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Abstract—The phase-shifted full bridge (PSFB) converter is
widely used for isolated DC-DC applications due to simple
control and zero voltage switching (ZVS) capability. The ZVS is
achieved with the help of primary bridge device capacitances and
transformer leakage inductance. The secondary diode parasitic
capacitances cause high voltage stress and affect the converter
voltage gain. In literature, several snubber circuits are presented
to clamp the voltage overshoot, but the change in voltage gain
due to secondary diode capacitances is ignored. In this paper the
operation of PSFB with an active clamp is analysed considering
all circuit parasitics including transformer leakage inductance,
primary device and secondary diode capacitances. A closed
form expression of the voltage gain is analytically derived. It
is observed that the voltage gain is independent of snubber
clamp voltage. Other than the known duty cycle loss due to
leakage inductance, the output voltage has a duty cycle gain
due to secondary diode capacitance. The paper also presents an
estimation technique of key parasitics through experiment. These
findings are essential for the design of a PSFB particularly for
high-step-up application. A prototype of 1.5kW with input 400V
and output 1.25KV is built and tested. Key experimental results
are shown to verify the presented analysis of PSFB considering
all parasitics.

Index Terms—Phase-shifted full bridge, parasitics, leakage
inductance, device output capacitance, active clamp, ZVS.

I. INTRODUCTION

The phase shifted full bridge (PSFB) converter is widely
popular for medium power isolated DC-DC applications [1]-
[8]. Active and zero are the two operational states of PSFB [9].
In the active state, power is transferred from input to output
port whereas power free-wheels in zero state. The PSFB has
some attractive features like- simple duty-cycle control, zero
voltage switched primary bridge without additional snubber
and linear relationship of the steady-state voltage gain with
duty ratio. Ideally for a given dc bus, the gain is independent
of load and can be controlled linearly by varying duty-ratio.
The transformer leakage inductance and device capacitances
help to achieve ZVS of the converter.

But the PSFB has few major limitations. The ZVS depends
on load current. Secondary diodes experience high voltage
stress at the end of zero to active state transition due to
parasitic resonance. In literature, several active [10], [11] and
passive [12], [13] snubber circuits are given to limit the voltage
stress. Additionally in zero to active state transition due to
transformer leakage inductance, the rectifier output voltage
remains zero during the diode bridge current commutation.

This results in significant duty cycle loss. These effects of
the parasitics were analysed in details in the existing PSFB
literature [9], [10]. The zero voltage (ZVS) transitions con-
sidering primary device capacitances and transformer leakage
inductance were investigated.

In the existing analysis, the effects of secondary diode
capacitances are either ignored or only considered to ex-
plain the secondary voltage overshoot phenomena [9], [12].
It is observed that the PSFB voltage gain is affected by
the secondary diode capacitances. Additionally, due to the
secondary diode capacitances the primary current falls signif-
icantly during active to zero state transition which otherwise
is assumed to remain constant in ideal operation. The reduced
current in zero state further affects soft-switching. The above
effects are dominant in a step-up PSFB due to large leakage
inductance and large reflected diode capacitances. Hence the
existing analysis is incomplete and the PSFB operation with
all dominant parasitics needs to be explored.
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Fig. 1. PSFB converter with circuit parasitics and active snubber.

This paper presents a detailed circuit analysis of PSFB
operation considering all dominant parasitics including trans-
former leakage inductance, primary device and secondary
diode capacitances. A commonly used active snubber [10] is
employed at the secondary. The major contributions and key
observations are as follows. (i) A closed form expression of
average output voltage is derived. (ii) Other than the well-
known duty cycle loss in the average output voltage due
to transformer leakage inductance, a duty cycle gain due to
secondary parasitic capacitances is observed. (iii) The average
output voltage is independent of the active clamp voltage. (iv)
An analytical expression of primary current in zero state is
provided. This helps to properly select the dead-time for soft-
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switching. (v) The paper also presents an estimation technique
of key parasitics through experiment. The mode by mode
converter operation is verified experimentally with a 1.5kW,
400V-1.25kV PSFB prototype. The expressions derived in this
paper helps in optimally design the converter.

The paper is organised as follows. The converter operation
considering parasitics is presented in Section II. In Section
IIT an analytical closed form expression of the output voltage
is given. Estimation methods of the converter parasitics are
discussed in section IV. Key experimental results are presented
in section V to verify the converter operation.

II. CIRCUIT OPERATION AND DC ANALYSIS

In Fig. 1, a PSFB converter is shown. Fig. 2a presents
the ideal waveforms of the converter (without considering
any parasitic). v, and 4, are transformer primary voltage and
current respectively. v; is the diode bridge output voltage. An
active clamp circuit with clamp voltage V¢ is employed after
the diode bridge. The snubber capacitor is large enough so
that it can be modelled as a voltage source V. The snubber
device (Sspp) is switched at low frequency to maintain charge
balance of the snubber capacitor. In a normal switching cycle
Ssnp 18 kept OFF. The design of the snubber is given in
[14]. The parasitics considered in the analysis are given as
follows- primary device capacitance (C'cg), secondary diode
capacitance (Cp), transformer leakage inductance referred to
primary (L) and snubber device parasitic capacitance (Cypp).
The snubber branch has effective capacitance Cy,; as the
snubber capacitance is relatively large. Over a transformer
flux balance cycle (7§), the PSFB has two active and two
zero states. The converter operation is symmetrical over Ty /2
and has 9 modes. The primary switches have gating signals
(G1—Gy) with period T and 50% duty ratio. Key waveforms
over T,/2 are shown in Fig. 2b. The output filter inductor
current is modelled as a constant sink, I, with negligible

ripple.

Tt Tt

dTs
2 (b)

Fig. 2. Waveforms- (a) considering ideal operation of PSFB, (b) considering
circuit parasitics

The converter is in zero state when t < to (Fig. 2b) as S
and D, are in conduction, shorting the transformer primary
terminals (v, = 0). In secondary all four diodes are conduct-
. . .. . - Vie
ing. The primary current is given as 4, (t) ~ — (nIof \/Ld/Ts)
and is derived in Mode 8. where Cs = n?(2Cp + Cjy3) and
n is the transformer secondary to primary turns ratio.

A. Mode 1: tg <t <t

This mode starts when Sy is turned off at ¢ = t3. Due
to presence of switch capacitance Ccg, voltage across the
device cannot change immediately. Channel current through
the device falls first and then the device drain to source voltage
starts rising. So, turn OFF of S5 is a zero voltage switching
(ZVS) transition. As the magnitude of 4, is lower than load
current nl, (see Fig. 2b), all four diodes of the secondary
rectifier are in conduction, shorting the transformer secondary.
The equivalent circuit during this mode is shown in Fig. 3a.
Cp = 2C¢p is the effective primary side capacitance. Solving

(b)
Fig. 3. Equivalent Circuits in (a) Mode 1, (b) Mode 2

the L-C' dynamics with initial conditions- i,(to) ~ —nl, +
Vdc _ . . .
e and vp(to) = 0, ip and v, are given in (1).
. Vdc
ip(t) =~ [ —nlp + ———— | cos (w1 (t — ¢t
Vdc L .
o= <M" ) m) Vg it =t)
Ve
tr = (t1 — to) = VLCpsin ™' | —Y VL/CVPi
nl, — Ties
where w; = ﬁ The device voltages are given as vg, =
(Vae — vp) and vg, = vp,. This mode ends at ¢; when v,

reaches V. and anti-parallel diode of S; is forward biased.
The time interval for Mode 1 (¢;) is given in (1). This mode
will end if Vae < 1 (using (1)). The above
L (g ——Vdc

Cp ( ° \/L/CS)

condition can further be simplified as %7% VCs < 1. 1In
case of a step-up PSFB with large L, typically at rated load,

7‘%:7% VCs << 1. And hence following approximations

~ Va.Cp ; ~ _ Vi
are made. {7 &~ “=E and ip(t1) ~ —nl,+ AT
1, remains almost same, leading to a linear change in the

capacitor voltage (v).

. Meaning,

B. Mode 2: t; <t <ty

In this mode the anti-parallel diodes of S; and S, (D; and
D) are in conduction. As the applied voltage v, is against
the direction of ¢, it falls linearly. Equivalent circuit during
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this mode is shown in Figure 3b. The primary current is given
as in (2).

Vie Vac
—nly+ e +

JI/Cs L
To ensure ZVS turn ON, the gating pulse of S; is applied in
this mode when the anti-parallel diode is in conduction. At the
end of this mode 7, becomes zero and changes the direction.
The interval of this mode can be estimated solving (2) and is

given as tyy = to —t; ~ (Tlfo — \/ETS Vd . The ZVS turn

ON of S; — S5 can be ensured when the dead time (DT) is
tr < DT < (tr +tr1).

ip(t) = (t—t) )

C. Mode 3: to <t <tg

In this mode, S; and S, are conducting and %, changes
linearly with same slope as in the previous mode. Equivalent
circuit during this mode is shown in Figure 3b. The primary
current i, (t) is given as i,(¢) = Y= (¢ —t5). In secondary, the
current is transferred linearly from Dg, D7 to D5, Dg. This
mode ends at t3 when %, reaches nl, and D and D7 are

reverse biased. The time interval is given as tj;; = t3 —to =
nlLl,
Vae *

D. Mode 4: t3 <t <14

As Ds, Dg are conducting, the capacitances across re-
verse biased diodes Dg, D7 are in parallel with the series
combination of C and Cy,; (see Fig. 1). As C' > Cypny,
%&:b ~ Csnp. Hence the effective capacitance seen from
primary is C's = n (ZCD + Csnp). The transformer leakage
inductance (L) and Cg form a resonating circuit as shown in

Figure 4a. The initial values of 4, and v] are i,(t3) = nl, and

Fig. 4. Equivalent Circuits in (a) Mode 4, (b) Mode 5

vj(t3) = 0. where v] is the rectifier output voltage referred to
primary and nv] = v;. ip(t) and v} (t) are given as

ip(t) =nl, +

\/L/Ts sin (wg (t— tg)) 3)

vi() = Vac[L = cos (wa(t — 13))]

where wy = ﬁ At t = t}, v, reaches nVy.. The
7/ LCg

duration ¢} — t3 = 5—=. This mode ends at ¢ = 14
when v; reaches Vo and Dy, is forward biased. Solving
(3), the duration of Mode 4 is given as tjy = t4 — t3 =

V/LCg cos™! (

1—

e ). And i, at the end of this mode is
de

given as i,(t4) = nl, + <2V ) €5 Due to the

active snubber Vo ~ Vj.. Hence ¢y can be approximated as
7/ LCs
S

E. Mode 5: ty, <t <ts

In this mode the active clamp circuit is in operation as Dy
is forward biased. v; is clamped to V. Equivalent circuit
during this mode is shown in Fig. 4b. In this duration ¢, and
v] are given as

inlt) = iplta) — Y=V @

vi(t) = Ve /n
ip falls linearly. This mode ends at t = 5 when 4,(t) reaches

nl, and current through Dg,; becomes zero. Using (4), the
time interval ¢y is given as

vV Ve(@2nVge — Vi) m (5)

Vo —nVae

As the active snubber is used to reduce the voltage stress, it is

desired to operate Vi close to nVy.. Hence (Vo andC)2 <<

(nV4e)?. So (5) can be approximated as ty ~ ’”L‘Y';C_i an/is

ty =15 — 4

E Mode 6: t5 <t < tg

This is an active power transfer mode. Equivalent circuit
during this mode is shown in Fig. 5a. In this mode 4, and v]

v, A
5&%' i

(b)
Fig. 5. Equivalent Circuits in (a) Mode 6, (b) Mode 7

can be expressed as

. (VC/’I’L — Vdc) .
ip(t) =nl, — —————"=sin (w2(t — t5

() TCs (wa(t = t5)) ©
vy(t) = Vae + (Vo /n — Vae) cos (wa(t — t5))

Here power transfer happens with the DC components n/,
and Vy.. The link voltage, v;(t) = nvj(t) oscillates around
nVy4. with an amplitude of Vo —nVj.. Due to lossy elements
of the practical circuit, the oscillation dies down and v; and
ip settle to nVyc and nl, respectively. This mode ends at
ts when S, is turned OFF. The duration, ty; is given as-
tv] = (t6 — t5) = dTS/Q — t[ — t[] — t[[] — t]V 7tv where
dgs is the duration of active power transfer (see Fig. 2a) and
d is the duty ratio. Here it is defined as the time between turn

OFF of S5 to turn OFF of Sj.

G. Mode 7: tg <t < ty

After S, is turned OFF at ¢ = tg, the voltage across it
cannot change immediately due to switch capacitance Ccg.
Channel current through the device falls before any change in
device drain to source voltage which results in ZVS turn OFF
of S4. Equivalent circuit in this mode is shown in Fig. 5b. The
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voltage across the devices are vs, = v, and vg, = V. — vp.
In this mode i, (t), v,(t) and vj(t) are given as

I,
ip(t) = ﬁ Cp + Cs cos (ws(t — ts)):|
_ ICICT PPN (O I -
upl8) = Ve (Cp +Cs) |:(t fo) + w3 <CP> sin (walt tG)):|
/ I, 1.
v (t) = Ve — ﬁ (t —te) — o 5 (wa(t — tg)):|
@)
where w3 = 1 . Third order dynamics are
\/L(CPCS/(CP+CS))

observed in the expressions of v, and v]. This mode ends
at t = t7 when v, reaches 0 and D3 is forward biased. It
is observed that with large leakage and at rated load, the fast
dynamics of Cp and L leads to a shorter interval of mode 7 i.e
ws(ty — tg) << 1, which leads to following approximations-
ip(t) = nl,, vy(t) ~ Vge — Zeo(t —t5), vj(t) ~ Vg and

Cp
tyir =tr—tg = % The condition for this approximation
is given as <Z§; VE1+ g;) < 1. This actually implies

that ¢, and v; remain constant and v,, falls linearly (as known
in existing literature).

H. Mode 8: t; <t <tg

In this mode S; and the anti-parallel diode of S35 are
conducting and thus shorting the primary winding of the
transformer. Equivalent circuit in this mode is shown in Fig.
6a. The gating signal of S5 can be applied now to ensure
ZVS turn ON. Hence, the minimum required dead time (DT1")
of S3 — Sy is given as DT > ty ;. i, and v] are given as

(b)
Fig. 6. Equivalent Circuits in (a) Mode 8, (b) Mode 9

~nl, — _Vae sin (wz(t - t7))

v (t) = Ve cos (wg(t - t?))

®)

The link voltage v;(t) = nv(t). This mode ends at ¢ = tg
when v] reaches zero and Dg, D7 are forward biased. The
time interval ¢y 77 is estimated solving (8).

7/ LCg

2
Vdc

VL/Cs

Due to periodic nature of the waveform with half-wave sym-
metry, the magnitude of ¢, derived in this mode is used as
initial condition in Mode 1.

tvirr =ts —ty =

®

ip(tg) ~ 77,]0 —

1 Mode 9: t > tg

In this mode, both v, and v; are clamped to zero. The
converter is in free-wheeling state. Equivalent circuit in this
mode is shown in Fig. 6b. The primary current is given as
ip(t) = nl, — —X=—. All four diodes of secondary rectifier

are conducting. To acshieve ZVS turn ON of S3, gating pulse
is applied in this mode. The mode ends when S; is turned
OFF and the circuit enters into a similar mode as Mode 1.
The duration of the mode is given as in (10).

(1—d)T.

5 5 —tvir—tvirr

tix = (10)
In the next half of the flux balance cycle (7%) the circuit
evolves through similar modes as discussed above.

III. COMPUTATION OF OUTPUT VOLTAGE

9 [Ts/2
Vo :i/o 'Ul(t)dt

2

¢
=7 / ) nVie [1 — cos (wg(t — tg)ﬂdt + Vety

t3

tg
+nVac(tvr +tvir) + / nVy. cos (wg(t — h))dt]

t7

o T
=— [nVactrv + Vety + nVac(tvr + tvn):|
o
=7 nVactiv + (Vo — nVae)tv + nVac(tv + tvr + tvir)
2
—dnVy, — T | 2nVaews | (d—i— gﬁ) ~ Rol,
Ts T w2 ™ W2

an
Considering ideal operation of the converter, the output voltage
is V, = ndVg.. But the profile of the link voltage v; and
duration of active states are changed due to parasitics and
active snubber clamp (see Fig. 2b). Considering all non
idealities, a closed form expression of V, is presented here.
The average output voltage can be given as in (11), where
Wy = %F—’T and R, = 4n’L/T,. In the above derivation we
have considered ¢; ~ ty 7 and t;y =~ ty 7. The expressions
of the time intervals of different modes derived in the last
section are used here. As seen in (11), in the expression of V,
there is an increase in duty cycle, fr‘:jz along with the well-
known duty-cycle loss due to leakage inductance. When wo
is comparable with wg, the effect of secondary capacitance
(duty cycle increase) can not be ignored. Another important
observation is that the expression of V, is independent of active
snubber clamp voltage V.

IV. ESTIMATION OF PARASITICS

To estimate the output voltage (V,,), the values of parasitics,
L and C are required (see (11)). What follows is a method of
estimation of these parasitics from experimental waveforms.
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A. Estimation of L

From the experimental waveform of i,, the current slope
(K1) can be evaluated in Mode 2 and 3. Then L can be given

as L = ‘I%C Again, in Mode 5, the slope of 7, is estimated as
Ve /n—Vie
Ky -

Ky. L is given as L =
B. Estimation of C

From the experimental waveform of wv;, the period of
oscillation 7,,. can be estimated in Mode 6. The effective

capacitance Cg = (%) % It can also be estimated from

the duration of Mode 4 as follows C, =

2

tiv 5

— \7 :
£(eos [1-m])

V. EXPERIMENTAL VERIFICATION

Fig. 7. Hardware prototype

A PSFB is designed to experimentally validate the converter
operation. The specifications of the prototype are listed in
Table I. The setup is shown in Fig. 7. The primary bridge is

TABLE 1
SPECIFICATIONS OF THE SETUP

Parameter [ Value

Input Voltage (Vg.) 400 V
Duty (d) 0.85

Turns Ratio (n) 4

Switching Frequency (fs) 20 kHz
Load current (/,) 1.2 A
Output Power (P) 1.5kW
Clamp voltage (V) 1870V

implemented with Semikron IGBT modules SKM50GB12T4.
The secondary rectifier is implemented with 3kV SiC Schottky
diodes GAP3SLT33-214. EPCOS ferrite E cores E80/38/20 are
used for the high frequency transformer. The key experimental
waveforms of v,, v; and ¢, are shown in Fig. 8. In the
figure, the modes of operation and durations are marked.
The experimental result closely matches with the analytical
waveforms shown in Fig. 2b. Observed clamp voltage V¢
is 1870V. The parasitics L and C's are estimated following
the procedure stated in the last section from the experimental
waveform and are tabulated in Table II. The estimated values
are L = 141.6uH and Cs = 4.56nF. For the given oper-
ating condition in Table I and measured values of parasitics,
using (11) the output voltage (V,) is analytically estimated as

Tek Prevu —  —
o
v,
P
i
y “\M
i,—/
P
» M-
vl_/‘
@ 50V 4.00ps 2506875 [ R8 9 Mar 2019
& >50v 1M points 150V 15:48:20

| f, |'—tu | f1u~| f/\| f\| tvr |'fv11 |fv11;.|

Fig. 8. Experimental waveforms of the converter

TABLE 11
ESTIMATION OF PARASITICS
Parameter [ Method of estimation or measurement [ value
I Mode 2 (K1=2840909 A/s) 140.8 uH
Mode 5 (K2=468720 A/s) 142.4 pH
c Mode 6 (Ts.=5.03 us) 4.56 nF
S Mode 4 (7 =14 115) 457 oF

1244.9V. The actual measured output voltage is 1240V (see
Table III). The error in analytical estimation is 0.4%. Fig. 9
shows the ZVS turn ON of S, and S5 respectively. From the
figures it is seen that, the gate voltages (G2 and G3) rise above
threshold when the voltage across the devices (vg, and vg,)
becomes zero. This confirms the ZVS turn ON as discussed
in Mode 2.

VI. CONCLUSION

The steady state operation of the phase shifted full bridge
converter is analysed considering device and diode output
capacitances and transformer leakage inductance. A commonly
employed single-switch active clamp is considered to limit the
voltage stress of the rectifier diodes. It is observed that the
rectifier output of a PSFB deviates significantly from ideal
waveform due to dominant effects of the parasitics. Due to

TABLE III
ESTIMATED AND OBSERVED OUTPUT VOLTAGE (V)

Analytically estimated using (11) [ Experimentally measured

ndVae | 2nVacws/(mw2) | Rolo | Vo |
1360V | 1024V [ 2175V [ 12440V | 1240V
N ] s prresre]
Gy - GS‘
e IR PRSI NI
o S~ - i
ty) | 5 to| =P P
] ]
Vs, 9 ’US:;:
UL N P e %
8= ] L3 | 3 s Er o I

Fig. 9. ZVS turn ON of S3 and S3
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secondary diode parasitic capacitances, the circulating current
during zero state is lower than the reflected load current
leading to reduction in ZVS range. The analysis provides
an expression for this current which will help in dead-time
design to achieve ZVS. A closed form expression of the output
voltage is analytically derived and experimentally verified. It
is observed that other than the known duty cycle loss due
to leakage inductance, there is a duty cycle gain in output
voltage due to secondary diode capacitances. These effects
of the secondary diode capacitance are generally ignored
in the existing analysis of PSFB. It is observed that the
output voltage is independent of the snubber clamp voltage.
A laboratory prototype of 1.5kW, 400V to 1.25kV PSFB is
built. The mode by mode converter operation is experimen-
tally verified. The analytical waveforms are closely matched
with the experimental results and clearly show the effects of
parasitics on the PSFB operation. The paper also presents
an estimation technique to find the values of key parasitics.
Presented analysis and estimation technique will be valuable
in proper design and control of this widely used isolated DC-
DC converter.
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