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Survey stability of the ZVS
phase-shifted full-bridge DC/DC
converter with soft switching'

MORTEZA BAZGHANDI', ALI BOZORGMEHR?

Abstract. This paper presents a new soft-switched, current driven full-bridge converter. A
simple snubber is used in order to get ZVS for all the main switches. The soft-switching realization
is independent of the load. The snubber is placed in parallel with the bridge. All the resonant
circuit energy is recycled by the load in each half cycle. No additional current stresses appear on the
main switches. A design-oriented steady-state analysis leads to the expressions of the dc voltage
conversion ratio and ZVS analytical conditions, allowing for a trade-off design of the resonant
inductor. A prototype has been built with a high energy transfer efficiency. Also this paper presents
an in-depth critical discussion and derivation of a detailed small-signal analysis of the phase shifted
full-bridge (PSFB) converter. Circuit parasitics, resonant inductance, and transformer turns ratio
have all been taken into account in the evaluation of this topology’s open-loop control-to output,
line-to-output, and load-to-output transfer functions. Accordingly, the significant impact of losses
and resonant inductance on the converter’s transfer functions is highlighted. The enhanced dynamic
model proposed in this paper enables the correct design of the converter compensator, including
the effect of parasitics on the dynamic behavior of the PSFB converter.

Key words. Dynamic modeling, phase-shifted full-bridge (PSFB), signal analysis, zero
voltage switching, DC/DC conversion.

1. Introduction

Pulse width-modulated current-driven full-bridge (FB) converters have been pop-
ularly used for applications requiring a high voltage supply system.

In order to maximize the power density of the converters, operation at high
switching frequencies is chosen. For achieving low switching losses in a power con-
verter design, soft-switching technique is necessary. For voltage driven full-bridge
converters, the primary-side switches can operate under a zero voltage condition by
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using the phase shift control strategy [1-2]. Many studies are also devoted to zero
current switched (ZCS) [3] solutions for DC/DC converters. The voltage driven full-
bridge converters are suitable for low voltage applications. However, for high voltage
and high power applications, boost-type input full-bridge converters are necessary.

ZVS PWM in [4] is formed by a diode, a resonant capacitor and a resistor.
Its disadvantage is that during the resonant process when the resistor absorbs the
resonant energy in the loop, some part of the resonant energy is thus wasted as
heat, requiring a larger heat sink. In [5] ZVS is lost under light load. the active
resonant cell using a pair of coupled inductors is placed in parallel with the switches
bridge. The resonant current keeps flowing through the snubber during the whole
free-wheeling stage, much circulating energy is lost during the process. Although
there is some improvement in efficiency, the losses in the dissipative snubber limit the
gain in the efficiency. In [6] and [7] active clamped snubber formed by an auxiliary
switch and a resonant capacitor is proposed. The energy stored in the resonant
capacitor has to be enough to discharge the leakage inductance, implying that ZVS
is lost at large input current. The leakage inductance of the transformer is used to
form the resonant circuit, causing an additional current stress which is much larger
than I;, on the main switches.

A method commonly used for PWM converter dynamic model small-signal mod-
eling is the state space averaging (SSA) technique [8]. However, no useful SSA-based
dynamic modeling can be found to the PSFB because, when applied to the PSFB
converter, the resulting matrices are very complex after considering the all of the
operation intervals and resonant transitions.

The first PWM-switch-based [9] small-signal analysis to PSFB is presented in
[10], [11], where the converter ac model is obtained as a modified version of the
buck converter PWM switch model. This approach is based on a simplified analysis
of the effects resulting in the duty-cycle modulation due to the change in input
voltage and filter inductor current. However, this model does not consider the impact
of the converter losses and, as a consequence, it does not take into account the
converter efficiency. The result is a relatively simple small signal model for the
PSFB converter, based on several idealistic assumptions, including zero equivalent
series resistance (ESR) for the output capacitor and unity transformer turns ratio
equal to 1. In [12] A further small-signal analysis of the PSFB converter has been
suggested. The proposed small-signal analysis uses an unconventional averaging
technique based on discrete sampled data equations. In order to exploit the benefits
of the PSFB topology, considering the evolution of both the industrial applications
and semiconductor technological progresses of the past decade, it is fundamentally
important to revise and improve the PSFB converter dynamic model and investigate
the correlations existing between the efficiency and dynamic response. Due to the
lack of new enhanced PSFB small-signal models, many recent papers refer to the
simplified model which is no longer adequate for modern applications of the converter
[13].

In this paper, a new critical and detailed discussion of the small-signal analysis of
the PSFB converter is presented and an enhanced small-signal model is derived. The
proposed small signal model includes thus far neglected and yet significant factors as
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well as parameters necessary for real-life practical design. Therefore, a more realistic
and accurate dynamic analysis of PSFB converter with respect to previous models
has been carried out. Second, this new model also allows the joint investigation of
the influence of the transformer characteristics and the efficiency on the dynamic
behavior of the converter. In particular, on one hand achieving SS depends on the
value of the resonant inductance [14].

2. Principle of operation

The proposed current-driven FB converter is shown in Fig.1. It is formed by
a front-stage converter composed by switches S1-S4, and an output-stage rectifier
composed by Dr1l-Dr4. The two stages are connected by a transformer T with the
turns ratio 1 : n. The input current is supplied by a filter inductor L and Co is the
output capacitor [13]-[16]. A snubber is connected across the input of the bridge to
offer a zero voltage witching condition for the main switches S1-S4. The snubber
is formed by a single resonant inductor Lr, an auxiliary switch Sa, an auxiliary
transformer with the turns ratio 1: m, and a secondary clamping diode Da. Fig. 2
shows the theoretical switching waveforms of the proposed converter.
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Fig. 1. Proposed ZVS FB converter

To simplify the analysis of the steady-state circuit operation, the following as-
sumptions are made:

1) Input inductor L is large enough to keep the input current constant.

2) Output capacitor Co is large to maintain constant output voltage across [16].

3) All components including devices and transformers are ideal.

Mode 0 [t < to]: The converter operates in a freewheeling stage. Sa is turned-off
and all rectifier diodes are reversed-biased. Main switches S1-S4 are turned-on and
the input current flows through all these devices so that each switch carries half of
the input current ideally. Accordingly

vs1(t0) = vs2(to) = vs3(to) = vsa(to) =0, (1)

Uprl(tO) = Usec(tO) = Usa(tO) = 07 (2)



4 MORTEZA BAZGHANDI, ALl BOZORGMEHR

18} IR ..
| [ -
[N 3. LN .

. _
vaL % ’ v - \ ] -

/
] || Jrem 18]

n TT'\ ‘e ’ “ '-I.T\ v fra

" fyo T3y

Fig. 2. Key waveforms of the converter
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is1(to) = is2(to) = is3(to) = isa(to) = 5 (3)

in(to) = 0. (4)

Here, vs1—vsq are the voltages across the main switch S1-S4, respectively, vg, is
the voltage across the auxiliary switches Sa, vp1 is the primary side voltage across
the transformer and vge. is the secondary side voltage across. Symbols ig;—is4 denote
the currents of the main switches S1-S4, respectively, and i), is the resonant inductor
current [14].

Mode 1 ¢y <t < t1]: At tp, a new switching cycle starts with S2, S3 turning off.
All input current is used to charge the capacitors C2 and C3, also all rectifier diodes
are reversed-biased, meaning that rectifier circuit still operates in a freewheeling
stage. The voltages of C2 and C3 increase linearly from zero. Thus, the S2 and S3
are turned off with ZVS. It can be shown that

Iin

20(t —tg)’ (5)

Us2(t) = vs3(t) = vsa(t) = Upri(t) =

where C' is the capacitance of C2 and C3. This mode ends at ¢;, when the primary
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voltage of the transformer reaches the reflected output voltage Voui/n. The energy
begins transfer to the secondary side through transformer and rectifier diodes Dr;
and Dry become conducting. There holds

20%111;

ol (6)

tor =t1 —to =

Mode 2 t; <t < to]: During this stage, the converter transfers energy to the load
constantly. Now

vsa(t) = Us?>(t) = vsa(t) = vpri(t) V;ut ) (7)
Vsec (t) = Vout 5 (8)
is1(t) = tsa(t) = ipri(t) = Lin - (9)

This mode ends at t; when Sa turns on to initiate the end of energy transfer [15].

Mode 3 [t2 <t < t3]: Due to the resonant inductor Lr, Sa can be turned on by
zero current. The resonant inductor Lr begins charging linearly with the reflected
output voltage Vout/n. The current in the snubber increases while the currents
through S1 and S4 decrease, thus

Vous (t — 1)

1
e (10)

iLr(t) =

Vout(t - tZ)

At t3, the resonant inductor current reaches input current I;,,. No current flows
through the main transformer, and the rectifier diodes Dr1 and Dr2 turn off naturally
with zero current switching. Time interval of this mode can be calculated as

151(t) = tsa(t) = ipri(t) = Lin —

nLrIin
Vout .

toz = (12)

Mode 4 [t3 < t < t4]: Because of the existence of C2 and C3, a resonance path is
formed by Lr, C2 and C3. Thus

Vous sin(t — ¢
ine(t) = Iin + W,
Vout cos(t — t3)

vea(t) = vos(t) = 7 )

where Z =/ ZLé and w = 1/4/2L,C.

At the end of Mode 4, the resonant capacitor voltages vcs and vcs reach zero.
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The process is independent of the load value, thus

™
tag = — . 1
= (15)
Mode 5 [ty <t < t5]: At t4, the body diodes of S2 and S3 begin conducting and

the switch currents are negative values. There holds

Vout

iLr(t) = Iin + ﬁ ) (16)

is1(ta) = is2(ta) = is3(ta) = isa(ts) = —% .

The main switches S2 and S3 turn on with ZVS at t5. Meanwhile, to avoid
circulating energy losses in the loop formed with resonant inductor Lr and the main
switches, auxiliary switch Sa should be turned off [16].

Mode 6 [t5 < t < tg|: After the auxiliary switch Sa turning off, the current in
the in the main switches return to I;,,/2. The primary diode Da begins conducting
and resonant inductor discharges to the load by the reflected output voltage Vit /m.
Now

(17)

Vvout . Vout(t - tS)

ite(t) = L , 18
iwe(t) * onz mLy (18)
%ut
a . 19
vs m ( )
All resonant energy stored in inductor Lr is transferred to the load and
mL. I, m
tse = — 20
%6 2Vout 2nw (20)

Mode 7 [t¢ < t < t7]: After tg, vpy and vse remain at zero. The operation
states of the converter can be expressed by equations (1)—(4). The converter works
in a freewheeling stage. At the time t7, the converter goes into the next half of the
switching cycle [16].

3. Steady-state analysis
3.1. ZVS Conditions

To achieve a nice zero voltage turn-on for each of the main switches, specific
requirements should be satisfied [17]. Thus, t4 can be defined as the time interval
between t3 and t4. Based on equations (12) and (15), t4 should fulfill the criteria

TLLrIin s
—. 21
V;ut * 2w ( )

tg >
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3.2. DC voltage conversion ratio

The energy flow of the proposed converter is similar to a basic boost converter

DTy =ts6 +te7 + - - - + tiz~14, (22)

where D is the duty cycle of the PWM.
The power converter energy balance is represented as

t1a
/ )t14Voue At = DTaVinTiy (23)
ts
tia ts t3
[ =2 [Cliolndes [ lialmar, (24)
ts ta t1

2/ i lire(0)|/ndt = (Iin/m + Vour /(2mnZ))(mLiIin/ (2Vous) + m/(2nw)),  (25)

tq

t3
/ lipei ()] /m dt = L, I2 ) (2Voutta/n) . (26)
t1

By inserting the formulas (22) and (24)—(26) into (23), we obtain the DC gain
M in the form

M= ! . 27)

1 t12 C 1 2lr1in Lr L
nDTy (Vout + 2nI;n) + 2DTViout ( Vout + 2nZ + nw

4. Design considerations
4.1. Design specifications

The main parameters of the proposed ZVS full bridge converter are shown in
Table 1.

Table 1. Design specifications of the prototype
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Item Values | Units Remarks
Iin, min 3 A minimum input current
Iin max 10 A maximum input current
Al 12 % output current ripple
Vi 200 \Y% input voltage
Vout 200 AV output voltage
AVout 8 % output voltage ripple
f 100 kHz switching frequency
D 0.75 designed duty cycle

4.2. Design of the resonant inductor value L. and trans-
former turns ratio n

The minimum value of L, is calculated with the limitation of resonant current
peak flowing through the snubber. To avoid excessive conduction losses in the snub-
ber, i, should be limited to 1.5 times of the input current. Thus

nLrIin s

— 28
Vout +2w (28)

r —

To achieve a short to3 and limit resonant peak current in a reasonable value, L,
is chosen 2uH and the turns ratio n = 5. Accordingly, t233 = 50 ns under full-load
condition according to (12).

4.3. Design of turns ratio of the auxiliary transformer

The auxiliary transformer is designed according to the voltage stress on the aux-
iliary switch in mode 6. Given by equation (19), a voltage stress Vo, /m is added
across Sa. To avoid a high voltage stress in the auxiliary switch, m is chosen as
equal to n.

5. Simplified PSFB small-signal models

In this section, the fundamental limitations of simplified dynamic models pre-
sented so far in the literature are highlighted and a preliminary introduction to the
main parameters in the dynamic modeling of converter is given. In Fig. 3, left part,
the PSFB schematic circuit is given and in Fig. 3, right part, the converter waveforms
of voltage and current of primary side and the voltage and current of secondary side
are shown. The finite slope of the primary side current Ip depends on the leakage
inductance Lje,x. The slope reduces the duty cycle of the secondary-side voltage,
with a detrimental impact on the dynamic characteristics of the converter [13].

Small-signal properties are quite different, because of the converter’s phase-shift
operation and the presence of the transformer leakage inductance, which jointly
represent the root cause of the “lost duty” phenomenon [13]. Leakage inductance
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Fig. 3. Left-PSFB schematic circuit, right—-main circuit waveforms

provides a first contribution for resonant inductance. In order to achieve SS in a
PSFB converter, the leakage inductance alone may not be sufficient, and additional
external inductor is added to primary current path [14] to achieve the desired res-
onant inductance. However, a resonant inductance that is too large would result
in longer transition times, higher value of lost duty, and reduced dynamic range
of the converter [19]. Detailed and complete description of the secondary voltage
duty-cycle is included in [13], where (29) for secondary voltage effective duty-cycle

is given as
2nstleak Vvo D’
Deg =D — ——— | 2[1,, — — . 29
! V; " Lo 2f. (29)

Here, D is the duty cycle of the primary voltage set by the converter controller,
n = ng/n, is the transformer turns ratio, Vi, and V,y, are the converter input
and output voltages, respectively, fs is the switching frequency, Ir,, is the output
inductor current, L, is the output inductor, and L., leak is the leakage inductance
of the transformer. Small-signal transfer functions of the PSFB depend on the
leakage inductance L., the switching frequency fs, perturbations of the output
filter inductor current fLO, the input voltage 0;,, and the primary voltage duty cycle
d. To accurately model the dynamic behavior of the PSFB, the contributions of all
these previous parameters have to be taken into consideration. Taking into account
the duty cycle modulation due to the change of output filter inductor current di and
change of the input voltage dv, the total change of the effective duty det can be
given as

deg = d + di + dv (30)
for PSFB converter applications, electrolytic output capacitors are used rather than
ceramic ones which might otherwise justify a negligible ESR. Thus, the ESR of the

output capacitor cannot be ignored because it is responsible for a zero in the con-
verter transfer function. the transfer function of the PWM switch PSFB converter
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has been evaluated and the control-to-output transfer function is given as
_ nv;
S2LoCo + 5 (Rf:d + RdCO) + Bl +1

Gud (31)

o Ricaa

where Rq = 4n2fsLicak. The term Ry/Rioaq + 1 in (31) is important in the dynamic
analysis of the converter as it jointly takes into account the influence to leakage
inductance Ljcak, transformer turn ratio n, and load resistance R)joaq, in the control-
to-output transfer function. Also using assumptions mostly referred to the typical
PSFB applications discussed in the 1980s and 1990s, a range of 0—0.5 and a typical
value of 0.25 are suggested for the term R4/Rjoad.

6. Simulation and experimental results

The components chosen for building the prototype are given in Table 2. Four
main switches are driven by PWM signals. The gate-driving signal to the auxiliary
switch is generated according to the main switches signals. System is controlled by
digital controller STM32F334 [20].

Table 2. Utilized components of the prototype

Components Value

S1-S4 STW26NM60
C1-C4 150 pF

Sa STP20NM60
Dr1-Dr4 and Da DNA30EM2200
L 220 uF

Lr 2uF

Co 2 uF/2400V
Turns ratio of T and Taux 1:5

Gate Driver TLP152
Controller STM32F334

Figure 4 shows the simulation results. It is noted that the simulated results
have good agreement with the theoretical ones, which prove the accuracy of the
theoretical analysis.

Experimental waveforms are depicted in Fig.5 and Fig.6. All switches can
achieve ZCS in both turn-on and turn-off. Resonant current peak at the main
switches is regulated at the required value. Some oscillations appear during the
switching transitions in Fig. 5 because of the resonance caused by the parasitic ca-
pacitances of the rectifier diodes and the leakage inductance for the transformer.
These parasitic elements are ignored in the theoretical analysis, leading for some
observed differences between the experimental results and theoretical analysis.
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Fig. 4. Simulation results

The energy transfer efficiency comparison between the prototype and hard-switching
full bridge converter operating with same components and same power is presented
at Fig.7. By using the proposed ZVS snubber, the efficiency is around 95 % at
nominal load.
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7. Enhanced dynamic modeling of the PSFB
7.1. Formulation of the PSFB dynamic model

The corresponding circuit for the PSFB PWM switch-based model is shown in
Fig.8. The three terminals equivalent functional block (identified by nodes a, p, ¢
[20]) includes a three terminals PMW switch block (identified by nodes a, p, and ¢
[21]) the equivalent losses dependent resistance Req (included between terminals c
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Fig. 8. Circuit model of the PWM switch for the PSFB

In particular, the equivalent resistance Req depends on the total power losses
of the converter and allows the PSFB efficiency of be account within the proposed
dynamic model. The circuit model to the effective duty is represented by means of
a voltage-controlled source and current-controlled source.

The equations of the equivalent DC PSFB converter circuit in Fig.9, top part,
are summarized as follows:

Ia = DeffIca ‘/cp = Deﬁvapv ‘/cp = Rquc + V::’pa

Ploss = VoutIout(1 - "7)/"7 - Reqlo2ut ) (32)

where V,, = nViy and Vop = Voue.
Solving the system equation (32) provides the DC value of duty Deg and the
equivalent loss-dependent lumped resistance Re.q. Output inductor DC series resis-
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Fig. 9. top~PSFB DC equivalent model, bottom—small-signal equivalent model

tance DCR,, has been included in the resistance Req.
For the PSFB ac model, the equivalent AC PSFB converter circuit of Fig.9,
bottom part, is considered.
ia = Deff%c + dAeﬂ'Icv ﬁcp = Deﬁ'ﬁap + deffvap ;

2 A 2 (% A
Ucp = (Req + $Lo)ic + Verp, te = oo + futd + Gout
N 1 A
Tout = | ESRo + . )t (33)
7 3 Rd 4 ‘/OutDéff Rd ~
deg = d — Zplc + (Ic - m Zzpvap. (34)

Here, Uap = n0in, Uop = Uout, annd Deg = 1 — D! . Using the MATLAB Symbolic
Toolbox, the analytical expressions of the PSFB transfer functions have evaluated
and their explicit formulations are presented in the following.

The duty-to-output transfer function Gvd represents the sensitivity of output
voltage to duty-cycle variations, when input voltage and output current are locked at
their steady-state values. Transfer function G4 is the most important in control loop
design. In voltage mode control, Gyq is connected to the control-to-output transfer
function Gye = Oout/Vctr = GPWMG,q, where GPWM is the PWM modulator gain
and ¥, is voltage error amplifier output. The PWM modulator gain converts the
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voltage error amplifier output for duty cycle and is given as GPWM = 1/V,,,, where
Vpp is the peak of the PWM voltage ramp signal. G, is used to design the feedback
compensator and it is also easily measurable. From (33) and (34), assuming 0;, = 0,
Uout = 0, and solving for ¥y, the transfer function G,q has been evaluated and
with some algebra its analytical formulation can be written as in (35). The natural
frequency wn and the damping ratio £ are given in (36).

NV Rload sESR,C, +1

ﬁout
Gyq = 2 = : , 35
d LoCo(Rioad + ESR,) 8% + s2wné + w? (35)

%Z [(Rload + ESRO)(Rload + Req + 4n2st1eak) - R120ad]

2\/(-Rload + ESRO)<Rload + Req + 4n2stleak)

S
+
Q' S

o 1 Rload + Req + 4n2stleak
V Loco Rload + ESRO

According to (35), the transfer function Gyq exhibits a second order dynamic
with pair of poles, additional extra-zero that depends upon the output capacitor,
and a gain related to the output filter parameters, the converter input and output
voltages and the transformer turns ratio. From (36), in the bottom of the next
page, it can be seen how the ESR of the output capacitor not only adds a zero to
PSFB dynamic system but also impacts the damping ratio £, as well as the natural
frequency wn. Furthermore, the appearance of the equivalent resistance R.q in the
natural frequency term wn also confirms that the resonance will change according
to the PSFB losses.

The line-to-output transfer function G4 represents the sensitivity of output volt-
age to input voltage variations, when duty cycle and output current are locked at
their steady-state values. From (36) and (37), now assuming d = 0, oy = 0 and
solving for oyt, the transfer function G4 has been evaluated and its analytical for-
mulation is given in (37). The DC gain of the transfer function G4 depends on the
voltage/current operating conditions and on the circuit parasitics, whose effect on
the PSFB damping and resonance properties has already been emphasized for the
Gya.

Load-to-output transfer function Z,,; represents the sensitivity of output volt-
age to output current variations, when duty-cycle and input voltage are locked at
their steady-state values. From (33) and (34), now assuming d = 0, &y, = 0 and
solving for Uy, the transfer function Z,,; has been evaluated and its analytical
formulation is given in (37). According to (37), the transfer function Z,, has a pair
of poles and two extra zeros, one depending on the ESR of the output capacitor
and another depending on the output inductor, the equivalent resistance R.q, the
switching frequency, and the transformer parameters. Now

_ ﬁout . 2 £ 4fs o éff
Gvg = P = [nDeg + n° Licak Vin <Rload Lo X

Wn

(36)




(37)
(38)

2

see Fig.10. PSFB board
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Frequency [Hz)
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A

188 kHz. Main power devices mounted on the board are listed in Table

1. All the converter open-loop transfer functions were measured using the OMICRON
Lab Bode 100 vector network analyzer. In order to verify the validity of the proposed
dynamic model, measurements output filter components and of the transformer were

out = Loco(Rload + ESRO) '

7.2. Experimental verification

Z
The following operating conditions were applied: Vi, =36V, Vo = 14V, Lot

10 A and f;
21.2mQ, L, = 5.3uFH, DCRo = 35.4mf), and Ljcak,

carried out and the following measured values were obtained: C, = 1354 uF, ESR,
was used for the experimental measurements.
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Fig. 10. Measured (dotted lines) and simulated (solid lines) control-to-output

The measured and the simulated results for the control-to output transfer func-
tion Gy is shown in Fig.4: there is excellent agreement between the experimental
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result (dashed gray line) and the proposed PSFB enhanced dynamic model (black
continuous line). Experimental measurements (dashed gray line) and simulated re-
sults (black continuous line) to the input-to-output transfer function G,z and the
load-to-output transfer function Zg,; are shown in Figs. 11 and 12, respectively.

& "
S e
B B TR0 o8

Magnitude [dB|

Phase [Degrees|

Frequency [Hz)

Fig. 11. Measured (dotted lines) and simulated (solid lines) input-to-output
transfer function

7.3. Impact of ESL in the PSFB Dynamic Model

At higher frequencies, the agreement between the experimental results and the
proposed PSFB enhanced dynamic model can be improved further to taking into
account the effect of the equivalent series inductance of the output capacitor. for
include the ESLo in the PSFB AC model (33e) should be replaced by

2A)out = (ESRO + + SESLO) %Co . (39)

1
sCy
Using a value of ESL, = 5nH, experimental and the simulated results are almost
identical at higher frequencies to 1 MHz, as shown in Fig. 7. The achieved agreement
once again confirms the accuracy of the proposed dynamic model.

Nevertheless, it should be noted that typically frequencies above open-loop crossover
frequency are of little interest in control loop design. Model without the addition of
the ESL, is acceptable for most cases.
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Fig. 12. Measured (dotted lines) and simulated (solid lines) load-to-output
transfer function

8. Impact of the dynamic model on PSFB compensator
design

The proposed dynamic model permits reliable compensator design for the PSFB,
with a predictable and accurate value of the crossover frequency and acceptable
amount of phase. Figure 13 shows the measured and simulated control-to-output
transfer functions including ESL,.

The loop gain of the converter T, = Gy,, where G, is the compensator gain to
be designed based on the control-to-output transfer function Gy.. Given the design
specifications mentioned in Section III, the Gy, transfer function can be calculated
as derived in the same section. Clearly understand the impact to improper dynamic
modeling on the closed-loop transfer functions to the PSFB, the compensator design
for the aforementioned case study is discussed in the remainder of this section. The
compensator has been derived based on the K-factor approach [22] by using the two
following PSFB dynamic models:

1) The model proposed in this paper, labeled as the enhanced model, including
the parasitic parameters and

2) The model proposed in [21], labeled as the simplified model, where 4n2 fs Licak Rioad =
0.25 and 1 = 100 %.

The following dynamic specifications have been adopted for the compensator
design: a crossover frequency f. = 3.5kHz and a phase margin P, = 65°. It
should be noted that a crossover frequency of around 3-5kHz is usually the highest
achievable crossover frequency for an isolated converter using optoisolator in the
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control loop. Therefore, it is necessary to ensure a predictable value of f. using the
model to comply with this specification. The compensator design results obtained
with the enhanced and simplified models are shown in Table 3.

Table 3. Compensator design for enhanced and simplified models

Model Controller type Compensator
design
2
Enhanced model | Gyag = @% fp1 = 347Hz
? fs1 = 1.80kHz
for = 6.82kHz
2
Simplified model | Glop = 2t Uks/2nfa) | ¢ — 830Hy

s (14s/27fp2)?

fs1 = 1.66kHz
fp2 = 7.39kHz

The fulfillment of all the dynamic specifications requires a Type-III controller,
labeled as Gy,, E for the enhanced model and Gy, and S for the simplified model.
In Fig.14, top part, the uncompensated loop gain T, g (gray solid line) and the
compensated loop gain T, g = Ty g and Gy, g (black solid line) are shown for the
enhanced model. In Fig. 14, bottom part, the uncompensated loop gain Ty, s (gray
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solid line) and the compensated loop gain Tcs = Ty 5 Gva (black solid line) are
shown for the simplified model. The switching frequency fs (dotted gray lines) and
resulting cross-over frequencies f. g, fo,s (vertical dashed black lines) are also shown
for the two models in Fig. 15. As can be seen from Fig. 14, top part, the compensator
designed using the enhanced model perfectly fits the dynamic specifications, with
a crossover frequency of 3.5kHz. The compensated loop gain Ty g-s = Tyr Gva
(dashed black lines) shown in Fig. 14, bottom part, can be analyzed to understand
what happens if compensator designed with the simplified model Gy,,g is used to
control the real converter with losses.

-160 A

o 2 4 3
10 10 10 10
Frequency [Hz)
% . —
:
- 90 ' 1
s - !
2 -, '
2 e
-180F of 65° i
1]
270 . HE—
10° 10° 10" 10°

Frequency [Hz)
(a)

Fig. 14. Uncompensated and compensated loop gain transfer functions for:
top—enhanced and bottom—simplified models

9. Conclusion

A new ZVS current-driven full-bridge converter has been presented. A sim-
ple snubber is inserted in the primary side. It realizes soft-switching for the main
switches. These advantages that are not normally present in ZVS solutions mitigate
the disadvantage of having a hard-switching turn-on of the snubber switch. As re-
sult to the above advantages of the proposed ZVS solution, the measured efficiency
of the prototype is 95 % at rated load and 100kHz switching frequency which is
6 % higher than the hard switching one without the auxiliary switch. Also a new
model for the small-signal behavior to the PSFB converter has been presented in
this paper. The global effect of circuit parasitics and efficiency has been analyzed,
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by means of a compact behavioral model, allowing the evaluation of the converter
open-loop transfer functions. Experimental verifications validate the proposed be-
havioral model. The influence of the parasitics and efficiency on the compensator
design has also been investigated. The main differences between the compensated
loop gain transfer functions for the proposed enhanced model and the pre-existing
simplified model have been discussed. Examples highlight the impact of appropriate
dynamic modeling of the PSFB on the performances of the controller.

The enhanced model to the PSFB converter presented in this paper allows for
a stable, reliable, and predictable controller to be designed meeting the crossover
frequency and phase margin requirements.
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