A Resonant Push-Pull DC-DC Converter
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Abstract This paper presents a novel topology of a resonant push—pull DC-DC
converter. The primary side of the transformer applies a traditional two-transistor
push—pull circuit structure, while the secondary side of the transformer includes a
circuit of duplex windings and a LC resonant voltage-double structure. The average
output voltage of the converter is four times of the voltage-double resonant
capacitors. The LC resonance of the voltage-double capacitors and the secondary
leakage inductors of the transformer transfers the energy from the primary side to
the secondary side. The circuit adopts the strategy of fixing turn-on time and
frequency modulation method. All switches and diodes can achieve ZCS (zero
current switching). The paper analyses every operation mode in detail. Because of
symmetrical working of the secondary upper and lower windings of the trans-
former, it can be transformed into two-port network to analyze the AC equivalent
circuit through fundamental analysis method. And on this basis, the paper deduces
the gain characteristic expression of the AC fundamental wave, plots the curve of
voltage gain with different frequency ratio m, excitation inductance/leakage
inductance ratio h and quality factor Q by MATLAB, and utilizes the voltage gain
curve to design the circuit experimental parameters. At last, a sample converter of
20-28 V input/360 V output/rated power 400 W is built and tested. The experi-
mental waveforms verify the correctness of the circuit and validity of the gain
model. The experimental conversion efficiency indicates that the switch achieves
ZCS to reduce the switching loss of existing push—pull circuit effectively and
improve the conversion efficiency. The measured efficiency was 93.5% at rated
load.
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1 Introduction

The traditional push—pull circuit has the advantages of simple structure and drive
circuit without isolation. The disadvantages are that the voltage stress of the switch
is more than two times of the input voltage, and the switch is hard-switching.
Therefore many researches on improved push—pull circuit have been continuously
expanding and deepening. A scheme is a soft-switching push—pull circuit of four
switches in [1]. The disadvantages are the increase of the number of switches and
complex isolated driver circuit. The second scheme is a soft-switching push—pull
forward circuit in [2], which achieves the zero current switching and reduces the
switching loss, but the disadvantages are that an auxiliary switch which increases
isolated driver circuit in the secondary side is necessary and the output filter
inductor is retained. The third scheme is a soft-switching three-transistor push—pull
converter. Yisheng and Qunfang [3] introduces the basic topology, and the control
strategy of main and vice switches is same as two bridge arms of phase shifted full
bridge circuit, turn-off currents of main switches are half than the latter, but aux-
iliary switch could only achieve the zero voltage switching under heavy load
conditions. The fourth scheme is LC resonant soft-switching push—pull circuit.
Yisheng and Changwei [4] shows that if the resonant period of the secondary LC is
less than turn-on time of the switch, the secondary inductor and capacitor will be
resonant in multi periods. Under the condition of changing load, the output voltage
will appear alternating characteristics of voltage source and current source, and the
applicable range is relatively narrow.

This paper presents a novel topology of the resonant push—pull DC-DC con-
verter with a voltage-fourfold structure, which is different from the traditional
topologies of LC [4], LCL [5] and LLC [6]. The leakage inductors of transformer as
resonant inductors and series resonant capacitors consist of the voltage-double
resonant structure. And the voltage-double capacitors of the secondary windings
have charging and discharging process on the contrary. The output voltage is four
times of the average voltage of each voltage-double capacitor, which is the origin of
voltage-fourfold structure. Both of the primary switches and the secondary diodes
can achieve ZCS. According to the equivalent model of the circuit based on first
harmonic approximation (FHA), the three dimensional curve analysis of the voltage
gain variable is performed and the circuit parameters are optimized. An experi-
mental prototype of 400 W is made. The test results verify the feasibility of the
circuit and the effectiveness of the gain model.

2 Operation Principle

Figure 1 is the voltage-fourfold resonant push—pull circuit. Switch Q, Q, consist of
the push—pull structure. Dy, D, are the parasitic diodes of Q;, Q,. And C;, C,
include the parasitic capacitors and external parallel capacitors of Qq, Q,. C,1, Crn
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are the voltage-double capacitors. Ly;, Ly, L3, L4 are leakage inductors of primary
and secondary sides of the transformer. The physical reference directions are shown
in Fig. 1.

Before analyzing the principle of the circuit, make the following assumptions:

—

. the voltage drop of the switching devices is zero;

2. the number of turns of the transformer TX: N; = N, = N3/N = N4/N, Where N is
the ratio; Ly =Lyp=Ly,= Lm3/N2 = Lm4/N2; Leakage inductances
Ly = L = Ly = Li3/N* = Liy/N* is much less than L,,;

3. equivalent capacitances of the two switches C; = C, = C;

4. the voltage-double capacitances C;; = C,» = C,, the average voltage is U,/4, this

is the origin of voltage-fourfold structure.

The key operational waveforms of the circuit are shown in Fig. 2. In one
switching period, there are eight operation modes in voltage-fourfold resonant
converter, the analysis of each mode is as follows.

(1) Mode 1[ty ~ t;]: charging and discharging stage of parallel capacitors of the
switches

In the moment before #,, Q, is turned on, the loop is U; — N, — Q, — U;, the
reverse of the excitation current increases. The excitation current reaches the
maximum value of the reverse in the moment of t,. At the time, the secondary side
has ended resonance, the resonant capacitor voltage is kept constant, the voltage of
C,; reaches the minimum value, the voltage of C,, reaches maximum value, the
resonant current is zero, the winding of the secondary side is open, the primary
voltage is clamped by the secondary voltage.
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Fig. 1 Resonant push—pull DC-DC converter with a voltage-fourfold structure
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Fig. 2 Key working waveforms of the converter

In the time t(, Q, is turned off, the excitation inductance and leakage inductances

of the primary side and C,, C, are resonant. During the resonant process, the
excitation current charges C, to make U, rise, and discharges C; to make U, drop.

U has reverse reduction and then has positive increase. Set Ly; = Ly, = L;, the

voltage and node current equations in the primary circuit can be listed:

U; — u —leil/dl—Ll1 =0
U; + —leiz/d[— u, =0

Unl = Upp = Uy

i1 +i =1
b — i1 = Lum
iy = Cduy /dt

h = Cduz/dt
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The variables are as follows:

uy =2U; — Imm(t [0)/2C+ Lo \/Z‘l/‘ésin(\t/;t_(g

Uy = Ly (2 to)/2C+ L \/Ll/Csm&iC)

Uy = Inm(t - tO)/Z
i = 1COS (t—t) (2)
i mm \/T

i1 = mm/2+ - C()g(\t/ljtgc2

iy = lym/2 + %COSY/L—?_OC)‘

In the formula, I, is the maximum value of the excitation current.

The leakage inductances are much less than the excitation inductance, so the
leakage inductances can be neglected in series. Because this process is very short, it
can be considered that the excitation current is kept constant in the process of I ;.

In the time t, u; is reduced from 2U; to the platform value; u, is increased from 0
to the platform value, and the primary voltage of the transformer rises from —U; to
the voltage valley value, which is converted from the secondary boundary value of
the resonant capacitor C,;. According to the solutions of the equation group, it is
known that the duration of this stage is

fo1 = 2C(Ucrl +NUi)/NImm (3)

(2) Mode 2[t; ~ 1,]: resonant stage of the secondary excitation

At the moment t;, due to the rise of the voltage of C,, the voltage of L, rises.
When meeting #,3 > Uert, Uma > Uo/2 — Uerm, Dot Dog are turned on. In the for-
mula, u is the voltage valley value of the resonant capacitor C,;, and ¢, is the
voltage peak value of the resonant capacitor C,,. Ideally, according to the symmetry
of the circuit, the voltage valley value of the resonant capacitor C,, is uy, and the
peak value of the resonant capacitor C,y iS ¢y,

Therefore, the excitation current is transferred from the primary side to the
secondary side, which provides a resonant current for the secondary side. The
secondary side begins to resonate, when ignoring the leakage inductors, the reso-
nant loops are N3 — Dy; — C;; — N3 and Ny — Cy, — Doy — C;» — Ny. The reso-
nant voltage of C,; rises, the resonant voltage of C,, decreases, the both resonant
currents decrease. The primary voltage is clamped by the secondary side. C;, C,,
Ly, L, participate in the resonance, and each current is rapidly reduced to zero due
to damping resonance. The voltage and current equations of the two top and bottom
winding loops are listed as follows:

Lm3diD01/dt +ue =0

iDol = Crlducrl /dt

Lm4diDo4/dl‘ + U0/2 — Uy =0 (4)
Do = _Ceruch/ dt

Un3 = Umn4
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The variables are as follows:

; — _ _ U
Dol = N/Ln G,
Uert = Inm/Lim/C sin o (t — 11) + Ueq cos o (1 — 1)
iDod :%sinwc(t—tl)JrI'“Wmcoswc(t—tl) )
Uery = %*Imm\/%sinwc(t —1)

+(Uo/2 — Ucrm) cos (1 — tl)% = Ucm = Uen

e = 1) (NVIC)

In the formula, w. is resonant angle frequency of series resonant circuit for this
mode. According to the solutions of the equations, the relationship between the peak
value and the valley value of the resonant capacitor voltage is U,/2 — Uy = Upy.
The primary winding voltage is clamped by the secondary side in u.4/N, i.e., it is
clamped in (Uy/2 — uem)/N, and the two are equal. The platforms of U,, U, occur.

In the moment t,, #; drops to zero. Output diode current ip,; and ipy4 drop a value
of zero or slightly greater than zero, called it I, 1.1 and u.» do not change much,
and u,; is made up to U, and u,, is made down to U/, respectively.

At the end of this mode, Q1 is turned on. The duration of this mode is deter-
mined by the dead time.

sinwe(f — 1) + mmcos we(t — 1)

(3) Mode 3[t, ~ t3]: the main resonant stage

In the moment t,, Q1 is turned on. The excitation inductors and leakage inductors
of the primary and secondary sides and resonant capacitors are resonant together.
Secondary loops are N3 — Dy — C;y —Liz = N3, Ny —Cpo — Doy — Cp — Ly
— Ny. The primary resonant current varies from zero; u; decreases and u, increases
due to resonance. The secondary resonant current varies from zero or a slightly greater
than zero. The voltage of charging C,, rises; the voltage of discharging C,, drops.

When the primary side is converted to the secondary side, the equations are listed
as follows:

NU; —u. — 2N2L1diD(,1/dl =0

iDol = Crlducrl /dt (6)
NU; + ey — U, /2 — 2N?Lydipes /dt = 0

Do = _Cr2du(»,2 /dt

The variables are as follows:

Uery = NU; + LuN+/2L, /C, sinw,(t — t2) — (NU; — U.,,,) cos o, (t — 1)

P NU~U.,
Dol — N /—2L1/C,
Uy = U, /2 — NU; — LuN+/2L, /C, sin w,(t — ;) + (NU; + U.,, — U,/2) cos o, (t — t2)

sinw, (t — ta) + L cos @, (t — 1)

. i+ Uny=Uo/2

iDod :NUNL #g/sm o (t — ) + Ly cos 0, (t — 1)
. 2ANU-UL) .

ir = msm wr(t — 1) + 211 cos w,(t — 1)

UO/Z - Ui‘rm = U;rl
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In the formula, @, = 1/(N+/2L,C,) is resonant angle frequency of series res-
onant circuit for this mode.

In the moment t3, the resonance of the secondary side ends, and the resonant
current is zero. The primary current drops to the excitation current. U, rises to a
certain value; i rises to the maximum; u.,, drops to the minimum. This mode is
over, the duration of this mode is

Iz = TEN\/ZL]Cr (8)

(4) Mode 4[t; ~ t4]: the charging stage of the primary excitation inductor

In the moment 73, the secondary resonance ends, u,,; is U;. The primary exci-
tation winding is charged, the loop is U; — N; — Q; — Uj, the secondary current is
zero. The primary current i; is the excitation current at this stage:

ii = im(t3) + Ui(t — 13) /L, )

The duration of this mode is a difference between the turn-on time of the switch
and the half resonant period of the secondary side.

Four modes in the follow are similar to the first four modes, i.e., the resonant
capacitors of the two secondary windings have opposite charging and discharging
process. Therefore that won’t be said again here.

3 DC Gain Characteristics of the Voltage-Fourfold
Resonant Converter

The circuit uses the fixed turn-on time to adjust the switching frequency f; to control
the output voltage. In order to enable the switches and diodes to achieve ZCS, f
should be less than the resonant frequency f;.

In the design of the circuit, the secondary resonant network ends resonance in
advance before the switch is turned off, so the switch is off at the peak of the
excitation current. In order to reduce the current and the turn-off switching loss, the
durations of mode 4 and mode 8 must be reduced, that is, the half resonant period is
close to the turn-on time.

In addition, in mode 2 and mode 6, the excitation current is very small. After the
excitation current is transferred to the secondary side, the resonant current is very
small, the secondary winding inductance is very large, the energy is basically
unchanged, the voltage change of the secondary resonant capacitor is very small, so
the function of energy transfer of mode 2 and mode 6 is ignored.

Based on above analyses, the secondary stages of energy transfer, i.e., mode 2
and mode 6, as well as the modes which time are very short, i.e., mode 1, 4, 5, 8, are
ignored. So only consider the main stages of energy transfer, namely, mode 3 and
mode 7.
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Fig. 3 Two-port network at different switches terms

In mode 3 and mode 7, the switches Q;, Q, are turned on respectively. The
primary and secondary windings of the converter in essence are three-port, but due
to symmetrical working of upper and lower windings, it can be transformed into
two-port network to analyze the AC equivalent circuit through fundamental anal-
ysis method. The equivalent models of the two secondary windings are the same. In
order to simplify the analysis, when the circuit is stable, only the equivalent model
of the upper winding is analyzed.

When Q) is turned on, the network diagram of the two-port network is shown in
Fig. 3a. When Q) is turned on, the network diagram of the two-port network is
shown in Fig. 3b.

The total DC gain expression can be deduced

U, 32mQ sin(nm/2)

Gae =30, = ) > ~ >
\/T8mQ(H + 1) sin(mm/2)] + 7 2 (H +2) — 2(H + 1)]

(10)

In the above formula, & = Lj5/Lz = Li/L,, is the leakage inductance coefficient.

Q' =R, /+/2L;3/C, is resonance quality factor Q is custom quality factor,

0= R,/2
V2Ls/C,

4 Design of Key Circuit Parameters

The key circuit parameters of m, Q and h are designed by using the voltage-fourfold
resonant converter of input DC voltage 20-28 V, output voltage 360 V, rated
power 400 W, working frequency of f; = 40-80 kHz as an example.

In the actual circuit, due to the line loss and other reasons, the voltage gain is not
up to the highest value. Therefore, take Ggcmaxy) = 3.7 here. So the transformer ratio
is

Uo min
N——Zomin) 486 (11)

Ui(min) Gdc(max)
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At the same time, according to the maximum input voltage, the required mini-
mum voltage gain can be obtained as follows

U,
Ge(min) = % —2.65 (12)

Based on the total DC gain expression (10), Q is fixed to 8.3 firstly, then the
leakage inductance coefficient 4 is desirable for 1/350. In order to ensure that
the switch is turned off with a smaller current and the dead time is considered, the
maximum operating frequency of the switch should be slightly less than f,, Ty, is
desirable for 6.2 ps, so the resonant frequency f; of the circuit is desirable for
81 kHz.

According to the custom quality factor Q and the resonant frequency formula of
the circuit in the expression of DC voltage gain, the following equations can be
listed:

_ _R)2
Q o 2L3/C,
_ 1
Ir= 21myv2L1C, (13)
2
R, =%

The solutions of the above equations can be obtained, R, = 324 Q,
Ll3 = L14 =19.3 },lH, Crl = Cr2 = Cr =100 IlF, then Lm3 = Ll3/h =6.8 HlH,
Lini = Lina/N* = 288 uH; Ly = Lip = Liz/N* = 0.8 pH.

The circuit selects UC3867 as the driver chip and ETD49 as the core of the
transformer. A laboratory prototype with a rated power of 400 W is made according
to the above circuit parameters.

5 Experimental Results

Figure 4 shows the test waveforms of the input voltage of 20, 24 and 28 V
respectively under rated load conditions. As can be seen from the secondary res-
onant current waveform in each figure, the excitation current is very small relative
to the resonant current, the switch can achieve zero current shutdown; the primary
current is resonant from zero, the switch achieves zero current switching; The half
of the secondary resonant period is slightly less than the turn-on time of the switch,
so the secondary current is resonant to zero in advance, and the diode can achieve
zero current shutdown. The switching frequency is adjusted to 77, 48 and 41 kHz.

Figure 5a shows the waveforms of the resonant capacitor voltage u.; of the
secondary upper winding and the resonant current ij;, as well as the waveform of
the diode voltage up,; under the rated input/nominal load; there is no voltage spike
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in upo; and upey, the voltage of the diode is zero in mode 2, the diode withstands
reverse voltage of Uy/2 in mode 6. The circuit is suitable for high voltage output.

In Fig. 5b, u. and u,, are similar to trapezoidal wave, and the valley value can
be negative, the peak value can be greater than U,/2, but its average value is U,/4.
And the rapid change of the voltage is only in mode 3 and mode 7, which is
consistent with the theoretical analysis. The rise and fall of the voltage of C,; are
not synchronized with those of C,,, but the slopes of the rise and fall of the voltages
are the same, the peak and the valley voltage of them are the same and mirror
symmetrical.

The measured efficiency under the rated load is 93.5%.

6 Conclusion

This paper presents a topology of a resonant push—pull DC-DC converter with a
voltage-fourfold structure. The circuit has the following characteristics:

1. The output voltage is 4 times of the average voltage of the voltage-double
capacitor, which is voltage-fourfold structure. Its maximum voltage conversion
rate is 4Ny/N,,. And it is suitable for large current input and high voltage output.

2. The circuit adopts the secondary LC resonant mode. The switch can be turned
on in a wide range of load with zero current and turned off with a small
excitation current.

3. The voltage of each rectifier diode is only half of the output voltage. The
secondary current is resonant to zero in advance during the turn-on time of the
switch. The switch achieves ZCS to reduce the switching loss of existing push—
pull circuit effectively and improve the conversion efficiency.

4. Different from the traditional frequency conversion mode, the circuit adopts the
frequency conversion mode of fixed conduction time, which makes the result of
the fundamental analysis method more accurate and effective.
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