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Abstract: This paper demonstrates that in the Phase-Shifted Full-Bridge (PSFB) buck-derived con-
verter, there is a random delay associated with the blanking time produced by the leakage inductance.
This random delay predicts the additional phase drop that is present in the frequency response of the
open-loop audio-susceptibility transfer function when the converter shows a significant blanking
time. The existing models of the PSFB converter do not contemplate the delay and gain differences
associated to voltage drop produced in the leakage inductor of the transformer. The small-signal
model proposed in this paper is based on the combination of two types of analysis: the first analysis
consists of obtaining a small-signal model using the average modeling technique and the second anal-
ysis consists of studying the natural response of the power converter. The dynamic modeling of the
Phase-Shifted Full-Bridge converter, including the random delay, has been validated by simulations
and experimental test.

Keywords: small-signal model; phase-shifted full-bridge converter; DC-DC power conversion;
zero-voltage-switching; injected-absorbed-current method

1. Introduction

In recent years, the Phase-Shifted Full-Bridge (PSFB) converter has been widely used
in several applications such as renewable energy power systems [1,2], energy storage
systems for electric vehicles [3-5], railway applications [6], server power supply unit [7],
telecom power supplies or data centers [8,9], etc.

On the other hand, there is a strong tendency to increase the switching frequency
in order to achieve higher power density, and thus, reduce the volume of the switched
mode power supplies SMPS [10-13]. Increasing the switching frequency of the converter
leads to an increase the switching losses of the MOSFET. Furthermore, problems with
electromagnetic interference, EMI, can be generated. For this reason, it is common to opt
for topologies that could implement some of the soft-switching techniques, such as Zero-
Voltage-Switching (ZVS). In the PSFB converter, the primary switches stress is reduced
when the ZVS condition is achieved. Additionally, the ZVS improves the reliability of the
converter [14,15].

The ZVS operation is achieved when the energy stored in the leakage inductance of
the transformer is able to discharge the output capacitor, Cyss, before the MOSFET is turned
on [15]. Therefore, the ZVS avoids the overlap of the drain current and the drain-source
voltage in order to reduce switching losses. For this reason, the design of the leakage
inductance is very important in the PSFB converter. On the other hand, this leakage
inductance creates a blanking time interval, which depends on the operating point of the
converter. The blanking time is not a controllable quantity. Currently, many published
works can be found that deal with the design considerations to improve the static behavior
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of the PSFB converter [15-19]. However, there is a limited number of references that
perform a detailed analysis of its dynamic behavior.

A small-signal model of the PSFB converter based on the buck converter approxima-
tion is presented in [15,20], which is a good estimation for cases where the blanking time
interval is small and the output filter inductance, L, is much higher than the transformer
leakage inductance referred to the secondary, n?-Lj;. The small-signal model of the PSFB
converter presented in [21-26] is based on the three-terminal PWM switch model [27]. Al-
though the PWM switch modeling method is a simple way for modeling PWM converters,
the small-signal models of the PSFB converter obtained in [21-26] are a derivation of the
model presented in [15,20].

On the other hand, there are cases in which the leakage inductance is not able to store
the necessary energy to discharge the output capacitors of the MOSFETs, as occurs when
the converter is operating with light load. For this reason, in order to extend the range of the
ZVS, it is necessary to add an extra inductor in series to the transformer leakage inductor.
When the equivalent inductance (leakage inductance plus additional inductance) has a
considerable value with respect to the output filter inductance, a change in the output filter
inductor current slope occurs during the blanking time. Additionally, the blanking time
interval can be noticeably increased even with light load. On the other hand, the blanking
time also depends on the load current, so increasing the load current also increases the
blanking time interval. The small-signal models based on the approximation of the buck
converter could not be accurate, since there is an inherent delay associated to the blanking
time. When the blanking time interval increases, the delay starts to be noticed in certain
transfer functions, such as audio-susceptibility. This delay can be measured experimentally,
and it is discussed in detail in Section 3.

Another small-signal model of the PSFB converter is presented in [28]. This model is
based on a discrete-time modeling of the current waveforms. This approach is conceptually
very accurate, especially in the high frequency range, but it would become complex and
not very versatile model, since the number of state variables increases dramatically, when
external elements such as input filter or/and output post-filter are added to the converter.
Additionally, the explicit transfer functions of the converter are not shown.

Therefore, this paper proposes a new small-signal model of the PSFB converter, based
on an average model, which considers the additional switching stages due to the leakage
inductance. In addition, this model includes a delay term associated with the blanking
time produced by the leakage inductance.

The small-signal model proposed in this paper is based on the combination of two
types of analysis: the first analysis consists of obtaining an averaged model of the PSFB
converter. This averaged model is then linearized and perturbed in order to obtain the
characteristic coefficients of the injected-absorbed-current method (IAC) [29,30]. The IAC
method was chosen to obtain the proposed model of the PSFB converter, since this method
provides an analytical solution and allows the calculation of transfer functions, such as
audio-susceptibility, input impedance and output impedance in a more convenient way.
The characteristic coefficients allow to see the physical effects that each of the perturbations
(input voltage, output voltage and control quantity) produce on the currents of the input
and output ports of the converter. The second analysis consists of studying the natural
response of the power converter and this paper demonstrate that there is an inherent delay
due to the blanking time interval. This random delay predicts the additional phase drop
that is present in the frequency response of the open-loop audio-susceptibility transfer
function when the converter shows a significant blanking time. This random delay has not
been considered in previous works.

Since the proposed model is based on an averaging process, it only predicts accurately
the dynamic behavior up to half the switching frequency. However, in most cases, in order
to design the compensator, this model is accurate enough.
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The converter transfer functions and impedances have been validated by simulation
and experimentally.

The original contribution of this paper is a new small-signal model of the PSFB
converter. This model has two main advantages:

- The model predicts more accurately the gain of the transfer function because the
additional switching stage due to the leakage inductance is taken into account. This is
especially important when the leakage inductance (referred to the secondary side of
the transformer) is comparable to the output filter inductance.

- Additionally, this new model is capable of predicting the additional phase drop that
is generated in the frequency response of the open-loop audio-susceptibility transfer
function when the blanking time is significant.

The paper is organized as follows. In Section 2, the characteristic coefficients of the
IAC method that represent the small-signal model of the PSFB converter are obtained. In
Section 3, the natural response of the power converter is analyzed in order to complete the
proposed model. In Section 4, a validation by simulation has been performed. In Section 5,
experimental validation of the proposed small-signal model of the PSFB converter is
performed. Finally, conclusions are drawn in Section 6.

2. Small-Signal Model Based on the Average Modeling Technique

The schematic of the power converter is shown in Figure 1. The converter is operating
in continuous conduction mode, CCM, and the zero-voltage-switching, ZVS, condition
is achieved. The steady-state waveforms of the leakage inductor current, Tk output
inductor current referred to primary, n~TL, voltage at terminals A-B, 745, and secondary
voltage, U5, are shown in Figure 2. The blanking time interval has been exaggerated for
this analysis. The duty ratio, d, is determined by the phase shift, &, of the gating signals
between the switches of the left leg (Q1 — Q3) and the right leg (Q4 — Q). The blanking
time interval, d;- Tiw , is caused by the leakage inductance of the transformer. This interval
represents the time it takes for the leakage inductance to change the direction of the current
flowing through the primary winding of the transformer. The secondary voltage, vs, is
maintained at 0 V during this interval; therefore, there is a reduction in the duty ratio [15].
The blanking time interval depends on the operating point of the converter. During the
de-% interval and (1 —d )% interval, the leakage inductance referred to the secondary
and output inductance are in series. However, during blanking time interval, the two
inductors are no longer in series, so there is a change in the output current slope that is
more noticeable when the leakage inductance referred to the secondary is equal to or higher
than the output inductance.

P
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™

an:} HK %

Q

Figure 1. Schematic of the PSFB converter.
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Figure 2. PSFB steady-state waveforms (the blanking time interval has been exaggerated to highlight
the effect).

The duty ratio is defined by Equation (1) [15]:

Equations (2)—(4) are the characteristic values of the leakage and output inductor
current waveform:

) Vin N0 | dp Tsyw
= _— —_ 2
1 [L,k L ] 2 2 @
2
, n--vy, — N -V Tow .

_ d,. 5v 3
& L+ n2-Ly ¢ 2 th ®)

. . n-vy Tsw
p— _— . 1 _d M 4
2 ' L+1’12~le ( ) ( )

It can be inferred from Figure 2 that the averaged rectified voltage is given by
Equation (5):

2 M

2
Orec = E/O Urec(t)'dt (5)

. . 2
Urec = M-Vjy-dde 4 1-(i1 — 12)'le'T (6)
Sw

By replacing Equations (1)—(4) into Equation (6), the rectified voltage as function of v,,
Vin, d; and d is obtained:

L-vjy-n-d — (L-vgy-n 4 Lygve-n?)-dj + Ljg-v,n?

7
L]k'i’l2+L ( )

Orec =
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The average output inductor current is now given by Equation (8):

Tsw

= [ T ®)
ip = ﬁ'[(il —ip)-d+ (i — i3)-dj +ip + i3] ©)

Putting Equations (1)-(4) into Equation (9) and solving for d;, then Equation (10) is
obtained. It can be seen from Equation (10) that the blanking time interval depends on the
operating point conditions:

_ Tow-L-Li- [0jy-n? (d* — 2-d) +von] + 4-ip-(L*Lygn + L-L%-n®)

d
l Tow: (L?-0jy — L3 -0o-n3 — L-Lyg-0jy-n? + d-L-Ly-v,-12)

(10)

On the other hand, the waveform of the input current is shown in Figure 3, so its
average value is given by Equation (11):

2 -
i = 7 |7 Tty (11)
. 1. . 1 . .
i = 5[11 +i3]-d — 5'(12 +13)-d (12)
. iin
i3
iy /‘
0 —¢
_iZ
TSW
a3
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Figure 3. Input current waveform.

The average model of the PSFB converter is shown in Figure 4.
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Figure 4. Averaged model of the PSFB converter.

Replacing Equation (10) into Equation (7), the average rectified voltage as function
of the duty ratio, d, input voltage, v;,, output voltage, v,, and output inductor current,
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ir, has been obtained. After linearizing and perturbing, then the small-signal of the
output inductor voltage is obtained. The constant coefficients of Equation (14) are given in
Appendix A.

0p = Orec — Do (13)
01 = Kotg-d + Kopoi-0in + Koo 00 + Kopir-I1 (14)
From the circuit of Figure 4, Equation (15) is obtained:

A 'Z)AL
I = 15
LT 709 (15)
Replacing Equation (15) into Equation (14), the output inductor current as function of
d, 0;, and 9, is obtained:

Koid 7 Kolvi b Koivo b (16)

i - . o+ .
Z1.(s) — Kot Zi(s) — Ko " Zu(s) — Kot *

Therefore, the characteristic coefficients of the output port are finally obtained:

Koia

Aols) = Z1(s) — Kuui a7
_ Koivo

Bols) = Z1(s) — Ko 19
o Kvlvi

Cols) = Z1(s) = Ko (49

Replacing Equations (2)—(4) and (10) into Equation (12), the average input current as
function of the duty ratio, d, input voltage, v;,, output voltage, v,, and output inductor cur-
rent, iy, has been obtained. After linearizing and perturbing, the characteristic coefficients
of the input port are obtained. The constant coefficients of Equations (20)—(22) are given in
Appendix A.

Ai(s) = Kiig + Kijg-Kaia + Kijgr-Karir- Ao (5) (20)
B;(s) = —[Kiivo + Kiigi-Karvo — Kiiar-Karir-Bo (5)] (21)
Ci(s) = Kiivi + Kiigr-Karoi + Kiigr-KaiiiCo (5) (22)

3. Natural Response of a PSFB Converter

It is necessary to study the natural response of the PSFB converter in order to obtain
a complete small-signal model. In this section, the open-loop output inductor current re-
sponse and the open-loop input current response due to a small input voltage perturbation,
small output voltage perturbation and small duty ratio perturbation is analyzed.

First, the output inductor current dynamic response to a small input voltage step
change is analyzed. The output voltage and duty ratio are assumed to remain constant.
If a small input voltage step occurs during the blanking time interval, then the output
inductor current does not change immediately since the output inductor current slope,
m3, during this interval does not depend on the input voltage as shown in Figure 5a. The
term Aij represents the difference between the instantaneous output inductor current and
the operating point output inductor current. The variation of the output inductor current
occurs after the blanking time interval has elapsed, as shown in Figure 5b. Therefore, there
is a delay associated to the blanking time, since it depends on the moment in which the
input voltage perturbation is injected until the interval d.- Ti—“’ begins. If the input voltage
perturbation occurs in interval d,- %, the output inductor current varies immediately, since
the output inductor current slope, m;, during this interval depends on the input voltage.
Therefore, there is no delay associated with this interval. Finally, if the input voltage
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perturbation occurs during the interval (1 — d)-%, there is no delay, since the rectified
voltage during this interval does not depend on the input voltage, and furthermore, if
a constant duty ratio is considered, then this interval does not present dynamics, and
something similar happens in the buck converter, since during this interval a delay in
the audio-susceptibility transfer function is not associated. Later, it will be verified by
simulation that the (1 —d)- % interval does not introduce a delay.
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Figure 5. Dynamic response to an input voltage step change. (a) Output inductor current, (b) incremen-
tal component of output inductor current, (c) input current and (d) primary and secondary voltage.

The input current dynamic response to a small input voltage step change is analyzed.
If a small input voltage step occurs during the blanking time interval, then the input
current changes immediately since the input current slope during this interval depends
on the input voltage as shown in Figure 5c. If the input voltage perturbation occurs in the
interval d- Ti”’ , the input current varies immediately since the input current slope during
this interval depends on the input voltage. Therefore, there is no delay associated with this
interval. If the input voltage perturbation occurs during the interval (1 — d)- %, there is
no delay, since it has the same effect as the case of the output inductor current.

In order to check the effect that the input voltage perturbation has on the output
inductor current, some simulations have been carried out using the PSIM software [31]. In
these simulations, a periodic perturbation with fixed frequency is considered in order to
observe how this delay that is present in the time domain affects the frequency response.
In Figure 6, the schematic of the PSIM simulation is shown. The parameters of the first
simulation are V;;, =45V, F5, = 100kHz, V, =5V, I} =41 A, L), =3 uH, L = 36 uH,
n = 0.5and D = 0.3. The ripple of the output inductor current is 200 kHz.
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Figure 6. PSIM schematic of the PSFB converter in which a sinusoidal perturbation is injected into
the input voltage.

A sinusoidal perturbation, vs;,,., with a frequency of 80 kHz is injected into the input
voltage, as can be seen in Figure 6. The output inductor current is passed through a
bandpass filter whose central frequency is 80 kHz, and thus, the phase difference that exists
between input sinusoidal perturbation and the output inductor current is analyzed. In this
simulation, the output voltage and the duty ratio are constant, so the small perturbation
of 9, and d are equal to 0. Therefore, the input voltage to output inductor current transfer
function is analyzed.

The blanking time is small and the (1 — d)- % interval is predominant, as can be seen
in Figure 7a. In this test, the converter has a single pole, and the phase difference at high
frequencies is expected to tend to —90°. The resulting phase difference between the input
sinusoidal perturbation and the output inductor current is approximately —90°, as can be
seen in Figure 7b. Figure 7c shows the output inductor current. From this test, it can be
concluded that the interval (1 — d)- % does not introduce a delay in the frequency response
despite being predominant. In this test, the delay introduced by the blanking time is very
small because the blanking time interval is less than one-sixth of the switching period.

Fg, =100 kHz
Vvab VreC  primary voltage | SW
40 g -
2 /Rectlfled voltage
()
20
-40 |
-60
IL_filt Vsine*(8.16518m) Attenuated sinusoidal perturbation
5m
(b) o
-5m \
-10m Filtered output inductor current
I(L) » =~ -90
44 Output inductor current
43
42 o
Cc) 41
(©) «
3.9
3.8
0.3300415 0.3300446 0.3300476 0.3300507 0.3300537 0.3300568
Time (s)

Figure 7. Simulation results of Test 1. (a) Primary and rectified voltage. (b) Attenuated sinusoidal
perturbation and output inductor current after bandpass filter. (c¢) Output filter inductor current.

For the second test, the output voltage, V,, and the duty ratio, D, have been changed
to 4V and 0.8, respectively. The PSIM schematic of Figure 6 is still valid for this test. The
blanking time is noticeably increased, as can be seen in Figure 8a. The resulting phase
difference between the input sinusoidal perturbation and the output inductor current
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is greater than —90°, as can be seen in Figure 8b. Figure 8c shows the output inductor
current. From this test, it can be concluded that the delay that appears in the time domain
also affects the frequency response. Having a considerable blanking time introduces an
additional phase drop in the input voltage to the output inductor current transfer function.

Vab Vrec  Primary voltage Fg, =100 kHz
a

40 Rectified voltage
20 ,j—’ N I

(@ 2

IL_filt Vsine*18.9965m Attenuated sinusoidal perturbation

(b)

©

Output inductor current
0.2953491 0.2953522 0.2953552 0.2953583 0.2953613 0.2953644 0.2953674

Time (s)

Figure 8. Simulation results of Test 2. (a) Primary and rectified voltage. (b) Attenuated sinusoidal
perturbation and output inductor current after bandpass filter. (c) Output filter inductor current.

Summarizing, the delay only affects the output inductor current in the case of small
input voltage perturbation, so the characteristic coefficient of the output port is affected by
the delay and is given by Equation (23). Expression (22) is still valid.

Kvlvi

Co(s) = e Sta. 0¥
o(s) Z1(s) — Kyt

(23)

In order to quantify the value of ¢; in the frequency domain, the AC sweep tool of the
PSIM software has been used. Therefore, the frequency response of the input voltage to
output inductor current transfer function has been obtained for different operating points,
OP. The simulation parameters are Fy;, = 100 kHz, V, =4V, Ly = 3 uH, L = 36 uH,
n = 0.5 and D = 0.689. The different values of input voltages and output currents are
shown in Table 1.

Table 1. Parameters to obtain the frequency response at different operating points.

Operating Point Vin I D, 7]
opr 30V 21 A 0.42 0.30-D;- 5©
op, 40V 32 A 0.486 0.35-D;- B5©
OP; 50 V 44 A 0.527 0.40-D;- e
OPy 60 V 55 A 0.554 0.42.D;- 5w

2

The comparison of the frequency response obtained from the simulation and proposed
model is shown in Figure 9a,b. There is an excellent agreement between the proposed
model and the simulation result. In Table 1, it can be seen that the value of ¢; is not fixed,
which means that there is a random delay. However, its range is from 0 to d;- %

In order to design a control loop that depends on the audio-susceptibility transfer
function, the largest delay should be considered, which occurs when t; is equal to the
blanking time. In this way, the stability of the control loop can be guaranteed.
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Figure 9. Comparison of the frequency response. (a) Operating point 1 and 3. (b) Operating point 2
and 3.

The output inductor current dynamic response to a small output voltage step change
is analyzed. If a small output voltage step occurs in any of the three intervals, then the
output inductor current changes immediately, since the output inductor current slope
always depends on the output voltage, as shown in Figure 10a,b. Therefore, there is no
delay associated to the output port.
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Figure 10. Dynamic response to an output voltage step change. (a) Output inductor current, (b) incre-
mental component of output inductor current, (c) input current and (d) primary and secondary voltage.
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The input current dynamic response to a small output voltage step change is analyzed.
If a small output voltage step occurs during the blanking time interval, then the input
current does not change immediately since the input current slope does not depend on
the output voltage, as shown in Figure 10c. The variation of the input current occurs
after the blanking time interval has elapsed. Therefore, there is a delay associated to the
blanking time. If the output voltage perturbation occurs in the interval d,- T;“’ , the input
current varies immediately since the input current slope during this interval depends on
the output voltage. Therefore, there is no delay associated with this interval. If the output
voltage perturbation occurs during the interval (1 —d)- %, there is no delay, since it has
the same effect as the case of the output inductor current response when an input voltage
step is applied.

Summarizing, the delay only affects the input port in the case of small output voltage
perturbation, so the characteristic coefficient of the input port is affected by the delay and

is given by Equation (24). Expression (18) is still valid:

Bi(s) = —e %" [Kjino + Kii1-Karoo — Kiia1-KarirBo(s)] (24)

Finally, the output inductor current dynamic response and input current dynamic
response is analyzed, when a perturbation is introduced into the duty ratio, Ad. For this
analysis, it is assumed that the duty ratio perturbation, Ad, is applied in the interval d,- %,
since it is a small-signal perturbation and has an effect on the PWM reset.

The perturbation of the duty ratio shown in Figure 11 has been exaggerated in order
to clearly show the effect that causes on the waveforms of the converter. The duty ratio
perturbation leads to an immediate change in the 7 45 voltage as shown in Figure 11a. Since
this change in ¥4 occurs in the de'% interval then the secondary voltage, U5, also changes
as shown in Figure 11b. Therefore, I; and I, currents change instantaneously, as can be seen
in Figure 11c,d. There is no delay in the input and output port. Expressions (17) and (20)
are still valid.
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Figure 11. Dynamic response to a duty ratio step change. (a) Voltage at terminal A-B, (b) secondary
voltage, (c) output inductor current and (d) input current.

In conclusion, from this analysis, it has been shown that the blanking time creates a
delay in the input current when there is a small output voltage perturbation. This delay
directly affects the coefficient B;(s). Likewise, the blanking time generates a delay in the
output inductor current when there is a small input voltage perturbation. This delay
directly affects the coefficient C,(s). The delay is random, since it depends on the moment
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in which the perturbation is injected until the interval d,- % begins. Its range is from 0 to

dy- % The final characteristic coefficients that represent the new small-signal model of the
PSFB converter have been collected in Table 2.

Table 2. Proposed characteristic coefficients of the PSFB converter.

Output Characteristic Coefficients

AO (S) — Koia BO (S) — Koioo

—g. Ko
_ C.(s)=¢e sty vlvi
Z1.(s) Kot Z1.(s) Kot o(s)

Z1.(s)—Kunir

Input Characteristic Coefficients

Ai(s) = Kijig + Kijar- Kaia + Kijar-Karir- Ao (5)
Bi(s) = —e~ %" [Kijo + Kija1-Karoo — KiiarKarirBo (s)]
Ci(s) = Kiivi + Kijar-Karoi + Kijar-Kair-Co ()

4. Validation of the Small-Signal Model of the PSFB Converter by Simulation

The proposed model is validated by simulation using the AC sweep tool of the PSIM
software. The open-loop audio-susceptibility transfer function has been selected, since it is
the transfer function that best represents the effect of the delay produced by the blanking
time. The validation by simulation was developed for three different operating points. The
parameters for each operating point are shown in Table 3. The parameter N, represents the
peak value of the modulator carrier signal. The simulation schematic is shown in Figure 12.

Table 3. Parameters to obtain the frequency response at different power levels.

Common Parameters for the 3 Operating Points

L =36uH L =10 uH Fswy = 100 kHz
DCR =10 mQ ESR =180 mQ Cfo =100 uF
n =05 N, =249
Different Power Levels
P, =90W P, =280 W P, =500 W
Vi, =100V Vip =150V Vi, =150V
Vo =14V Vo =143V Vo =14.85V
D=04 D =0.45 D =0.65
Ripad =22 Q Rjpad = 0.733 Q Rjpps = 044 O
[ (=]
@i L coss gy % +coss
[ J?,L ,r[_{CRﬁ "
v,";a‘c :} v_pert | LIk : | [Mv?h » » V‘,'_.,c
. £ Vab‘?. L j‘ :'m ‘:;RInaﬂ >
vin D L
8% Loos 5% L oo o
\g—“—‘- 2 T @145 ‘
= = I—=¢
T i ! jmaz o:&: A:qu
°o Q. opus Q4 as

p!
() 200n

Figure 12. PSIM schematic of the PSFB converter used for validation by simulation.

On the other hand, the small-signal model proposed in this paper is also compared

with the small-signal models presented in [20,28].

The validation for a power level of 90 W has been performed. For this operating point
the blanking time represents approximately 5% of the duty ratio. Under these conditions, it
can be seen in Figure 13a,b that the models presented in [20,28] apparently match with the
frequency response obtained from PSIM software. In Figure 13c, a zoom of the phase in the
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high frequency region is shown. From Figure 13c, it can be seen that the model presented
in [20] is not accurate in this frequency range. However, the proposed model allows to
have a better estimation of the frequency response in this region.
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Figure 13. Comparison of the frequency response of the audio-susceptibility transfer function for
a power level of 90 W. (a) Proposed small-signal model vs. small-signal model presented in [28].
(b) Proposed small-signal model vs. small-signal model presented in [20]. (c) Phase zoom.

The validation for a power level of 250 W has been performed. From Figure 14a,b,
it can be seen that the models presented in [20,28] are not able to predict the phase drop
produced by the blanking time. However, the proposed model in this paper matches with
the frequency response obtained from PSIM software. The delay considered in the proposed

. d Taw . . . o . o
model is - =5¢. For this operating point, the blanking time represents approximately 40%
of the duty ratio.
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g - ~\~\ T 3 % N
K] N 5
g i \ S 40 \
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Figure 14. Comparison of the frequency response of the audio-susceptibility transfer function for
a power level of 280 W. (a) Proposed small-signal model vs. small-signal model presented in [28].
(b) Proposed small-signal model vs. small-signal model presented in [20].

Finally, the proposed model is validated for a power level of 500 W. From Figure 15a,b,
it can be seen that the models presented in [20,28] do not predict the additional phase drop
in the audio-susceptibility transfer function. For this operating point, the blanking time
represents approximately 60% of the duty ratio.
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Figure 15. Comparison of the frequency response of the audio-susceptibility transfer function for
a power level of 500 W. (a) Proposed small-signal model vs. small-signal model presented in [28].
(b) Proposed small-signal model vs. small-signal model presented in [20].

From this validation, it can be concluded that if the power level is increased then the
phase drop becomes more noticeable. This occurs because the blanking time is proportional
to the load current, which means that if the load current is increased then the blanking
time is increased. Therefore, the blanking time can become considerable even if the leakage
inductor is small. On the other hand, it has been observed that the phase drop could occur
before one-half of the switching frequency.

5. Experimental Validation of the Small-Signal Model of the PSFB Converter

A prototype of Phase-Shifted Full-Bridge converter was built in order to experimen-
tally verify the proposed small-signal model as shown in Figure 16. A leakage inductance
that generates a significant blanking time has been selected in order to demonstrate that
there is an excellent agreement between the proposed small-signal model and the experi-
mental results. The converter is controlled by MicroZed board [32] based on a 72020 Xilinx
Zynq device [33].

&

/ Frequency response analyzer,

Figure 16. Experimental prototype of the PSFB converter.

For the experimental validation, two different operating points have been selected.
Figure 17a,b show the main waveforms for a power level of 8.5 W and 70 W, respectively.
It can be seen that a large L, provokes a large blanking time.
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Figure 17. Main waveforms of the experimental prototype at different power levels: (a) 8.5 W,

(b) 70 W.

According to Figure 1, the main parameters for each operating point are found in
Table 4. The validation shown in this section consists of obtaining the frequency response
of the main transfer functions of the converter. The frequency response is obtained by using
the Venable frequency response analyzer model 3235. The open-loop transfer functions are
chosen to prevent that any delay from the digital control affecting the measurement.

Table 4. Main parameters for each operating point.

Power Level of 8.5 W

Vi, =35V Fsw = 100 kHz V, =3V I,=28A D =063

Ly =34 uH L =36 uH Crp =1 uF n=05 Ny =1
Power Level of 70 W

Vi, =100V Fsy = 100 kHz Vo =124V I, =56 D =07

Ly = 34 uH L =36uH Cfy = 47 uF n=05 N, = 249

5.1. Control to Output Voltage Transfer Function

The control to output voltage transfer function is given by Equation (25). The term G,
represents the modulator gain:

_ Gm'Ao(S>'Zload<5)
1+ Bo(s)'zloud(s)

Gowe (S) (25)

where:

Z10ad (5) = ZCfD | Rioad (26)

The impedance of the output filter capacitor and output filter inductor consider the
parasitic resistances and are given by Equations (27) and (28), respectively:

1
S‘Cfo

Zcso(s) = ESR + (27)

Z1(s) = DCR+s-L (28)

From Equation (25), it can be deduced that the control to output voltage transfer
function is not affected by the delay associated to the blanking time, since the characteristic
coefficients A,(s) and B,(s) are not affected by the delay, as can be seen in Table 2. The
measurement scheme is shown in Figure 18.



Energies 2021, 14, 7280

16 of 23

Venable model 3235

: il
1 1 H
1 1 H
chl ch2 (' ™/ 0 [t o
N S B PSFB !
. .
Q C:) C:) O Vi Converter Rias 1
1 1 : : o dl
.
i

: | Q4 QzI Q3I QJ

_______________ M_.© 7&\

A
I MicroZed

|

3

Figure 18. Measurement block diagram of Gyyc(s).

The perturbation has been generated using the Venable oscillator. This perturbation is
passed through an analog-digital converter, ADC, with the aim of injecting the perturbation
into the DPWM that is implemented in the MicroZed board. The ADC gain, modulator
gain and the total delay (ADC delay plus DPWM delay) has been subtracted from the
measurement in order to compensate these effects (post-processed).

The magnitude and phase of the frequency response of the control to output voltage
transfer function for the 8.5 W and 70 W power levels are shown in Figure 19a,b, respectively.
There is an excellent agreement between the proposed model and the experimental results.
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Figure 19. Frequency response of control to output voltage transfer function. (a) 8.5 W. (b) 70 W.
5.2. Open-Loop Audio-Susceptibility Transfer Function
The open-loop audio-susceptibility transfer function is given by Equation (29):

Goo(s) = Gl (29)

Bo (S) + Zlaald(s)
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From Equation (29), it can be deduced that the open-loop audio-susceptibility trans-
fer function is affected by the random delay associated to the blanking time, since the
characteristic coefficient C, (s) is affected by the delay, as can be seen in Table 2.

The magnitude and phase of the frequency response of open-loop audio-susceptibility
transfer function for the 8.5 W and 70 W power levels are shown in Figure 20a,b, respectively.
There is an excellent agreement between the proposed model and the experimental results.
The delay considered in this measure is in % . % However, the delay to consider may be
different for other operating points due to its random nature, as mentioned in Section 3.
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Figure 20. Frequency response of open-loop audio-susceptibility transfer functions: (a) 8.5 W,
(b) 70 W.
5.3. Open-Loop Input Impedance
The open-loop input impedance transfer function is given by Equation (30):
Bo(s) + L~

Z10ad (s) (30)
— Co(s)Bi(s) + Ci(s)-Bo(s)

Zin(s) = Ci(s)
Zload(s)

From Equation (30) it can be deduced that the open-loop input impedance is affected
by the delay associated to the blanking time, since the characteristic coefficients C,(s) and
B;(s) are affected by the delay, as can be seen in Table 2.

For the measurement of the input impedance, a high frequency decoupling capacitor,
Cin, has been added and its value is approximately 1 pF. This measurement is not affected
by any of the effects of digital control, since the current source amplifies the perturbation in
an analog way as shown in Figure 21a. For the input impedance frequency response can be
emphasized that the experimental measurement matches with the theoretical predictions,
as shown in Figure 21b.

5.4. Open-Loop Output Impedance

The terminated open-loop output impedance transfer function (considering the load)
is given by Equation (31):

ZO(S) _ Zload(s)

- Zloud(s)'BO (S) +1 (31)
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From Equation (31), it can be deduced that the open-loop output impedance transfer
function is not affected by the delay associated to the blanking time, since the characteristic
coefficient B, (s) is not affected by the delay, as can be seen in Table 2.
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Figure 21. (a) Measurement block diagram. (b) Frequency response of the open-loop input
impedance, 8.5 W.

The magnitude and phase of the frequency response of the open-loop output impedance
transfer function is shown in Figure 22. There is an excellent agreement between the pro-
posed model and the experimental result.
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Figure 22. Frequency response of the open-loop output impedance, 8.5 W.

6. Conclusions

A new small-signal model of the PSFB converter has been presented. This model
predicts more accurately the gain of the transfer function because the additional switching
stage due to the leakage inductance is considered. From the analysis of the natural response
of the PSFB converter, it has been shown that in this topology, the blanking time creates
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a random delay in the input current response and the output inductor current response
when there is a small output voltage perturbation and small input voltage perturbation,
respectively. Therefore, the characteristic coefficients that are directly affected by this
delay are B;(s) and C,(s). The delay is variable since it depends on the moment in which
the perturbation is injected until the interval dg-% begins. Its range is from 0 to dl-%.
Therefore, in order to design a control loop that depends on audio-susceptibility transfer
function, the largest delay should be considered, which occurs when t; is equal to the
blanking time. The proposed small-signal model of the PSFB converter is capable of
predicting the experimental phase drop that is generated in the audio-susceptibility transfer
function when the blanking time is significant.
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Nomenclature

IAC Injected-absorbed-current method

Gm Modulator transfer function

Guo Audio-susceptibility transfer function

Gooe Control to output voltage transfer function

Zo Output impedance transfer function

Zin Input impedance transfer function

Ay, By, Cx  Characteristic coefficients of the injected-absorbed-current method
Zy Impedances

n Transformer turns ratio (number of turns of the secondary winding

divided by number of turns of the primary winding)

L Leakage inductance of the transformer

L Output filter inductance

Dy- Ti” Blanking time interval

ty Random delay

N, Peak value of the modulator carrier signal

Ky Constant coefficients of the transfer function

V, I Operating point of the currents and voltages

0,1 Switched currents and voltages

v, i Averaged and characteristic value of the currents and voltage
o, 1 Small-signal values of the currents and voltages
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Appendix A
The full set of the equations of the small-signal model of the PSFB converter is given below:

L2-Viy (D-Lyen® + L) Ko

Kyppy = — 22 Al
vlvo Tsw-(sz~n2 +L) K% ( )
Ky = L?Viy = Li-Vorn® = L-Ly-Viyn®-(1 = D) (A2)
Ky = Tew-Viy- (D2-L,2k-n4 . L-le-nz) + Ky (A3)
K3 = T Viy-D- (L-le-nz - 2~L12k~n4> (A4)
Ky =Kz +41;- (L 273+ Ln ) (A5)
4-L-Lye-n®-(L-Viy, + Lig-Voon
Ky = — Ik (T 112 k- Vo) (A6)
sw N
L-n-(Ks + K7 + K9 — Kq2
Kot = 22 -+ Kip — Kpp) (A7)
Tsw‘(le‘l’l —l—L)Kl
Ks = Tp-D?- [Vii-Ké + L;*k-voz-n*’)] (A8)
K¢ = L3-Lyp-n* + L?- L -n* (A9)
Ky = Tsp- [LZ-L%k-Vg-n2 n Kg] (A10)
Ks = D-(Ko + V2-(L-Ljn* — Lin®) ) (A11)
K = V3-(L* = 1% L) (A12)
Ky = 41, -V, [LZ L3on*(D+1)+ KH} (A13)
Kyy = D-L-L} -n® + L3-12 -n? (A14)
Kip = 2-Tsw-D-V0-Vm-<L2-L 1+ L-L3on ) (A15)
LV, (Kis + Kis + Ki7 + K
K, = LVt (K13 + 215 + 172+ 19) (A16)
T5w~(le-Tl +L)K1
K13 = 2Ty D-Vo- Vi -Kis + Tsw~L4-mi (A17)
Ky = L-L}-n° — L2 L3 (A18)
Kis = 41 - [Km +V, (Lz.L it 4 L4 n )] (A19)
Kig = Viy- (L3-lek-n3 + LZ-L?k-n5) (A20)
K17 = Tsw Vo Viu-Kig — T L*-Ljj- Vi m* (A21)
Kig = L2132 n% — L3 -n5 L (D2 + 2) (A22)
Kig = Tap V- (L L3 n* — nf (L 2~D-L;*k)) (A23)
Kiipi = Koo (L‘Dl + D-Lyn® — le‘nz‘Dl) (A24)
Koo = e (D= D1) (A25)

4~L12k~1’l2 +4‘L~le
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Ly Tsw#-Df — D-Lyg-Tsw-n-D;

Kiivo = + Ky (A26)
iivo 4-L~le~1’lz

Ko — 2:Ts'n-DF + Teyn-Dy
Ky = A27
A 4Lyn?+4L (A27)
Ky = 2-Tsy-1-D-D; — Tsgp-n-D? (A28)

4-L-Lygn-(Lygn®+L)
- A29
dlil Ton Ky (A29)
o Tow: (Koz +2:D-L-Lyg (Viy-n? — Vo)) (A30)
iid = 4&L-Ly-(Lgn?+L)

Ka3 = Vi,-D- <L2 _ 2-L-le~n2> + Ky (A31)
Koy = V,-D;- (L~L,k~n - lek-n3> (A32)

Tsw(Kos + Ko7 + L-Lig-Voon)
Kiq = A33
iidl 4'L‘le~(le'7’12 —l—L) ( )
Kos = Kog +2-V,-D;- (lek-n3 - L-le-n> (A34)
K26 = 2'Vin'Dl' (L'le~1’12 - L2> (A35)
Ky7 = D- (L2-Vin —Kpg+ L~le~Vo~n) (A36)
Kog = L%-Vo-n® +2-L-Lyg- V-1 (A37)

Kzg + K31
Kyg=1-—-2"°31 A38
dld e (A38)
Kpo = 4-1; -V - (L3.L12k.n3 + L2.L;°’k-n5) 1 Kz (A39)
Ksp = T L} - VZ-1® (A40)
K31 = Tsw'L4’Vl%1 - Tsw'Lz'lek'K32 (A41)
Ksp = V- Viyn® + V2 -nt (A42)
L-Lyn-(Kss + K
Kapoo = —% T< o ) (A43)
sw ™
Ksz = TswVin-D-Ksg + ’1—'sw'Vin'L2 (A44)
Ksy = L-Lyp-n® + D-L-n* — 2-L2 -n* (A45)
Kss = 411 -K3g — Tsw Vi L-Lip-n? (A46)
Ksg = L-Lj-n® + Lj-n® (A47)
L-Lj-n-(Ks7 + K3g
Kiri = — T( e ) (A48)
sw ™M

Kay = 4-T; -D-Kag + 4-I; - (L3 - L-lek~n4> (A49)
Ksg = L*-Ly-n® + L-L2 -n*, (A50)
Kag = Ty VoD-Kap + Ty Vo (12 = L-Lyen? (A51)
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