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Abstract. In this paper, a novel half-bridge integrated zero-voltage full-bridge soft-
switching DC-DC converter based on the secondary auxiliary resonant loop is
proposed for medium to high power applications with medium and high voltage
output. Compared with the other converters, this converter can eliminate circulation
losses and reduce the reverse recovery losses of the rectifier diodes, improving the
efficiency of the converter. The overall volume of the converter is reduced and the
power density is increased. The principles, circuit characteristics and soft switching
conditions of the converter are analyzed in detail. The performance and
effectiveness of the circuit are verified by experiments based on a 1.2 kW-50 kHz
circuit.
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1. Introduction

Nowadays, phase-shift full-bridge (PSFB) converters are broadly used in high-power
DC-DC conversion occasions such as power supply and electric vehicle on-board
batteries because of their simple structure, simple control, low voltage and current stress
and high efficiency [1], but traditional ZVS PSFB converters have the following
disadvantages: narrow soft switching range, large circulating current loss, rectifier diodes
have reverse recovery loss, parasitic oscillations and voltage spikes [2-4].

The ZVS range can be broadened by adding passive auxiliary circuits or active
switches [5-8]. However, it brings the problem of having too many components or
increasing control complexity and cost. In a half-bridge (HB) integrated full-bridge (FB)
converter, a HB converter is integrated into the FB converter by sharing a switch bridge
arm. Such converters can expand the ZVS range while reducing the number of
components and its current stress, but increasing the losses of the rectifier diodes [9-11].
According to [12,13], the resonance of the secondary side (SR) can be used to realize the
ZCS shutdown of the rectifier diodes, eliminate the reverse recovery loss, and improve
the efficiency of the converter.
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As shown in figure 1, the novel HB-FB-SR converter based on secondary side
resonance adopts an asymmetric control strategy, which can implement the ZVS of the
MOSFETs in the full load range and the ZCS of the rectifier diodes, while eliminating
the reverse recovery loss of the rectifier diode and eliminating circulating loss, further
improving the efficiency and power density of the converter.
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Figure 1. Novel HB-FB-SR DC-DC converter topology.

2. Proposed Converter
2.1. Circuit Configuration

As shown in figure 1, in the proposed converter, Qi1~Qas, T1, C» and Dy, D», C,1, Cyp form
FB converter, 0>, Q4, T>, Ci, D1, D, form HB converter. They are integrated by sharing
the 0> and Q4 legs of the switch. To simplify the analysis, the following assumptions
apply:

o Switches O1~0s are ideal MOSFETs except for the body-diodes Dyi~D,s and
parasitic capacitance Cos,, and Cog= Cj1 = Cjp= C3= Cja.

e  The transformers are ideal transformers with the transformation ratio of 1: n, a
magnetizing inductance L,, and a secondary side leakage inductance L. The
leakage inductance of 7} is Ly, and the leakage inductance of 75 is L1 = L=
L.

e The voltage on blocking capacitor C; is kept constant to prevent transformer
saturation; Cj is large enough to be regarded as a 0.5V, voltage source; the
resonant capacitors C,, = C,1 = Cy2, and the voltage ripple on them is ignored.

2.2. Principles of Operation

Figure 2 and figure 3 are the key waveform and operating modes plot of the converter,
respectively.

In figure 2, Vg, is the drive signal waveform of the switch Q1~Qa. It can be seen that
the converter adopts an asymmetric pulse-width modulation strategy, the switching
period is Ty, the duty cycle is d (d < 0.5), and the dead time between the switch bridge
legs is extremely short. There is an extremely short dead time between the switch legs.

The converter has eight Modes in a working cycle, and before Mode 1 starts, O» and
0Os are ON.
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Mode 1 [to~t1]: Before ), 0> and Qs are ON. At #,, 0> and Qs are turned off. C;» and
Cj; are being charged, C;; and Cy are being discharged. The parasitic capacitances are
very small, so the time interval of this mode is short.

Mode 2 |h~t2]: At 11, the voltage of C;; and Cj reaches zero, D;; and Dy conduct.
The converter transfers energy to the secondary side, #,, increases linearly, the rectifier
diode D; is turned on, Ly and L resonant with C,; and C,,. The critical voltage and
current for Mode 2 can be expressed as

is(t) = [nlvpl + 0.5n,Vip = Vera (8] sin[ w, (¢ — ¢1)]/Z, (1
Ver1(t) = nyVpq + 0.51n,Vi, — [0y Vpyq + 0.51,Vi, — Vi (8] cos[ w, . (E — t)]  (2)
Vera () = Vo = {naVp1 + 0.5,V — [n1V)q + 0.5n5Vy, —

Vcrl (tl)] cos[wr(t - tl)]} (3)

where,

Z, = \/(Lkl + Lkz)/zcro’ w, = 1/ ZCro(Lkl + Lkz) 4)

During this time, Q01 and Q4 can achieve ZVS if the driver signal is given before i,
increase to zero.

Mode 3 [t~t:3]: At f, O1 and O, receive the pulse signals, while D;; and Dy are
conducting, i.e., Q1 and Q4 turn on under ZVS. This interval is the same as Mode 2, and
it won’t end until the switching manager O, and Qs received the cutting signal.

Mode 4 [t3~ts]: O1 and Qs turn off at 1. C;; and Cj are being charged, Cj» and Cj3 are
being discharged. This interval is very short, which can be ignored during this period of
electricity.

Mode 5 [ta~ts]: The voltage of Cj» and Cj3 drop to zero at #4, D> and D3 turn on. The
converter continues to transfer energy to the secondary side. The leakage current cannot
be changed immediately, so D; continues to be freewheeling, the secondary current is
decreases.

i(t) = [_n1Vp2 + 0.51,Viy, — Vepr (Ea)] sin[ w,.(t — t4)]/Z,
+is (t4-) COS[ Wy (t - t4)] (5)

Verr (t) = —nyVp1 + 0.5n,V;, + [nlvpl = 0.51n,Vip + Vg (t4)]
cos[wr(t - t4)] + nlvpl - O'SnZVin - Vcrl(tl)] Sin( wrde) Sin[wr(t - t4)] (6)

VCT‘Z(t) = ]/0 + anpl + O.Snzl/in - [Tllel + O.Snzl/in + VCTl(t4)]
cos[wr(t - t4-)] - [nlvpl + O-SnZVin - Vcrl(tl)] SiTl( wrde) Sin[wr(t - t4-)] (7)

During this interval, O, and Qs can achieve ZVS if the driver signal is given before
i, decrease to zero.
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Figure 2. Key waveforms.
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Figure 3. Operational modes.

Mode 8 |t-~13]

Mode 6 [ts~ts]: At ts, 0> and Qs receive pulse signals, while Dy, and Dg are
conducting, i.e., 0> and Qs turn on under ZVS. This interval operates the same as Mode
5 until the freewheeling current ip; drops to zero.
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Mode 7 [te~t7]: At ts, ip1 decrease to zero, and D, turns off under ZCS, eliminating

reverse recovery losses. At this time, D; is turned on, Ly and L resonant with C,; and
Ca.

() = [n1Vp2 +0_5n2Vin — Vera(te)] sin[ wr(t — te)1/Zy 3
Verz2(8) = mVpz 40.5M2Vin — [M1Vp2 + o.5M2Vin — Vera(86)] cos[wr (E —tg)]  (9)

Ver1(0) = Vo — {niVp2 + g 5m2Vin — [M1Vp24.0.5M2Vin — Verz (t6)]
cosT oyt — te)]} (10)

Mode 8 [t:~3]: At t7, ip> resonates to zero, and D> turns off under ZCS, eliminating
reverse recovery losses. 0> and Qs continue to be on, V¢, and Ve remain unchanged,
and C, provides energy for the load. Q> and Qs are turned off at #;, the next duty cycle
starts.

3. Circuit Characteristics
3.1. Circulating Current Loss

The resonant period of the converter is:

Ty = 21\ 2Cro(Lyy + Li2) (11

The converter should be operated in the d7, < T,/2 < (1—d)T; state. In this range, i is
sinusoidal, and the period of zero current state in the second half of the cycle is short, the
voltage gain is regulated by the duty cycle, the switch turn-off loss is small. It is easy to
find that the converter does not have a voltage 0 state, i.e., V), only changes between +1
and -1 states, and when the primary current exists, the transformer will continuously
transmit the primary power to the secondary side, eliminating the circulation loss and
improving the efficiency of the converter.

3.2. Voltage Gain
In order to simplify the theoretical analysis, the change of electrical parameter during the
charging and discharging of parasitic capacitance of the MOSFETs, the dead time and
the voltage ripple is ignored. And then using volt-second balance theorem on 77 and 7>,
the steady-state equations of the proposed converter can be obtained as:
Vp1dTs = Vi (1 — d)T (12)
chrlTr/z = (O_SnZVin + nIVpZ)(TS - Tr/z) (13)
chrzTr/Z + [(1 - d)Ts - Tr/z](n1Vp2+0.5n2Vin) = (OISnZVin + nlvpl)de (14)

G =V,/nViy = (4 + 2m)dF (15)
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where,

k = (n{Lmy + N3Lin2)/(Mf Ly + 5Ly + Lyz) (16)

m=n,/n,F=f/fs,F>1/2 17)

As shown in (15) and figure 4, when F takes the minimum value of 0.5, as long as it is
satisfied

m < 2d/(1—2d) (18)

the voltage gain G of the converter mentioned in this article can be higher than that of

[11].

Proposed Converter
I Converter Mentioned in [11]
I Traditional PSFB Converter

2d

Figure 4. Converter voltage gain curve.

3.3. Soft Switching Conditions

0O and Q4 are more difficult to achieve soft switching than (0> and Qs, so when Q) and
Qs meet ZVS, 0> and Q3 can also achieve soft switching. When Qy, Qs implement soft
switching, i, and i,» need to draw all charge from C;; and Cjs within the dead time #4eqq
and charge Cj; and Cj3 of O, and Q5.

|im1(t8) + imz(ts)l > 2CossVin/talead (19)

In order to ensure the ZCS of the rectifier diode, the current flowing through it needs
to be reduced to zero after Q is switched on and off, that is, half of the resonance period
needs to be greater than the on-time of Q1 and s, and less than the on-time of 0> and QO3
(d<0.5).

n/w, <dTs, t/w, > (1 —d)T; (20)

From (19) and (20), the soft switching conditions of the converter can be obtained
as
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Lini Lz /(0.5Lmy + 2dLyz) < (1 — d)Tstaeaa/2Coss 2
d?/2m? f3 (L + Liz) < Cro < (1 — d)?/2m% fF (Lix + Li2) (22)
From (21), we can see that the ZVS condition is independent of output current /,,
the converter can achieve ZVS in the full load range.
4. Experimental Results
This section uses experiments to prove the performance of the circuit, and the parameters

are set as follows: f;= 50 kHz, P,= 1.2 kW, V;,=260 V, V,= 60 V. The parameters of
the other major components and their parameters are detailed in table 1.

Table 1. Components And Parameter.

Parameter
Component

Model Parameter Value Volume(*Number)
Switch O1~0,4 IPB407N30N 300V, 44 A 0.35 cm’(*4)
Rectifier Diodes D, D, MBR6035PT 100V, 60 A 1.62 cm3(*2)

T, Core (Turns Ratio, Ly, Ly1) PC95PQ35/35Z-12 0.08, 1 mH, 0.8 uH 34.60 cm?®
T, Core (Turns Ratio, L,» L) PC95PQ35/35Z-12 0.08, 150 pH, 0.6 uH ~ 24.00 cm’®

Blocking Capacitor Cp, L1GN30D334KA04 0.3 pF 2.07 cm’®
Clamping Capacitor Cj, MLP561M300EB1A 10 uF 7.21 cm?®
Resonant Capacitor C,, C,o L22E405JV1 4 uF 5.5 cm’(*2)
Output capacitor C, 80ZLJ470M13X30 470 pF 3.68 cm®

Figure 5 shows the measured waveforms of the converter at the rated load for this
parameter. From figure Sa—d, we can see the MOSFETs implement ZVS and the rectifier
diodes turn off under ZCS.

Figure 6a shows the comparison of the losses of different converters at rated load. It
can be seen that under the rated load, the switching loss of the proposed converter is 5.72
W, the transformer loss is 6.20 W, and the rectifier diodes loss is 16.58 W without reverse
recovery loss. Figure 6b shows the efficiency curves of the three converters at different
loads conditions under the same experimental environment and parameters. Under the
rated load, the theoretical calculation efficiency of the converter is 97.63%,
which is basically consistent with the experiment shown in figure 6b. The proposed
converter eliminates the circulation loss, so the efficiency improvement is more
significant under light load conditions. Since the reverse recovery loss of the rectifier
diodes hardly changes with the load, the proportion of this part of the loss will increase
with the decrease of the load, and the rectifier diodes of the proposed converter turn off
under ZCS, which solves the reverse recovery problem. Therefore, compare with the
traditional PSFB converter and the converter mentioned in [11], the proposed converter
can maintain higher efficiency over the full load range.

Besides, the total volume of the converter is small, which allows higher power
densities to be obtained.
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Figure 5. Measured waveforms of the converter.
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Figure 6. Converter losses comparison and efficiency curve.

5. Conclusion

A novel HB-FB-SR converter topology based on secondary side resonance is proposed
in this paper. It has the following advantages: (1) MOSFETs implement ZVS over the
full load range, (2) an asymmetric PWM strategy is used to eliminate the circulation loss
of the converter, (3) the rectifier diodes reduce reverse recovery losses by turning off
under ZCS, while improving converter efficiency. Besides, the overall volume of the
converter is reduced and the power density is increased. The operating principle and
characteristics of the converter are discussed. Finally, the correctness of the theoretical
analysis is verified by experiments.
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