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Variable-Switching-Frequency State-Feedback
Control of a Phase-Shifted Full-Bridge
DC/DC Converter
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Abstract—This paper presents a methodology to control a phase-
shifted full-bridge (PSFB) dc/dc converter with variable switching
frequency, as a function of the output load power. The main ob-
jective of such control is to maximize the conversion efficiency at
a wide range of load power levels. By tuning the switching fre-
quency, the net phase of the input impedance of the converter
can be manipulated, and thus, at the lower load power operation,
the net input impedance can be made highly inductive to achieve
zero-voltage switching (ZVS) at the primary-side switches. This
paper proposes an efficiency maximization method, which derives
an optimum switching frequency based on the load power from a
loss-minimization model. In addition, a state-feedback-based con-
trol method is proposed for maintaining a tight dynamic regulation
over the converter output under a load transient. A 6-kW labora-
tory prototype of the PSFB converter is developed and designed to
validate the proposed control algorithm. The experimental results
show a conversion efficiency of 98 % at full load and output voltage
ripple of 1-1%, while ensuring ZVS at all operating points between
100 W and 6 kW.

Index Terms—Phase shift, state-feedback control, variable
frequency, zero-voltage switching (ZVS).

1. INTRODUCTION

MONG the traditional dc/dc converter topologies, phase-
A shifted full bridge (PSFB) converters have drawn signifi-
cant attention in medium-high-power applications due to their
simple structure and zero-voltage switching (ZVS) feature [1]—
[3]. Unlike the resonant dc/dc topologies, the voltage gain of
a PSFB converter does not depend on the switching frequency,
rather only varies with the phase-shift angle between the duty
cycles of any two diagonally located primary-side switches.
One of the most important considerations to achieve a high-
end conversion efficiency is to ensure ZVS at a wide range of
load power. One of the biggest challenges designing a PSFB
converter is maintaining ZVS at light-load conditions, since it
highly depends on the value of inductance and the switching fre-
quency at low power. Increasing resonant inductance can help
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achieving ZVS in light-load condition. However, increasing res-
onant inductance results in the duty cycle loss at the secondary
side, additional dead-time conduction loss and ringing across
the secondary-side rectifier [4], [S].

In order to enhance the conversion efficiency without increas-
ing the resonant inductance, several different methods have been
proposed in the literature [S]-[14]. All of these methods re-
quire an add-on auxiliary circuit to ensure ZVS in a wide load
range. An additional auxiliary transformer in series between
the resonant inductor and the PSFB transformer, and a capac-
itor connected on its secondary side is proposed in [5]. In this
way, enough magnetizing energy can be supplied to the res-
onant inductor even at lighter load conditions. However, this
additional energy will result in circulating current and conduc-
tion loss in the primary side, which may not improve the overall
efficiency, even with ZVS. The circuit topology proposed in
[6] utilizes an additional subcircuit consisting of two inductors
and two snubber capacitors, which result in circulating current
due to resonance on the primary side. For a large output cur-
rent application, this circulating current might be very high,
which would introduce more conduction loss and potentially
degrade the overall efficiency. In order to avoid these concerns,
a voltage-doubler-type rectifier is proposed in [7], which has
lower circulating current and can achieve ZVS in both legs.
However, it uses a very high value of leakage inductor, increas-
ing the overall weight, and also experiences high current stresses
on the secondary switches due to a larger deadtime.

Furthermore, a few methods [15], [16] are proposed in order
to improve the light-load efficiency without using any auxiliary
circuit components. The method presented in [15] discusses syn-
chronous rectification (SR) turn-off schemes to create discon-
tinuous conduction mode of operation. The method proposed in
[16] minimizes the secondary-side conduction loss but does not
address any approach for the overall loss minimization. Also,
most of these methods need complex control and higher con-
duction losses in body diode of synchronous rectifiers.

A number of studies [17]-[25] have been done in improving
the light-load efficiency by achieving ZVS through modifying
the circuit topology [17], [18], [20] or improving the control
technique [26]. Although the methods in [17], [18], and
[20] enhance the overall conversion efficiency at light loads
(<1 kW), the efficiency starts to fall down beyond a certain load
range because of higher conduction loss in the auxiliary circuit
components. This is especially true for the large output current
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applications. The method in [20] improves the efficiency by
changing the dead-time over different loads but overlooks
the effect of switching frequency on the overall efficiency,
which does not ensure maximum efficiency. In addition, a
variable-switching-frequency control of a PSFB dc/dc converter
is proposed in order to enhance the conversion efficiency over
a wide load range [25], [26]. Although the proposed method
in [26] shows improved efficiency in comparison to the
fixed-frequency control, the switching frequency calculation
algorithm does not minimize the total power loss, and conse-
quently, it does not ensure maximum efficiency at all operating
load powers.

In order to address and alleviate all the aforementioned issues
related to the ZVS and efficiency improvement, a variable-
switching-frequency control algorithm for a PSFB dc/dc
converter is proposed in this paper. The proposed algorithm
calculates the switching frequency, based on a power loss min-
imization model. The total power loss is estimated considering
switching frequency, device parameters, and component details,
where the only variable parameter is the switching frequency.
Thereby, a parametric minimization of the total power loss is
performed, and it is found that the switching frequency at which
the total power loss will be minimum does not depend on the
component details, which may change over different physical
conditions. Rather, it depends only on the load power level.
In addition, the proposed algorithm ensures validity of ZVS
condition in the determined switching frequency. Otherwise,
the model derives another switching frequency at which the
ZVS occurs at both the legs and ensures minimum power loss.

Furthermore, a state-feedback-based control design approach
is implemented to achieve a tight dynamic regulation on the
PSFB converter output at any variable load and input voltage
conditions. For regulating the output voltage at a reference level
during a load transient, two sensors, i.e., output voltage and load
current sensors, are typically required to provide the required
feedback information. One noteworthy point is that the weight
of the current transformer for sensing the load current is quite
high and takes a significant portion of the total weight of the con-
verter, in the low-voltage high-current (>100 A) secondary side.
As an improvement, the proposed state-feedback-based control
strategy uses only one output voltage sensor and estimates the
load current from the converter dynamics and switching infor-
mation at the previous cycle. The detailed derivation regarding
the estimation of the load resistance, and hence, the load current
is carried out in this paper.

This paper is organized as follows. Section II introduces de-
tailed operation principle of the PSFB converter. The proposed
state-feedback-based control approach assuming first harmonic
approximation (FHA) of the converter is described in Section III.
The proposed variable-switching-frequency control approach
along with the loss modeling and ZVS conditions is established
in Section IV. The simulation and experimental results of the
converter at different load conditions are presented in Section V.
Section VI puts forward conclusions with a relevant discussion.

II. TOPOLOGY OPERATION

A simplified circuit of the PSFB topology in a center-tapped
configuration is shown in Fig. 1. MOSFETs S, S,, S5, and
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Fig. 1. Basic structure of a center-tapped PSFB dc/dc converter.
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Fig. 2. Typical waveforms of primary voltage, primary current, and the gate
pulses in a PSFB converter.

Sy form the full bridge on the primary side of the transformer,
T1.S51 and Sy are switched with 50% duty ratio and 180° out
of phase from each other. Similarly, S3 and Sy are switched at
50% duty and 180° out of phase with each other.

The pulse width modulation switching signals for leg S3 — .5,
of the full bridge are phase shifted with respect to those for
leg S71— 5. Amount of this phase shift decides the amount of
overlap between diagonal switches, which in turn decides the
amount of energy transferred. )1 and ) provide rectification
on the secondary side, while L, and Cp¢ form the output fil-
ter. Inductor L, provides assistance to the transformer leakage
inductance for resonance operation with MOSFET capacitance
and facilitates ZVS. Fig. 2 provides the switching waveforms
for the system in Fig. 1.

During ZVS phase-shift operation of the converter, there are
five states in a half-cycle of operation. These states are briefly
discussed due to the symmetric operation of the circuit.

A. Slew Interval (tog—to)

This is the time interval when the primary current changes
its flow direction. This time is established by primary input
voltage level, load current, and the total primary-side resonant
inductance, including the leakage inductance of the transformer
and any additional inductance in the primary current path. Ad-
ditional inductance may be required to store enough energy to
displace the capacitive charge on the MOSFET output capaci-
tance (Coss) and to offer realistic transition delay times.

B. Power Delivery Interval (to—t4)

This mode of operation is very similar to the conventional full-
bridge converter operation, when either of the two diagonally
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opposite switches (57 & Sy or Sy & S3) are ON. Therefore,
the applied voltage across the primary side of the transformer
(including the additional leakage inductance) becomes V;, or
—Vin, which results in power transfer to the load. The phase
shift between diagonal switches determines the output voltage
and total power transfer to the load side.

C. Freewheeling Interval (t4—t5)

During the freewheel time, reflected load current is circulated
through the FET switches 57 & S3 or S5 & Sy, and the voltage
across the primary is zero. The freewheeling time increases with
light loads for less power transfer and decreases with heavy loads
for higher power transfer. In other words, the freewheeling time
is a way for the controller to idle until the next appropriate state
comes along. Fig. 2 shows the droop in primary current during
this time, caused by conduction losses in the circulation path
and output inductor ripple current.

D. Left-Leg Transition Interval (to—t1)

The process of ZVS involves the charge displacement in the
drain—source parasitic capacitances of the MOSFETSs and occurs
differently for the two legs of the primary side. During the
left-leg (S7 & Sy) transition interval, the charge on the output
capacitances of the A&B leg is displaced. For the left leg, the
source of energy that displaces this charge is stored in the total
primary resonant inductance. The displacement of this charge
forces the voltage across MOSFET S; to zero (MOSFET S,
ZN'S occurs during the cycles second half), enabling ZVS to
take place. The charge is displaced in a time equal to one-fourth
the resonant period, given by

m
tL, = 3 x /L', Cg (1)

where t;, = transition time for the left-leg interval, L;, =
transformer leakage inductance + additional primary induc-
tance, and C'r = resonant capacitance, which is given by
Cr = 42Cpgss/3, where The MOSFET output capacitance
Cogs is multiplied by 4/3 to approximate the average capac-
itance value during a varying drain-to-source voltage.

E. Right-Leg Transition Interval (t3—t4)

During this time interval, the full displacement of charge on
the output capacitors of S3 and S, happens and, thus, terminates
the power transfer interval. The reflected portion of the sec-
ondary current on the primary side supplies the energy for the
full charge displacement, which ensures ZVS. Unlike the left-
leg ZVS, the dynamics of capacitor discharge in this mode does
not follow any resonating behavior, as the reflected output cur-
rent behaves like a constant current source and discharges the
output capacitances of primary MOSFETs linearly. The ZVS
transition time is given by the following relationship:

CR Vvin
I,

2

trL =

Since the source of energy for the discharging of output capac-
itors is directly load dependent, it is challenging to achieve ZVS
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Fig. 3. Reduced equivalent circuit from FHA of a PSFB converter.

at lighter loads. However, this does not pose a serious prob-
lem, as a variable-switching-frequency-based control method
can potentially ensure the ZVS occurrence even at lighter loads
without adding any hardware components, as proved in the next
section of this paper.

III. PHASE-SHIFT CONTROLLER DESIGN

In order to control a PSFB converter at any switching fre-
quency, it is important to design a control system, which will
generate the reference value of the phase shift for achieving
the reference output voltage at a particular load power. There-
fore, the first requirement is to determine the frequency-domain
small-signal transfer function AV, /A, which can be split as
follows:

AV, AV,

_ o AV
Ap AV,

Ag

3

where ¢ represents the phase-angle shift between two diagonally
opposite switches, V),; denotes the fundamental components of
the primary voltage, and V, is the output voltage. In order to
determine the ac voltage gain of the converter, i.e., AV, / AV,
the reduced circuit of PSFB from the FHA, shown in Fig. 3, is
analyzed.

Here, L, is the magnetizing inductance of the transformer
and R, is the equivalent reflected ac resistance on the primary
side, obtained from FHA [17], i.e., R, = 8R/7r2, where R is
the original load resistance. Thereby, the overall voltage gain
can be calculated as the following relationship, which shows a
first-order variation between the fundamentals of output voltage
and primary-side voltage

& o nRe Ly, (4)
Vi B (Lm + L,p)[s(nQLs + L ||L'p) + n’R.|’

AV,1/Ap, ie., the primary voltage variation with the phase-
shift angle, can be quantified by taking the ratio of the change
in first harmonic amplitude of the primary voltage and the per-
turbation amount of the phase angle. For any phase-shift angle
©, “mth” harmonic amplitude of the primary voltage, i.e., a,,,
can be determined as follows:

1
Ay = f/ Vori (t) sin(nt)dt
<27>

™
Vi T—¢ 21—
= = {/ sin(mt)dt—/ sin(mt)dt}
0 T

™
Vi

n
mm

[14 cos(me)] x [1 = (=1)"]. ©)
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Fig. 4. Variable-switching-frequency state-feedback controller of a PSFB

converter.

Accordingly, the first-harmonic amplitude of the primary in-
put voltage is formulated by the following relationships:

2Viu
Vil = 221+ cos(9). ©)
Hence
AV, 2V,
A(Zl = in(g). @)

Therefore, the small-signal transfer function between the out-
put voltage and phase-shift angle can be determined by multi-
plying (4) and (7), shown in (8), which is a first-order system

with a pole located at p = n? Re/(nQLS + L ||L))

AV, 2Vi
N

nR.L,,
(L +L/p) [s(n?Ls+Ly, ||L/1>)+”2Re] '
®)
Hence, this relationship could be framed as a typical first-
order system, as follows.

sin(@)

AV, A

A 1+sT ©)
where
2‘/111 . Lm

A= -4 Sm((b)n(Lm+L’p) (10)

n?L, + L,, L',
= =5 P 11
7R, (1)

A state-feedback control algorithm is proposed for maintain-
ing the output voltage at a fixed regulated value with a fast
closed-loop system dynamics, at any transient in load power or
input voltage. The control system block diagram is shown in
Fig. 4, where Gj corresponds to the gate pulse to the switch S;
(“i1” = 1 to 4). The selected state variables (x) of the converter
are the primary current (¢, ) and the instantaneous output voltage
(v, ). The control variable (u) is the phase-shift between any two
diagonal switches, i.e., ¢. One state-space relation in (12) can
be established by using the output voltage to phase-shift transfer
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function in (9)
(12)
(13)

Vo + TO, = A

by = —L + 44,

Furthermore, from the voltage balancing at primary side,
i.e., (14) and applying v, = V, ¢, the second state-space re-
lationship, shown in (15), can be formulated assuming L.q =
n?L, + L,

v, = Lyi, +nLgis +nv, (14)
- -n V;n

iy = —Vp + ——0. (15)
! Leq Leq

Thereby, combining (13) and (15) and comparing with the
state-space equation for LTI systems, i.e., €' = Az + Bu,
the matrices A and B are determined as follows:

L O—n/Lecl

= (16)
0 -1 /T
AlT
B = / . (17)
Vi / Leg
Substituting u = —kx (where k = (k; k2)T is a gain

matrix), in the state-space equation and taking its Laplace
transformation, it is found that eigenvalues of the matrix
(sI — A 4 BEk) have to lie on the left-half plane in or-
der to ensure stability of the system. Since the eigenval-
ues of (sI — A + Bk) are same as the solutions of det
(sI — A+ Bk) = 0, the Routh-Hurwitz criterion could be
applied to find the conditions for obtaining negative eigenvalues
[29]

Ak
s+ @ Li =
— — ed T
(sI — A+ Bk) = Vil . 1 Viiks (18)
Leg T Leq

1+ Akl V;n kZ )
[ + J——
T Leq
Akl ‘/inkln
* (TZ’ L2 ) '
eq

After applying the Routh-Hurwitz criterion on
det(sI — A+ Bk) = 0, the following constraints on
the gain matrix parameters are obtained; ki > 0; ko <
(Leq (1 + Aky)/TViy). Moreover, since A and 7 depend on the
system variables V;,, and R, the inequalities on k; and k» should
take care of any variations in the load power and input voltage.
In this case, R can be estimated from the detailed modeling
of the converter dynamics and switching pulse information,
as explained and derived in Section IV. A and 7 would be
calculated at each interrupt cycle from the measured state

variables and phase-shift amount at the previous switching
cycle, and accordingly, k; and k2 could be updated.

det(sI — A+ Bk) = 52+5<

19)
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Fig. 5. Bode plot of the input impedance of a PSFB converter.

IV. VARIABLE-SWITCHING-FREQUENCY CONTROL

For achieving ZVS at the lower load power, a higher value of
inductance is required in order to sink the enough energy from
the parasitic drain—source capacitances to discharge them fully.
Besides increasing the inductance value for ensuring ZVS, alter-
natively the switching frequency can be tuned to ensure ZVS at
all switches. The main objective of tuning switching frequency
at different load powers is to manipulate the phase lag of the net
input impedance and ensure that it is inductive in nature. There-
fore, itis necessary to investigate the equivalent input impedance
of the PSFB converter. Let V; be the instantaneous primary-side
voltage, created due to linked flux, and V), is the instantaneous
voltage across the primary side of the transformer including the
leakage inductance. Therefore, the following relationships can
be established from the analyses on the primary and secondary
sides of the transformer

di,

V;y - LP/EJer (20)

Vi di

— = L,— 21

o S +V (21)
av, 'V,

by = —. 22

i C 7 + 7 (22)

Taking the Laplace transformation on (20)—(22) and using
is(s) = ni,(s), the following relationship is obtained:
$>RCLeq + $Leq + nR

sCR+1

where Lo, = L; + n? L,. Therefore, the net phase lag of the
input impedance can be formulated as

Zin(s) = (23)

tan t &
nR — w?RC Le

tan ! [w(Leq —nR2C 4 W R*C?Ley)

¢lag = ) — tanfl (U.JCR)

— ] 4)

The frequency response of Z;, (s) is shown by a Bode plot in
Fig. 5, which represents that both the impedance magnitude and
phase lag increase as the frequency increases. In terms of fulfill-
ment of ZVS, minimum time lag (#;,) between the fundamental
primary current and primary voltage must be one-fourth of a
resonant cycle, i.e., m\/(L',Cr)/2, where Cr = 42Coss/3
and Cpgg is the output capacitance of each primary-side
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Fig. 6. Variation of cut-in frequency of ZVS occurrence in a PSFB converter.

MOSFET. Hence, the condition of the inductive phase lag of
the input impedance being more than wty,, i.e., (25) and (26),
must be valid in order to ensure the ZVS operation

} > %\/L’pCR

(25)

W(Leq —nR2C + W R*C? Leg)
nR

tan~" {

w7
F(CL)) = 7\/ L/I)OR

—tan_l W(Leq - nRQC + CUZRQCQLEQ)
nRik

] <0. (26)

The cut-in frequency above which the ZVS is confirmed
varies with output load power. The cut-in frequency (w.) can
be determined from the equality condition of the inequality and
is represented by the frequency axis intercept of F(w) versus f
(i.e., w/2m) curve, shown in Fig. 6, for different load conditions.

As can be seen from Fig. 6, the frequency intercept for all the
load powers ranging from 100 W to 10 kW is around 60 kHz.
According to (26), F(w) has to be negative as a compulsory ZVS
condition. Therefore, the ZVS is confirmed at the frequencies
above 60 kHz for all the load powers from 0.1 to 10 kW. In
addition, as a broad objective of this work is to maximize the
conversion efficiency at all operating points, it is required to
perform loss modeling and minimize the total power loss by
tuning the switching frequency. The main task is to determine
the switching frequency, at which the total power loss would be
minimum and to make the converter operate at that switching
frequency if ZVS condition also satisfies simultaneously. The
loss model assumes the primary-side turn-on loss to be zero
assuming ZVS operation of all the switches. First priority in
the process of selection of switching frequency would be to
minimize the total loss and also to simultaneously ensure ZVS
operation. If ZVS does not occur at the switching frequency
with minimized loss, then a switching frequency satisfying (26)
would be chosen. The reason is that as the frequency decreases,
input impedance reduces according to (23), the current stress
increases on both the primary and secondary sides, and the con-
duction loss increases and dominates the other losses in large
output current applications. Therefore, a higher switching fre-
quency, satisfying the ZVS condition in (26), should be selected
for overall loss minimization. A flowchart depicting the switch-
ing frequency selection is shown in Fig. 7. Although the loss
model is quite dependent on the design parameters of the system,
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the calculated switching frequency for the minimized loss is
proven to be independent of the device specifications and com-
ponent details, and rather just a function of load power.

The total power loss, shown in (27) in the PSFB converter,
could be split into four major categories, i.e., primary conduction
loss (Ppyi cond)» secondary conduction 10ss (Piec. cond ), trans-
former core 1088 (Peore ), and primary-side turn-off loss (P )

Ptot = Poff + -Ppri.cond + Pscc.cond + Pcorc

V;ari,rmslpri,rmstoﬂ"fsw 1—2 R
2 + pri,rms*pri,cond

2 2
+ Isec,rmstrLcond +k SW

2 2
V})ri,rmstOff fsw Vi Rpri,cond

_ pri,rms
2|Zin (s)] |Z2 (s)]
n*V2. Roicond
pri,rms¥tpri,con 9
kfs . 27
DR @D

Here, Viii rmss Bpri,conds and Rgee cona are the primary-side
RMS voltage and conduction resistance of the primary and sec-
ondary MOSFETs. For a switching frequency of f, the total
power loss can be formulated as follows:

kl fsw k? 2
P fsw = + + k: sW
! t( ) Zin (.fsw) Z?n(f%w) ’
_ kl fsw Zin (fsw) + k2 + k3 s2w Z?n(fbw) (28)
Z?n(fsw)
where k; = VVpQri,rmstoﬁ/Z ko = ‘/}JQri,rmsRPri-Cond’ ks = k.

The optimum switching frequency at which the total power
loss would be minimum can be determined by solving
dPiot (fsw)/dfsw = 0. Substituting the |Z;, (s)| at f = fs in
the power loss expression and equating its derivative to zero, the
following relationship is obtained:

kl Zin(fsw)Z,in(fsw) - kl fsw Zin(fsw)Z/in(fsw) -
2k2 Zlin (fsw) + kBZj2n (f@w)Z/in(fsw) =0.

From the above equation, one straightforward solution could
be obtained as Z! (fsw) = 0, which leads to the following rela-

mn

tionships by differentiating (23) with respect to s = fqy:

S2W R202Leq + QRCLequW + Leq - HRQC o
(RC fow +1)°

(29)

0. (30)
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Hence

\/4R2 C2L2, + 4R?C? Log(nR2C — Log) — 2RC Ly
9R2C2 Ly,

n 1

(Jor—7e)

As can be seen from (31), the commanded switching
frequency from the loss-minimized model is independent of the
design-dependent parameters, such as k;, ko, and k3. Although
there are other multiple solutions to (29), all of them are depen-
denton k;, ko, and k3 and, thus, generate a switching frequency
being dependent on the design specifications and component
details. Those solutions may potentially generate misleading
values of switching frequencies, upon the slight variation
of component parameters with other physical parameters.
Therefore, the solution from Z/, (fsw) = 0 is considered as the
optimum switching frequency, which is only dependent on the
output load power. From the established relationship in (31), itis
understood that the switching frequency should be increased as
the load resistance increases and vice versa. Therefore, a higher
switching frequency is desired in order to reduce the total loss at
alighter load condition. Again, in order to maintain the ZVS, the
switching frequency should maintain the condition mentioned
in (26) (i.e., fs, > 60 kHz for our design considerations).

Since there will be no load resistance sensing in the real-time
implementation, R should be determined or estimated from the
known measured system variables, in order to generate a fre-
quency command according to (31). Differentiating (22) and
substituting diy/dt in (21), the relationship at (32) can be formu-
lated and discretized at the kth sample in (33)

fSW =

€1Y)

Vi (LY, | 1V,
n—Ls(cdt2 +Rdt)+v; (32)
Vi(k) =Vi(k—1)
n
Vo(k) =2 x Vo (k—1) + V,(k —2)
:LS TSQ
Ly Vo(k) = Vo(k—1)
vl - Y, (k) (33)

where 7 is the sampling time of the closed-loop implemen-
tation. From the sensor measurements, output voltages at kth
and (k-1)th samples are known to us. Furthermore, V; (k) and
Vi (k — 1) will be either Vi, or —V4, or 0, which will be known
to us from the input voltage and the primary switching pulse
information. Thus, the unknown value of load resistance, i.e.,
R, could be estimated using the relationship, established in (33).
Consequently, the primary current (i},) at kth sample can also be
estimated according to (34), using the fundamental relationships
(200-(22)

—Vo(k=1)  Vo(k)
T, * R
(34)
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Fig. 8. Simulation results of PSFB converter. (a) Primary voltage (V},;).
(b) Primary current (4, ). (c) Output dc voltage (Vpc ).

TABLE I
KEY DESIGN PARAMETERS AND THEIR SPECIFICATIONS

Parameters Values Quantity
Input voltage (Viy, ) 650 V -
Output voltage reference (V, ef) 28V -
Output power (Pyy¢) 6 kW -
Transformer turns ratio (1) 12:1:1 -
Primary leakage inductance L, 8 uH

Secondary inductor (L) 7.5 uH 1
DC-link capacitor (C'p ¢ ) 3mF 1
Primary MOSFETs SiC (1.2kV/24 A) 4
Secondary MOSFETs FDHOS5N15A (145 A, 160 V) 6

ontrol board

15V DC/DC
converter
Input port

Primary side
Gate driver

DC output Secondary SR board
capacitor  inductor

Transformer

Fig. 9. Photo of the PSFB dc/dc experimental setup.

V. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed control methodology, the con-
verter is simulated with a dc voltage of 650 V at a rated nominal
power of 6 kW with 28-V output dc voltage reference for the
application of auxiliary power supply in a more electric aircraft.
The simulation is performed in PSIM and the obtained results
are shown in Fig. 8. The PSFB converter is designed based on
the well-established design considerations, presented in the lit-
erature [27], [28]. The key design parameters and specifications
are summarized in Table I. As a noteworthy design consid-
eration, SR is used to drive the secondary-side MOSFETs to
reduce the conduction loss and each secondary switch is real-
ized by three MOSFETs in parallel for reducing the effective
conduction resistance.

As a proof-of-concept verification to the proposed control
methodology, a laboratory prototype of 6 kW (continuous)/8 kW
(peak) PSFB converter, shown in Fig. 9, is designed and devel-
oped. The control algorithm is implemented in a floating-point
DSP platform TMS320F28335.
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Fig. 10 shows the steady-state operation of the converter at
650-V DC input and 6 kW. The output dc voltage is settled at
28-V DC with a ripple within £1%. The secondary inductor
current is averaged around 214 A with a ripple of +10%, and
it is of twice the switching frequency, as the voltage across the
inductor is rectified form of the linked secondary voltage. The
ZVS occurrence of the primary-side MOSFETs is demonstrated
by Fig. 11, which shows a 200-ns deadtime between complete
fall of drain—source voltage and the turn-on of gate pulse.

Furthermore, the converter is also tested in different load and
line conditions to check the accuracy of the proposed control
logic at variable operating conditions. A 33% step increment in
load from 6 to 8 kW is applied during a running condition with
nominal load, and the output voltage is settled at its reference
value within 5 us with the state-feedback control approach, as
shown in Fig. 12. It takes 12.5 us to settle to the steady state un-
der the same load transient with a PI controller, shown in Fig. 13.
In addition, the undershoot in the output dc voltage under this
load transient with the state-feedback and PI controller are 30%
and 12% of the reference value, respectively, which prove the
state-feedback control to be superior than PI in terms of dynam-
ics and regulation of this converter. The output voltage ripple
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Fig. 13. PSFB waveforms at load transient from 6 to 8 kW in variable-

switching-frequency PI control: Vi, = 650V, Vo = 28V, f,, = 100
kHz @6 kW and f;,, = 83 kHz @8 kW.

is maintained below 1% at the steady state of the overload
condition. It is also observed that there is a dynamic change in
switching frequency from 100 to 83 kHz as soon as the load is
changed from 6 to 8 kW. The fact that these frequencies match
well with the optimum switching frequencies in Table II proves
high accuracy of the proposed control.

The converter is tested at different operating points in a wide
range of load power (from 100 W to 9 kW) and variable switch-
ing frequencies in the range of 50-220 kHz, listed in Table II,
as reported by the switching frequency calculating model for
maximum efficiency operation of the converter at different load
conditions. The measured efficiencies at the whole load power
range with the proposed control are more than the reported peak
efficiency values in the previous related works, i.e., 95.6% in
[26],91% in [18], and 92.8% in [20]. This proves the justification
of the effect of variable switching frequency to track the maxi-
mum attainable efficiency at a particular load. In order to validate
the improved performance by the variable-switching-frequency
control, a graph demonstrating a comparison of conversion effi-
ciencies at different load powers between the proposed control
and a fixed-frequency control method at 50 kHz is shown in
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TABLE II
OPTIMUM SWITCHING FREQUENCIES AT DIFFERENT LOAD POWERS AND
EFFICIENCY COMPARISON WITH FIXED-FREQUENCY CONTROL AT 50 KHZ

Load Jew , lossy in Efficiency at Efficiency at
power (kW) (kHz) fsw,lossy in 50 kHz
0.1 180 95 93
1 170 97 96.2
2 158 98.1 97.1
3 145 98.2 96.9
4 130 98.15 96.8
5 114 98.1 96.8
6 100 98.1 96.65
7 92 98.1 96.6
8 83 98.05 96.6
9 75 98 96.5
10 65 97.9 96.5
Variable switching frequency control
------ Fixed switching frequency control at 50kHz
100
99
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Fig. 14.  Efficiency comparison between fixed- and variable-frequency control

at different load power levels.

Fig. 14, which clearly indicates an improved efficiency value at
all the operating points.

VI. CONCLUSION

In this paper, a new control methodology, incorporating
variable-switching-frequency operation at different load power
levels in a PSFB dc/dc converter, is proposed to maximize
the conversion efficiency. In addition, a state-feedback-based
control method is designed to regulate the PSFB converter at
variable load and input voltage condition, with the elimination
of a load current sensor. With implementation of this control,
ZVS can be achieved at all power levels with just using trans-
former leakage inductance and removing any additional primary
inductor.

As a proof-of-concept verification, a 6-kW laboratory pro-
totype of a PSFB dc/dc converter is designed and tested with
650 V to 28 V conversion specification for the application of
auxiliary power supply in a more electric aircraft. According to
the experimental results, a maximum conversion efficiency of
98.1% with an output voltage ripple below +1% is achieved,
and the converter dynamics becomes 7 us faster in 33% load
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transient through a state-feedback control in comparison to a PI
controller. Furthermore, the experimental results exhibit higher
conversion efficiencies at a wide load power range (100 W-
10 kW) with variable switching frequency in comparison with
a fixed-switching-frequency method.
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