ~ wugss are the drain-source voltage of S; ~ S,
respectively. There are 20 switching modes in a switching
period. and a set of corresponding equivalent circuits is
given in Fig. 3 to aid in understanding each mode.

1) Mode I |betore 1] [Refer to Fig. 3(a)]: Circuit is in
steady state. S;. S,. Dy and Dy are conducting. and the
primary side powers the load.

2) Mode 2 |1,. t;] [Refer to Fig. 3(b)]: At t,. S, is turned
off. The further simplified equivalent circuit of mode 2 is

given in Fig. 4(a). where (' is the equivalent capacitor of

(p to the primary. and /,' is the reflected filter inductor
current at 7;. which can be considered as a current source at
the small interval. (. Cy. Cp'. and L, begin to resonate.
making uy,, increase from zero and ugy, fall from /2. The
filter inductor current is divided into two parts: one part is
reflected to the primary to charge (', and discharge ', via
(' the other part discharges Cp» and Cps.

W )=, 1 2= 0, () (1)

978-1-422-2812-0/09/525.00 ©2009 IEEE
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c,'1,’ "
Uy (1) = Lo sine(1-1)
2C,"g (Cp'+C ),
gt 2
+ ___”—_(, e ’l )
2(Cp '+ Cyp)
i .
”(jp'(’) = U,,, <t '—‘"——Sln (l)l(l —II )
‘ 2((wl) + C/u,u )a)l
I (3)
———————(f=1)
2(("I) + Clug )
Ci'l" Ci L'
i, (1) =—L—2—cose,(1—1,) + —2"— (4)
Cp'+ Cleg Cp '+ Clye
where @, = [(C,"+C,, )/ C' L,C,, and i = iy + ipa.
S, Sy S,
>/
S, |_| S |—| SZ L
i R B |
Udss Ugs gy Ugs Ugsa Uyt Uges Ui
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Lol gl sl (5] (sl Ty Indiphalalishe

Fig 2. Key waveforms of the PPF TL converter.
2 3

hy hghy o

3) Mode 3 |1 t5] [Refer to Fig. 3(c)]: At 1. Dy and Ds are
conducting. so the transformer primary voltage. w,g. is equal
to U;,/2. The current i, decays. Fig. 4(b) shows the further
simplified equivalent circuit of mode 3. Cp’ and L, start to
resonate. and Cp, and (s are discharging.

B, B=51
- (1)=—"+——"—sinw,(1—1,)
2. 2C;"w; ) )
. o (3)
(m—z('r '”:) .
- et OGS D (=T }
> 2 2
. U, =2U. (1) |
i(=,-1,")cosw,(1—1,)+ —sinw,(f —1,)
) i : L,w; : T (6)
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where @, =1/(C,'L,) ,and ], is the value of i, at 1,.

4) Mode 4 [ts. 1] [Refer 1o Fig. 3(d)]: At t;. S, is gated off.
The further simplified equivalent circuit of mode 4 is shown
in Fig. 4(c). Cq. Cg. Cp'. and Lj, commence to resonate, so
as to 1y increases from zero and wyg falls from 3U,/2. Cp,
and Cp; continue to discharge, and i, declines.

C‘I') ’12

U, (1) = 2C_(C.+C.) sine,(1—1,)
% ) + lea wS
lead [ lead (7)
+—f—‘—(l—l )
2(( D + ILﬂ(/)
U, () =3U,, 12—u,,(1) (8)
oy A R
i,,(r)_—C’L’—cosw (1—t;)+—ed 2 9)
Cl) +Clul CI) +C/m'ud
Vf
te AN} =1 (Y4 =——————sina,{i~1,)
c; (&, Z(C/) +C,w,)a)3 (10)
(1-1;)

2((‘/J +Chud)
where @, = \/(CD Y Cua WC LG

lead

. and /, is the value
of ip at 7;.

5) Mode 5 [1,. 15| [Refer to Fig. 3(e)]: At t,. D; and D;
are forward biased. and all the four rectifier diodes conduct,
which clamp both the transformer primary and secondary
voltage at zero. Fig. 4(d) presents the further simplified
equivalent circuit of mode 5. (. Cy. Ciz. and C; resonate
with Ly. The current i, continues to decay.

ul,\,(l):%cosah(l—u) (11)

Uyt Y =U; 1 2=0,5(10) (12)

u, (N=U,,)cosw,(1—1,) (13)

(7 (l):3L' ok 2= U0 (1) (14)
i,(1)=1,-C,U,o,sina,(r1-1,) (15)

where o, = J(( tead ¥ Ciug ) Ly CreadCrag - and 15 is the value

of i, at 1;.
During this mode. S; is gated on.

6) Mode 6 |ts. 1,] [Refer to Fig. 3(f)]: At ts, uy, and uyg
decrease to zero. uy., increases to (/2. and w4 reaches to
3U,,/2. Therefore. U,/2 is applied on Ly, and L;.. which
makes i, decay lincarly.

i(ny=1,—(, /L )t-1) (16)
where /; is the value of 7, at 1s.

7) Mode 7 [1,. 17] [Refer to Fig. 3(g)]: At 1. i, reaches to
the reflected filter inductor current —/;(7,)/n. where n is the
winding ratio of the primary and secondary windings of the
transformer. Therefore. all the filter inductor current flows
through Cp, and s, The further simplified equivalent
circuit of mode 7 is presented in Fig. 4(e). (" and [, initiate
LO resonate.

u. (=0 12— /2)cosm.(t—1,) (17)

(

978-1-422-2812-0/09/525.00 ©2009 IEEE

i,()==1,(t)/ n=C,'oU,, sinas(t—1;) (18)

where @, =1/(C,'L,) .

During this period, the voltage across Cp, and Cp, resonates
between 0 and U,/n. but damping exists in the practical
svstem. e.g.. the conduction resistance of the MOSFET. the
winding resistance of the transtormer. Thus, the voltage
across Cp; and Cpy decay to U, /(2n) gradually. If the 1 level
of the secondary rectified voltage appears first, the voltage
across the rectifier diode is 2U;,/n. which is twice of that
compared with the proposed method.

8) Mode 8 |17, ts] [Refer to Fig. 3(h)]: At t;. the voltage
across Cp, and Cp, approximate to U;/(2n). The current i,
decays linearly.

) U,/2-nU,
i(n)=1I- T( -t;) (19)

'f
where /s is the value of i at 15.

9) Mode 9 [ts, ts] [Refer to Fig. 3(i)]: At tg, Sy is gated on.
The further simplified equivalent circuit of mode 9 is shown
in Fig. 4(f), where /," is absolute value of the reflected filter
inductor current at 73, which can be considered as a current
source. Cy. Cyu, Cp'. and Ly resonate, causing uy, to
increase from zero and wugg to fall from U,,/2.

(" 'I ' .
u,, (1) = C aC smw(‘(l—/k)
Iag D lag (20)
£ )
b= (1)
2(Cy'+C,,)
U, ()=U,,/2—u,, (1) 20
Um ll’
U (1)= ————sinw,(t-1;)
. 2 2AC,+C, )0,
' (22)
+*—( —1)
2((‘11 /ag)
A C. k"
l'p(l):———C") d BBl =t )t — (23)
CI) +C/ug C +Clu;\

where o, = \/(C,, Cieg )/ Cp 'Ly Gy -

10) Mode 10 15, to] [Refer to Fig. 3(j)]: At 1s. the voltage
across (g decays to zero. The further simplified equivalent
circuit of mode 10 is given in Fig. 4(g). Cp' and L;, begin to
resonate.

u- ()=U,—[U, U, .(t,)]cosw,(t—1,)
e (24)
————5m(z)7(l—l )
2C, ',

7

i(0)=~1,"+2C, oy |U, =U,. .(1,)]sine, (1 —1,)

(25)

+([,+ 1, Ycosw,(1—1,)

where @, = J1/(C,"L,) . I is the value of ip at fo.

As can be seen from (20). the third part on the right side is
very small which can be neglected. so 15 can be calculated
from (20).
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