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Abstract: This paper analyzes, designs and implements a reconfigurable phase-shifted full-bridge
(PSEB) converter. It adopts the topology of the traditional PSFB converter and incorporates clamping
circuits to solve some fundamental problems of conventional topology. In addition, auxiliary switches
are employed for output reconfiguration, which allows expanding the output voltage range without
compromising the system efficiency. Single pole double throw (SPDT) mechanical switches are used
to realize series and parallel connections. In this paper, the characterization of the PSFB converter with
clamping circuit and its design considerations are discussed. A 10 kW prototype with a power density
of 0.485 W/cm?, 900 V input voltage and 400/800 V nominal output voltage was manufactured. The
experimental results validated the analysis and confirmed the high conversion efficiency for a wide
load range; an efficiency of 96.69% was obtained for the full load condition.

Keywords: phase-shifted full-bridge converter; reconfiguration; wide voltage range

1. Introduction

The phase-shifted full-bridge (PSFB) converter is very attractive for medium- and
high-power applications due to its high efficiency and power density [1,2]. It is widely used
in many modern industrial fields, such as renewable energy conversion [3,4] and electric
vehicle (EV) charging [5]. The phase-shift pulse-width modulation technique provides zero
voltage switching (ZVS) in the primary-side switches by introducing a phase-shift angle
between the half-bridge legs [6,7]. The traditional PSFB converter features simple structure,
natural soft-swiching, isolation capability and simple control. However, it has some well-
known drawbacks that need to be resolved, such as narrow ZVS range, circulating current,
duty-cycle loss, secondary parasitic oscillation and large output filter [8].

Several modified PSFB converters have been proposed to overcome the aforemen-
tioned problems [9-24]. In [9,10], the range of ZVS operation is extended by utilizing the
stored energy in passive auxiliary circuits. However, these increase conduction loss and the
circulating current cannot be eliminated. In [11,12], passive auxiliary circuits with adaptive
ZVS energy reduce conduction loss, but the circulating current still exists. In [13,14], ac-
tive auxiliary circuits with zero-voltage zero-current switching (ZVZCS) operation are
adopted to eliminate the circulating current. In [15,16], the active switches are employed
in secondary side and the circulating current is suppressed by adjusting the phase-shifted
angle between primary and secondary switches. However, these active auxiliary circuits
increase the complexity of the converter due to additional driver circuits. The hybrid-type
converters proposed in [17,18] are another solution to remove the circulating current and
expand the ZVS range. But many auxiliary components are required, and the improve-
ments of cost and power density are limited. In order to mitigate the voltage oscillation
across the rectifier diodes, a resistor—capacitor-diode (RCD) clamp circuit is generally
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used [19]. However, it causes considerable losses and reduces the efficiency of the converter.
In [20], two clamping diodes on the primary side are employed to clamp the voltage across
the secondary side rectifier diodes. But the added diodes cannot eliminate the circulating
current. In [21], a capacitor-diode—diode (CDD) clamp circuit is used on the secondary side
to reduce the voltage stress on these rectifier diodes. However, a large output capacitor
is necessary to cover the large ripple current, which consequently reduces power density.
In [22,23], a CDD clamp circuit with center tap of the transformer on the secondary side
is employed. This simple clamp mechanism, which is detailed in [24], can solve several
drawbacks of the traditional PSFB converter. However, simplified mathematical analysis
and conservative design constraints are some shortcomings to be resolved.

PSFB converters are widely used in EV charging applications. Currently, most man-
ufacturers adopt the 400 V battery voltage architecture, but new EV models with 800 V
battery voltage architecture are being introduced into the market. Therefore, power elec-
tronic converters that operate with extremely wide battery voltage ranges are necessary.
In [25,26], the idea of reconfigurable PSFB converters is proposed, where a wide range input
and output voltage is realized by controlling several auxiliary switches to enable the series
and parallel reconfigurations on the primary and secondary side. In [27], a reconfigurable
PSEB converter prototype with RCD snubbers is developed, in which three mechanical
switches are employed to realize the series or parallel connection on the secondary side
of the converter. Therefore, this paper designs and implements a reconfigurable PSFB
converter with CDD clamp circuits, where series and parallel reconfigurations on the
secondary side are enabled by two single pole double throw (SPDT) mechanical switches.
Furthermore, an extended analysis of the CDD clamp mechanism is elaborated on.

The proposed reconfigurable PSFB converter has reduced complexity compared to
state-of-the-art solutions and is primarily designed to provide a wide range output voltage.
The paper is organized as follows: Section 2 presents a comprehensive description of the
proposed reconfigurable PSFB converter system. Section 3 describes the prototype and
discusses the experimental results. Finally, Section 4 presents the study conclusions.

2. Materials and Methods
2.1. Circuit Description

The circuit diagram of the proposed reconfigurable PSFB converter is shown in
Figure 1. Two transformers are used, which have a primary winding and a secondary
winding with a center tap connected to a CDD clamp circuit. An equivalent series induc-
tance Ly that represents an external series inductance added to the leakage inductance
of the transformer is present in the primary sides. In addition, a blocking capacitor Cy, is
added in the primary sides to eliminate DC current in transformers. The primary sides are
connected in parallel and fed by an FB inverter. Each of the secondary sides is connected
to an FB rectifier, a CDD clamp circuit and an LC output filter. Two auxiliary switches, S;
and S;, connect the two secondary sides and enable series and parallel reconfigurations
according to their switching states. When S; is kept ON and S, is maintained at OFF,
the two secondary sides are connected in series. Conversely, when S, is kept ON and S; is
maintained at OFF, the two secondary sides are connected in parallel.
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Figure 1. Circuit diagram of the proposed reconfigurable PSFB converter adapted from [28].

2.2. Operation Analysis

The proposed reconfigurable PSFB converter can be seen as equivalent to a traditional
PSEB converter with a CDD clamp circuit, being either the series or parallel connection
configuration. The equivalent circuit of the proposed reconfigurable PSFB converter is
shown in Figure 2. Table 1 lists the equivalent circuit parameters.
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Figure 2. Equivalent circuit of the proposed reconfigurable PSFB converter.

Table 1. Equivalent circuit parameters.

Ss/Sp Lik(er) Lin(es) Co(ef) ip(ef) Lm(ef)
- 0.5L 0.5Ly, 2C, 2i, i
Ss/Sp Mef Ce(ef) Loes) Colef) Is(ef) ld(ef) tdc(ef) fec(ef) Veclef) tlo(ef)
series 1,0 2n 0.5C. 2L, 0.5C, is ig igc Tcc 20cc i
parallel 0,1 n 2C, 05L, 2C, 2ig 2i4 2i4. 2icc Vee 2ij,

The control method is pulse-width modulation with phase-shift. Figure 3 shows the
key waveforms of the equivalent circuit in Figure 2. Each switching period T; is divided
into two half-cycles, where each half-cycle is subdivided into ten operation modes. Since
the operation modes are symmetrical, only one half-cycle is analyzed. The equivalent
operation circuits are shown in Figure 4. In order to analyze the operation modes, the fol-
lowing assumptions are made to simplify analysis: (1) The clamping capacitance C(.f) is
sufficiently large to be treated as a constant voltage source. (2) The output filter inductance
Ly(cf) is sufficiently large to be treated as a constant current source. (3) The blocking ca-

pacitance Cy.f)

is sufficiently large to be treated as a negligible constant voltage source.

(4) The transformer is ideal, except for its leakage inductance Ly () and magnetizing
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inductance Lon(ef)- (5) MOSFETs Q1—Q are identical and ideal, except for their output
parasitic capacitances Cyss and body diodes. (6) The rectifier diodes D;—Dy are identical
and ideal, except for their junction capacitances. (7) The clamping diodes D —D., are
identical and ideal. (8) An external inductor Ley; is included into the leakage inductor Ly.
In addition, the following notations are described: v; and i; are the MOSFET voltage and
current, vy(.f) and i, r) are the leakage inductor voltage and current, v,,(,f) and iy, )
are the transformer magnetizing voltage and current, i;(.s) is the rectifier diode current,
igc(ef) is the clamping diode current, v..(.r) and i .(.f) are the clamping capacitor voltage
and current, v,,.(, ) is the rectifier output voltage, v (. f) is the blocking capacitor voltage,
and vy,(,f) and iy, ) are the output filter inductor voltage and current, d, is the effective
duty cycle and d is the duty cycle.
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Figure 3. Key waveforms of the equivalent circuit in Figure 2.

Mode 1 (t9 — t1): This mode starts when D, is turned off and D is turned on.
During this interval, the energy is transferred from the input to the output. In addition,
Vrect(ef) 1S clamped t0 2V (of), Vpii(ef) is (Vi — 2Vcc(ef))/nef/ Vlm(ef) 18 2Vie(ef) /Mo and

Vio(ef) 18 2Vec(ef) — Vo. Thus, iy 5), ijp(ef) and i (of) are given as follows:

nefvi - 2Vcc(ef)

i (8) =iy (= to) + t—to), 1)
plef) (£) = ip(e) (t = to) TerLier) (t—to) (
2V,
fm(ef)(E) = Tim(ep) (£ = to) + %(t —to), ()
e mie

. o ip(ef) (t) - Z.lm(ef)(t) - nefllo(ef)
1cc(ef)(t) = 0.5ngf . (3)
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Mode 2 (t; — tp): This mode begins when Q; is turned off. During this interval,
the parasitic capacitances of Q1 and Q, are charged and discharged by i), s). As a result,
vg1 and vy are expressed as follows:

vg1(t) +vgp(t) =V, (4)

dt at Coss

Mode 3 (t; — t3): This mode starts when the body diode of Q; is turned on. Here,
the freewheel period is started. In addition, the energy is transferred from the primary side
to the secondary side. Furthermore, vy, 5) is =2Vic(er) /115 Thus, i (.f) is given as follows:

2Vcc(ef)
by () = i) (£ = b)) — — < (4 ). (6)
plef) plef) “wmm(
Mode 4 (t3 — t4): This mode begins when Q, is turned on with ZVS. During this
interval, Q, begins to operate in the third quadrant [29].
Mode 5 (t4 — t5): This mode starts when D is turned on and D is turned off. Dur-
ing this interval, v,,.(.f) is clamped to Vie(o 1), Vnik(ef) 18 —Vie(er)/ Mefs Vim(ef) 18 Vec(ef) / Mef
and vjy(ef) 18 Vie(ef) — Vo. Asaresult, i), i1 (o) and ige(r) are expressed as follows:

. . Vcc(ef)
1 t) =1 t=1ty) — ————(t —14), 7
p(ef)( ) p(ef)( 4) nelek(ef)( 4) @)
V
itm(ef) (£) = iim(ep) (t = t) + %(t —ta), ®)

- nefIlo(ef) + ilm(ef)(t) - ip(ef)<t)

nef

icc(ef)(t) = )

Mode 6 (t5 — t): This mode begins when iy, r) reaches i}, (.s). During this interval,
the turn-off process of the rectifier diodes is initiated, where v,,(, ) is clamped to V., )
Here, the stored energy in C. is transferred to the output. In addition, vy, f) and vy, ()
are 0. Thus, iy (ef), ijm(er) and i (of) are given as follows:

ip(ef) () = ip(e) (E = t5) = iim(ep) (E = 15), (10)
Tm(ef) () = iim(ef) (t = t5) = ipep) (E=1t5), (11)
icc(ef)(t) = _Ilo(ef)' (12)

Mode 7 (t5 — t7): This mode starts when Q3 is turned off. During this interval,
the parasitic capacitances of Qs, Q4 and D1—Dy are charged and discharged. Here, L,
participates in the charge and discharge resonance process. Thus, vg3 and vg4 are expressed
as follows:

qu(t) + vq4(t) =V (13)
doga(t)  dog(t)  iyen(t =te)
q3\t)  4Uq _ ‘plef)
dt ar Coss ' (14)

Mode 8 (t; — tg): This mode begins when D, and D, are turned on. During this
interval, the output parasitic capacitances of Q3 and Qy are charged and discharged by
ip_(ef)- In addition, v, (.5) is —Vie(ep)/Mef- As aresult, vgs, Vga, iyer), iim(ef) and ige(er) are
given as follows:

Vee(ef)
nef

vg3(t) = + Zoip(ef) (£ = t7) sinwo (t — t7), (15)
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Uq4(i’) =V,— Uq3(t), (16)
ip(ef)(t) = lp(ef) (i’ = i’7) COs wo(t - i’7), (17)
. . Vcc(ef)
Imer)(t) = ipneny(t =t7) — —————(t — t7), (18)
im(ef)(t) = Tim(er) (t = t7) nefLm(ef)( 7)
, Neflio(ef) = ttm(ef) (£) + iper) ()
icc(ep) (£) = — ef “lo(ef) (ef) p(ef) ) (19)

nef

where z, = | /O.5le(ef)/Coss and w, =1/, /2le(3f)Coss.

Mode 9 (tg — t9): This mode starts when the body diode of Q4 is turned on. Here,
the freewheel period is ended. In addition, a portion of the stored energy is returned to the
input. Furthermore, vy (of) is — (nef Vi — Vie(er)) / 1ef- Thus, i,(.5) is given as follows:

MefVi = Veeles)
MefLik(ef)

Mode 10 (t9 — t19): This mode begins when Q4 is turned on with ZVS. During this
interval, Q4 begins to operate in the third quadrant. In addition, the energy is transferred
from the input to the output.

ip(ef) (t) = ipef) (t = tg) — (t —tg). (20)

Lotes)

Loes)

?
[ Lues)
vi Ci Lneg)
(c) Mode 3
o Lofen)
1 +
[ iy > y ©H ’
T L1 R0 =
J Q: Qs Cigesy Dy ::cdd) J
o ) !
(e) Mode 5
Loey) o
T T Luen ﬁ]{ Do T
J Q L Guep T T == Ceten J
(g) Mode 7

"

(i) Mode 9 (j) Mode 10

Figure 4. Operation modes of the equivalent circuit in Figure 2.
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2.3. Steady-State Analysis

In order to simplify the mathematical analysis, the time intervals of the modes that
describe the switching processes of the primary-side switches are neglected.

Since icc(of) (t = t4) is 0, then from (7) to (11) the time interval f4 — f5 can be obtained
as follows:

I
fay5 =15 —f4 = ‘l/oni(ef),rs. (21)
cn(ef)
where Iiyuery = MefLixes)fslioger) Vl._1 is the normalized output filter inductor current,

Ven(ef) = LnVCC(ef)n;flVfl is the normalized clamping capacitor voltage, and

L =1+ Ligep) Lo
From (1) to (3), (18) to (20), and since i..(.f) (t = to) is 0, the time interval tg — t19 can

be expressed as follows:

) is the inductance factor.

I
fgy10 = t10 — tg = 10;1/(@(()]()
cnie

As ty —tg = D,T;, from (1) to (3) and (6) to (9), the time intervals ty — t; and 1 — t4
can be obtained as follows:

Ts. (22)

t04)1 = tl - tO = 2D€Vcn(ef) TS/ (23)

ot = tg =t = De(1 = 2Ve)) Ts. (24)

From (21) to (24), the time interval ¢5 — tg can be expressed as follows:

_ _ lion(e)
I5_,g =tg —t5 = (0.5 — D, — Vcn(ef)(l — Vcn(ef)> Ts. (25)

From (3), (9), (12) and (19), and by using the capacitor charge balance principle,
the clamping capacitor voltage can be obtained as follows:

0= 063Vc3n(ef) — zszCZn(ef) + tlem(ef) — Q. (26)
where a3 = 207 + 03, ap = 502 — 301 4 202, 01 = 207 +2(01 — 1)2 + 05, 09 = (01 — 1)* + 0,
o = DIl;; (ef)’ and op = Il;i (ef)" The unique real solution of Equation (26) is obtained

considering that V) < D < 0.5. Thus, the clamping capacitor voltage is obtained by
solving (26) and calculated as Vi.(,r) = 1ef Vey(ep) Vily L

Then, by using the inductor volt-second balance principle, the voltage gain, defined as
M,r = Vonf;cl Vfl, is obtained as follows:

Mn(ef) = Vcn(ef) (ZDe + 1). (27)

where My, .r) = LnM, is the normalized voltage gain. Thus, the voltage gain is calculated
as Mos = Ly My o).
Finally, as DTs = ty_1 + tg_10, the effective duty cycle can be expressed as follows:

0.5 Ilon(ef)
D, = D— . (28)
Vcn(ef) < 1- Vcn(ef)

The relationship surfaces of V,,,.r) and M,,(,s) according to D and Ij,,(.f) are illus-
trated in Figure 5. An increase in Iy, r) reduces the available operating range of V(.
and M,,(.s) to their limiting value of 0.0656. Conversely, a decrease in Iy, (.f) increases
the available operating range. However, smaller values and narrower variations of D are
required to guarantee a wide operating range of the converter.



Energies 2024, 17, 3483 8 0of 19

0.5
T SSS
\\\\\\\\\\\\\\\kt\‘ttt\:“
AAAAAARI TN NTLL LN LR R
\\\\\\\\\xx\\\\\\ NERNN

=
0.4 ‘:\::ggs‘ 0.8

0.3

n(ef)

SR \‘
\\\ N
R

S

Mie)
o
'S

502

\\‘\\‘\\‘\\
RN

0.1

oo

0.0656 0.0656
0.0525
0.0394 X 0.0394

0.0262

0.0525

0.0131 01 0.0131

Tion(ef) Tion(es)

(a) Normalized clamping capacitor voltage (b) Normalized voltage gain

Figure 5. Relationship surfaces according to D and Ij,,(.) adapted from [28].

2.4. Electrical Stress

In Figure 3, the maximum magnetizing current ij,, ef) max, the maximum clamping
capacitor current icc(, f) qx, and the maximum primary current i) 4, are given by

. V:D

Um(ef),max = nefIlo(ef)gd; Ca= 2f.L,, (ef) LnnEfIIO(Ef) (29)
. 4D€Vcn e (1 - 2Vcn e )
Lec(ef),max = SIlo(ef); €= ( j;j ) (ef) ’ (30)

(1 - Ln)(l - Zvcn(ef)) (1 +Ln— 4Vcn(ef))

i = ol ;y=|1+ (31
pepymes = Moflofes 7 €1 2T Vo) LoD Vo |
Then, the primary current i, at t = fo and = t4 can be expressed as follows:
. 2DeVey(er) (L — 2Vop(ep))
lp(ef)(t =tg) = nefllo(ef)ga} Ca=|0Cv— - (ei;)ﬂl ) antef) ’ (32)
, 2D,V (1-2V, )
lp(ef)(t = t4) = nefllo(ef)gc; Ce=|0v— 2 enlef) cnlef) ’ (33)

Ly Ilon(ef)

Furthermore, the current stresses on the components can be calculated. Table 2
summarizes the current stresses in the components of the equivalent circuit in Figure 2.
In Table 2, I, 114 and Iy f) 34, are the MOSFET currents on the first and third quadrant,
Ly(ef)1ag and Iy ) 1eaq are the MOSFET currents on the leading and lagging legs, I;(cf)up
and Iy(.f) 4, are the rectifier diode currents on the lower and upper diodes of the FB rectifier.

Table 2. Current stresses in the components of the equivalent circuit in Figure 2.

Variable Value
Ly(ef) 1thlag,rms nefIlo(ef)\/ (gb,gj tos1 + g éd ts—10)
0 Tytef) tohtead rms efl,o(ef)\/ (B=Bto o+ 8280 0+ E8ty 5+ 30055 + $rbits 1o
Ly(ef) 3th 1ag,rms Mot lio(ef) \/%Ts (%tla4 + %Mas +373t5,8)

Iq(ef),3th,lead,rms 0
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Table 2. Cont.

Variable Value
Id(ef),up,uvg Ilo(ef) %TS(ZDETS +ty5+ f8—>10)
Lo b F 0T+ 5+
D Id(ef),dw,avg 0'5Ilo(ef)
Id(ef),dw,rms Ilo(ef) \/% (OSTS + gZD?:Ts + LITHS +ts .5+ %)
Idcl(ef),avg EIIo(ef) D,
Idcl(ef),rms gIlo(ef)
De Idc2(ef),uvg ‘Sllo(ef) D,
Idc2(ef),rms Ilo(ef) \/ ( tass + 5+ t8~>10)
Ce Icc(ef),rms Ilo(ef)\/ 2 (f D.Ts 4 t4~>5 s g+ me)
Cb ch(ef) rms n, el ( t + - ¢ dt +372t + t )
: eflio(ef) gb f;a 0—1 éb zhisat g —z5 a5 {at5 58 g +§d 810
T Lp(ef)rms Heflio(er) \/ (g g tos1 + gb g“ f14+ g g ta s +303t5 8 + g éd t3510)
Istef) rms Tio(ef) \/Ts (0.5Ts + (% +1)D,Ts + 2”;5 +t5,5+ ZtB;IO)

2.5. Parameter Design
2.5.1. Leakage Inductance

The necessary and sufficient condition to guarantee the sequence of operating modes
is t5_,g > 0. From this, the design condition of the leakage inductance is derived as follows:

where v = 4y2, — 3.5y, 71 = 0.875y%, —

0= x?lo + 72x3, + 11t + Yo,

ViIlon(ef),sol

le(t’f) - neffsllo(ef) '

(34)

(35)

0.625y3, — 1.25y2 + ym, 7o = 0.25y% (ym — 1)3,

Lon(ef),sot = TN Xito min, Xitomax }» Xito,min a0 Xjjo min are the real solutions in (34) for
n(ef)min AN My (o) max, and My o5y in a0d My (o f) imay are the minimum and maximum
normalized voltage gains to be designed.

2.5.2. Magnetizing Inductance

From (15) to (17), the condition to achieve ZVS on the lagging leg is given by:

1

Veeter)
- cclef
3 Lik(ef) m(ef)max = Coss (Vi B ”f) '

(36)

Then, the design condition of the magnetizing inductance is obtained as follows:

< zoLy, D
m(ef N ZfS( cn(ef))‘

2.5.3. Output Filter Inductance

(37)

In Figure 2, The output filter inductor current ripple can be expressed as follows:

. (2 clef) — Vo)De
AZlo(ef) = Lo( f)f

(38)
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Given a maximum value of current ripple in the output filter inductor Aij,(of) yax to

be designed, the design condition of the output filter inductance is derived as follows:

(zvcc(ef) - Vo)De

L > , 39
ofef) = AZlo,maxfs (39)
2.5.4. Clamping Capacitance
In Figure 2, The clamping capacitor voltage ripple can be obtained as follows:
icc(ef),maxDe
Av =" 40
ce(ef) 2fs Cc(ef) (40)

In order to avoid clipping in current waveforms due to clamping capacitor voltage
ripple saturation, the condition V. (.f) + 0.5Av.(.f) < 0.51,¢V; must be fulfilled. From this,
the design condition of the clamping capacitance can be expressed as follows:

icc(ef) maxDe
> : .
= 2f5(nefvi - 2Vcc(ef))

Cc( (41)

2.5.5. Input Filter Capacitance

In Figure 2, the input filter capacitor voltage ripple can be approximated as follows:

ip(ef),mﬂxD(l - D)z
2fsC;

Avg ~ (42)

Given a maximum value of voltage ripple in the input filter capacitor Av; ;4 to be
designed, the design condition of the input filter capacitance is derived as follows:

i D(1—D)?

C > plef),max ( ) (43)

2fsAvci,mux

2.5.6. Output Filter Capacitance
In Figure 2, the output filter capacitor voltage ripple can be expressed as follows:

Blio(e)
Av = —" 44
co(ef) 8fs Co(ef) (44)

For a maximum value of voltage ripple in the output filter capacitor Avgyf) inax to be
designed, the design condition of the output filter capacitance is obtained as follows:

Ailo(e f)
Colopy > — 0 (45)
o(ef) 8fSAvco(ef),max
2.5.7. Blocking Capacitance
In Figure 2, the blocking capacitor voltage ripple can be obtained as follows:
. neflla(ef)rcb

where Ty = ((Za + p)to1 + (8 + Ce)timsa + (Ce + Ca)tamss +20ats s + (Lo — La)ts—10) f-
For a maximum value of voltage ripple in the blocking capacitor Avg,f) uax to be designed,
the design condition of the blocking capacitance is derived as follows:
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Neflio(e)Leb
>
Cb(ef) - ZAUcb(ef),mafo @7

2.5.8. Dead Time

From (4) to (5) and (15) to (17), The dead time conditions required to ensure ZVS in
both the lagging and leading legs are determined as follows:

2Coss Vi

Atdtlead = ——— (48)
lp(ef),max
2C V, —
Meflim(ef),max ~ @Wo nefZOllm(ef) max

2.6. Transient-State Analysis

The dynamic model is obtained from the average model. From the principle of charge
balance and volt-second balance, the large signal average model is given by:

dilo(ef)(t) . (Zvcc(ef)(t) - vco(ef)(t))de(t) - (vco(ef)(t) - vcc(ef)(t))dé(t)
dt I, - 0‘5L0(Ef)

, (50)

<dvcc(ef)(t) > _ ilo(ef)(t>(‘c'(t)d5(t)TS - (dé(t)TS + t5—>8(t))). (51)
Ts

dt Cc(ef) Ts

where d.,(t) = 0.5 — d,(t). From (50) and (51), the variables are defined as x;(t) = X; + &,
where X; is the average value and £; is the small signal disturbance. Then, the small signal
average model can be expressed as follows:

dijo(ep) () ) .
(ef)& = YoccUcc(ef) + Yaede — Oco(ef)r (52)
ATee(ef) (t) - 3 - i
(Ef) & = /\ilollo(ef) + /\vccvcc(gf) + Agede + Ay (53)
where A, = Ilo (ef) V_ {Ilon (ef) (1 - Cn(ef))—2 - 8Vcn(ef)DgIl;n(ef Y Yee = zvcc(ef)
Ao = 2D —1 *2110”@) cn(ef>( = Vente)) ™ Ade = loep {16(05 - Vcn(ef>> Vn(ef) Dely, lon(ef)
2} Aoce = Tt V() Vctep) (8005 = 2Vcn<ef>) lionteg) ~ Boner) (1 = 2Ventep)) Voo (1 =

cn ef)) } Yoee = 142D, and Ay = Ilo (ef) V {Ilon (ef) (1 - cn(ef)) - Svcn(ef)Dgll;n(gf)}
Since DT = tg_1 + ts_10, the small signal average model of the control variable is
obtained as follows:
d = 5iloilo(ef) + §UCCﬁcc(ef) + Gaetle — 00 (54)

where dycc = cn(ef) Cc(gf {ZDE + Ilon(ef) (1 - Vcn(ef))iz}/ dito = Ilon(ef)Ilg(lef) (1 - Vcn(ef))ilf
Oge = =2V, cn(ef)r and ,; = Vz 1<2D€Vcn(ef) + Ilon(ef)(l - Vcn(ef)>72>'

From (52) to (54), the small signal average model in the Laplace domain is expressed
as follows:

Yitolio(ef) (5) = Fad(s) + ¥oi0i(s) — FocoTeo(er) (5)- (55)

where ¥, = (Lo(ef)cc(ef)5d6)52 + {Lo(ef) (AdeSvce — Avecdae) + Cc(ef) (’Yde‘silo)}s + AdeYoccbito
+AitoYdedvce — AvecYdedito — AiloYoecOder ¥oco = (Cc‘sde)s + Ageboce — Aocclge, ¥a = (Cc(ef) ’ng)s
+AdeYoce = AveeVier and Yo = (Cc(ef)’)/deévi)s + AdeYoccOvi + AviVdevce — AvecYdedvi—
AviYoccOde-
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Considering an output impedance disturbance 2,(s) = @,/1,, the small signal average
model is restructured as follows:

lo(er)(5) = Gitoad(s) + Gitooi®i(s)- (56)

where Giog = ¥a¥z0(Yito¥z0 + Yoco) ) Gitori = Yoi¥zo(¥ito¥z0 + Foco) ', and
Yo = (Co(ef))s + 25 1(s). Figure 6 shows the control block diagram used for the converter.

—> lo(ef)

Figure 6. Control block diagram.

3. Results

A 10 kW reconfigurable PSFB converter prototype was designed and built according
to Table 3. Figure 7 shows the photograph of the top and bottom views of the prototype,
whose outer dimensions are 320 mm x 460 mm x 140 mm. Table 4 illustrates the main
components employed in the prototype. The design of the prototype is based on efficiency,
volume and cost for commercial purposes. Thus, SiC MOSFETs were used on the primary
side switches in order to take advantage of their reduced switching and conduction losses.
Low-voltage hyperfast diodes were used on the secondary side switches to reduce losses
and costs. Sendust toroidal cores were used to reduce the size of the output filter inductors.
Finally, N87 EE cores were used to reduce losses at high frequencies of the transformers
and external inductors. In addition, for measuring the performance of the proposed
reconfigurable PSFB converter, KEYSIGHT RP7952A is used as an input power supply,
TEKTRONIX PA4000 as an input and output power analyzer, and TEKTRONIX MS046 to
capture the experimental waveforms.

Table 3. Parameters of the reconfigurable PSFB converter prototype.

Parameter Symbol Value
Input voltage Vi 900 V
Rated output voltage Vo 400 V/800 V
Rated output current 1, 25A/125 A
Rated output power P, 10 kW
Switching frequency fs 100 kHz
Maximum output current ripple Adjy max 45A
Maximum input voltage ripple AV ax 9V
Maximum output voltage ripple Ao max 5V
Maximum blocking voltage ripple AVcp max 9V
Transformer turns ratio n 0.6
Leakage Inductance Lk 27.4 uH
Magnetizing Inductance Ly, 640 uH

Table 4. Main devices using in the prototype

Component Symbol Description
MOSFET Q1-Q4 NTHLO80N120SC1 (1200 V, 22 A, 110 mQ), Cyss = 80 pF)
Rectifier Diode D1-Dy VS-ETX3007-M3 (650 V, 30 A, Vs = 1.6 V, t;, = 35 ns)
Clamping Diode Dq VS-15ETHO03-M3 (300 V, 15 A, Vy = 0.85 V, t; = 32 ns)

Dq VS-30ETH06-M3 (600 V, 30 A, Vf =134V, t; = 23 ns)
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Table 4. Cont.

Component Symbol Description
Core: 2 x MMT140EE6527
Transformer T L, =641 uH/665.3 uH, Ly, =84 uH/8.83 uH
Np:Nsgy:Ng2=20:6:6
Core: 1 x MMT140EE4220
External Inductor Lext L= 1837 uH/18.6 uH
. Core: 1 x MMTS60T5715
Output Filter Inductor L, L =237.8 uH /34251 uH
MP F863H KEMET (10 uF, 1200 V) +
Input Filter Capacitor C; MP B32774 TDK (4 x 1.5 uF, 1200 V)+
B43840-A9477 Epcos (2/3 x 470 puF, 400 V)
Blocking Capacitor Cp MP B32614 TDK (3 x 1 uF, 630 V)
Clamping Capacitor Ce MP B32614 TDK (5 x 2.2 uF, 630 V)
MP B32776 TDK (12 pF, 1000 V)+
Output Filter Capacitor Co MP B32774 TDK (1.5 uF, 1200 V)+
B43845-A5227 Epcos (1/2 x 220 uF, 450 V)
C’lamg.n'ng Input F ilter Output F ilter Input  Mechanical Output Filter Output Filter Rectifer and Clamping
Fan Capacitors Capacitors Capacitors Voltage Switches Capacitors  Inductors Diodes

@,0:0.%. G, T

200 ©® © 00 ©

| |

External Decoupling Driver Auziliary Source
Power Supply Capacitors Modules Module

(a) Top view

Figure 7. Prototype of the proposed reconfigurable PSFB converter.

Output Input Filter Blocking

DSP  External
Voltage Capacitors Capacitors Module Inductors MOSFETs

(b) Bottom view

Trans formers

Figure 8 shows the test scheme of the prototype. High-voltage pre-charge circuit-
based IGBTs were developed and used to manage the inrush current. EMI filter circuits
were developed and used to suppress conducted EMI noise. An auxiliary source module-
based DC-DC switching regulator IC was developed and employed to provide various
voltage levels required by different components. Driver module-based Si8285 ICs were
developed and used for driving SiC MOSFETs with safety features. Finally, a DSP module-
based TMS320F280037C DSP core was developed and employed for signal conditioning,
communication and implementation of digital control algorithms.
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Figure 8. Reconfigurable PSFB converter prototype test scheme.

A set of resistive loads of 16 () and 64 () were used for experimental tests with parallel
and series connection, respectively, in order to reach the nominal values of the prototype.
In addition, a gate resistor of 10 () is built-in, and a dead time of 238 ns is configured in the
Driver modules. In addition, an integral controller with k; = 6 and k4 = 10 is designed to
control the output current i,. The integral controller has a gain margin of GM = 56.7 dB
at 14 kHz and a phase margin of PM = 114° at 20 Hz under full load condition. Instead,
a gain margin of GM = 27.9 dB at 4 kHz and a phase margin of PM = 124° at 80 Hz under
half load condition is obtained.

The experimental tests are performed at different power and voltage levels.
Figures 9 and 10 show experimental waveforms in the leading and lagging legs under full
load condition (i, = 25 A) for the parallel connection case. As shown in Figures 9a and 10a,
the proposed reconfigurable PSFB converter regulates well the output current with D = 0.3859.
Moreover, as can be seen in Figures 9b and 10b, the ZVS turn-on operation is achieved.
Under half load condition (i, = 15 A), the experimental waveforms in the lagging leg are
shown in Figure 11. Figure 11a shows that the output current is regulated with D = 0.1625.
Furthermore, Figure 11b shows that the lagging leg fails to achieve the ZVS operation;
however, the low voltage switching (LVS) operation is performed.

Exibicao De Forma De Onda

——

&

‘Exibigao De Forma De Onda

Vis,q2(250 V/div)
TR e

!

C
|
|

&

|
|
:
|

/ I | L -
! Vgs,g2(0 V - f . b YA

o
)

i1 (5 A/div)

(a) (b)

Figure 9. Parallel connection case: experimental waveforms in the leading leg under full load
condition. (a) Waveforms of the drain-source voltage Vds g2 and gate-source voltage vgs 42 of switch
Qo, primary current i, 1, and output current i,. (b) ZVS waveforms.

Figures 12 and 13 show the waveforms in the leading and lagging legs under full load
condition (7, = 12.5 A) for the series connection case. In Figures 12 and 13, it is shown that
the output current is controlled with D = 0.3549, and the ZVS turn-on operation is achieved.
From Figure 14, it is shown that, under half load condition (i, = 7.5 A), the output current
is controlled with D = 0.1549 and the lagging leg achieves the LVS operation.
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Figure 10. Parallel connection case: Experimental waveforms in the lagging leg under full load
condition. (a) Waveforms of the drain-source voltage vy ;3 and gate-source voltage vgs 43 of switch

Qs, primary current i, 1, and output current i,. (b) ZVS waveforms.
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Figure 11. Parallel connection case: Experimental waveforms in the lagging leg under half load
condition. (a) Waveforms of the drain-source voltage Uds, g3 and gate-source voltage vgs 43 of switch

Q3, primary current i, 1, and output current i,. (b) LVS waveforms.

SR fomeon Adiconar Novo...  [Exicas De Forma be onda
V/d 2| cnores cham
v, 250 iv
_ e e
b oot I

(-

Tabela v
sbela piotar

‘ | IFE . . [in(5A/div)

ZVS of @y

L.m;__,w_,ﬁ___. ‘ ! e .
D [ V7din) o LY
.

Math 2

V2

L

0as,02(250 V / div)
o

Medida pesquic

= =

(@) (b)

Figure 12. Series connection case: Experimental waveforms in the leading leg under full load
condition. (a) Waveforms of the drain-source voltage Ugs,q2 and gate-source voltage vgs o of switch

Qa, primary current i, 1, and output current ,. (b) ZVS waveforms.
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Figure 13. Series connection case: Experimental waveforms in the lagging leg under full load
condition. (a) Waveforms of the drain-source voltage Vds 43 and gate-source voltage vg; 43 of switch
Qs, primary current i, 1, and output current i,. (b) ZVS waveforms.
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Figure 14. Series connection case: Experimental waveforms in the lagging leg under half load
condition. (a) Waveforms of the drain-source voltage Vds 43 and gate-source voltage vg; 43 of switch
Qs, primary current i, 1, and output current 7,. (b) LVS waveforms.

The experimental waveforms depicted in Figures 15 and 16 illustrate the output
current transients between the full load and half load conditions, and vice versa, for cases

of series and parallel connection. As shown in Figures 15 and 16, the control strategy
enables the rapid adjustment of the output current.

‘Eibigao De Forma De Onda.

Adicionar Novo...  [“Exibigao De Forma De Onda = .|
= 4

Medida Pesquisa

Tabela
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B More
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Figure 15. Parallel connection case: Experimental waveforms for a load transient. (a) Output current
from 12.5 A to 25 A. (b) Output current from 25 A to 12.5 A.
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i5(5 A/ div)

ii(5 A/div)

ip1(5 A/div)
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Figure 16. Series connection case: Experimental waveforms for a load transient. (a) Output current
from 6.25 A to 12.5 A. (b) Output current from 12.5 A to 6.25 A.

Tables 5 and 6 show the voltage measurements on the output filter capacitors v¢, and
the current measurements on the output filter inductors ij, of the prototype for the series
and parallel configuration. As shown in Tables 5 and 6, the designed prototype presents
minimal current and voltage imbalance errors, which are caused by uncertainties in the
parameters of the elements that constitute the primary and secondary sides. The error e is
calculated as the relationship between the difference and the mean of the measurements.

Table 5. Voltage and current measurements of the prototype for the series configuration.

io,ref ilo,l ilo,Z €ilo Oco,1 Uco,2 Uo €yco
15A 1552 A 1484 A 4.48% 44.066 V 40.984 V 85.050 V 7.25%
3A 2.999 A 2961 A 1.27% 85.817V 81.617V  167.434V 5.01%
45 A 4542 A 4.466 A 1.68% 128305V 123.881V 252186V 3.51%
6 A 6.037 A 5932 A 1.75% 171.706 V. 166.629 V  338.335V 3.01%
75A 7532 A 7481 A 0.67% 213501V 210.126 V. 423.627 V 1.59%
9A 9.077 A 8.979 A 1.08% 256.547V 254688V 511.235V 0.72%

105 A 10.583 A 10476 A 1.01% 298.008 V. 297991V  595.999 V 0.01%
125 A 12.576 A 12.498 A 0.62% 357791V 356973V 714.764 V 0.23%

Table 6. Voltage and current measurements of the prototype for the parallel configuration.

io,ref ilo,l ilo,z io €ilo Uco,1 Uco,2 €yvco

3A 1.567 A 1449 A 3.016 A 7.82% 45241V 44744V 1.11%
6 A 3.073 A 2917 A 599 A 5.21% 88.545V 88.026 V 0.58%
9A 4.671 A 4335 A 9.01 A 7.46% 133.171V 133411V 0.18%

12 A 6.212 A 5.765 A 11.977 A 7.46% 177.872V 178241V 0.21%
15 A 7721 A 7224 A 14.945 A 6.65% 222922V 223813V 0.39%
18 A 9.304 A 8.703 A 18.007 A 6.67% 268.946 V. 269.741V 0.29%
21A 10.836 A 10.138 A 20974 A 6.65% 312.028 V. 314.963 V 0.93%
25 A 13.077 A 11926 A 25.003 A 9.21% 374269V 375429 V 0.31%

Figure 17 shows the measured efficiency of the prototype for the series and parallel
configuration. The measurement did not consider the external power supply or external
circuits used in the test scheme. As shown in Figure 17, the prototype has a high efficiency
in a wide load range, achieving 96.69% under full load conditions.
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Figure 17. Measured efficiency of the prototype.

4. Conclusions

In this paper, a reconfigurable PSFB converter has been proposed and analyzed.
Its topology is based on two traditional PSFB converters with CDD clamping circuits
connected at their outputs by switches. SPDT mechanical switches enabled series and
parallel reconfigurations on the secondary side. In addition, an exhaustive analysis of the
clamping mechanism was carried out, in which the main electrical parameters, electrical
stresses, design conditions, and a small signal dynamic model were derived. Compared to
state-of-the-art solutions, the proposed reconfigurable PSFB converter allows the design of
a compact structure and reduced costs, making it attractive for commercial applications.
A commercial prototype of 10 kW was developed in the laboratory, achieving a power
density of 0.485 W /cm?®. The series and parallel configuration made it possible to change the
nominal output voltage between 400 V and 800 V, enabling the operation of the converter
over an output voltage wide range. The experimental results showed that the reconfigurable
PSFB converter can achieve high efficiency under various load conditions, reaching 96.69%
efficiency at full load.
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