IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 8, AUGUST 2025

11157

Modeling and Design of Four-Switch Buck—Boost
Converter With Combined PWM and Phase-Shift
Control Scheme

Lingxuan Xiao ", Xinbo Ruan

Abstract—The four-switch buck-boost (FSBB) converter has the
functions of voltage step-up and step-down as well as positive
output, which is suitable for the applications with wide input
voltage range. With the combined pulsewidth modulation (PWM)
and phase-shift control, all the power switches can realize zero-
voltage switching with minimized inductor ripple. In this article, a
small-signal model of FSBB converter with the combined PWM and
phase-shift control is established. The small-signal characteristics
of the power stage are analyzed, and the design method of the
closed-loop parameters is proposed, ensuring the stability of the
converter under all the operation conditions. Finally, a 420-W
prototype of the FSBB converter is fabricated and tested in the lab.
The experiment results verify the correctness of the small-signal
model and the closed-loop parameter design method.

Index Terms—Four-switch buck-boost (FSBB) converter, small-
signal model, zero-voltage switching (ZVS).

1. INTRODUCTION

HE basic nonisolated dc—dc converters with voltage step-
T up and step-down include the buck—boost, Cuk, Zeta, and
SEPIC converters. The buck—boost and Cuk converters output
negative voltage, which are not suitable for the applications
where a positive output voltage is required. The Zeta and SEPIC
converters can output positive voltage, but they contain too
many passive components. Besides, the power devices in these
converters suffer high voltage stress, which is the sum of the
input and output voltages.

The two-switch buck—boost converter features positive output
voltage, lower voltage stress, and fewer passive components [1],
[21, [31, [4], [5]. By replacing the two diodes with synchronous
rectifiers, the four-switch buck—-boost (FSBB) converter can be
obtained [6], [7], [8], as shown in Fig. 1.
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Fig. 1. Four-switch buck-boost converter.

Various control schemes have been proposed for the FSBB
converter. The popular one is the two-mode control scheme, with
which, the FSBB converter is operated in buck and boost modes
when the input voltage is higher and lower than the output volt-
age, respectively, and the inductor current ripple is minimized
[9], [10]. However, the power switches are hard switched. The
recently developed wide bandgap (WBG) power switches such
as GaN and SiC can operate at a very high switching frequency.
Although the turn-OFF loss of the WBG power switches is quite
small, the turn-ON loss is still large [11]. So, it is necessary
to realize zero-voltage switching (ZVS) for the WBG power
switches.

The FSBB converter has three control variables, i.e., the duty
cycle of Q1, denoted by Dy, the duty cycle of Q4, denoted by
Dy, and the duty cycle corresponding to phase-shift between
the turn-ON instants of Q7 and Qs, denoted by Dy. With the
three available control variables, a constant-frequency quadri-
lateral current control is proposed [12], which is essentially
the combined pulsewidth modulation (PWM) and phase-shift
control. With this control scheme, all the power switches realize
ZN'S over the full input/output voltage and load range, and the
rms value of the inductor current is minimized. Additionally,
the inductor current ripple decreases with the load since the
negative inductor current keeps at a fixed value, leading to
an improved light-load efficiency. The implementation meth-
ods for the combined PWM and phase-shift control have been
proposed [12], [13], [14], [15], [16], [17], [18], [19]. In [12],
[13], [14], [15], and [16], the control scheme is implemented
by lookup table to avoid complicated real-time calculations.
To achieve higher control accuracy, more storage resources are
acquired, leading to increased system complexity and expense.
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Furthermore, due to the latency in accessing the stored data, the
dynamic performance is unsatisfactory. To reduce the storage
resource and realize a fast dynamic performance, a simplified
real-time calculating method is proposed [17]. Nevertheless, the
switching frequency varies with the load to achieve ZVS, which
makes the design of EMI filter more difficult. In [18], the con-
trol scheme is implemented with constant frequency real-time
closed-loop control method for avoiding complex calculation.
However, the dynamic response is quite slow due to narrow
control bandwidth of the phase-shift closed-loop. Based on [18],
the phase-shift duty cycle is approximated in [19], which not
only simplify the control circuit, but also improve the dynamic
performance.

To design the closed-loop parameters, the small-signal model
of the FSBB converter should be established. The small-signal
model of the power stage with variable minimum negative
inductor current has been established in [20]. In this article,
the small-signal model of the power stage is established with
fixed negative inductor current, corresponding to the feature
of the combined PWM and phase-shift control. This feature
is similar to the basic dc—dc converter operated under discon-
tinuous current mode (DCM). In [21], the averaged model for
the basic DCM dc—dc converters is proposed. Under DCM,
with low frequency perturbation, the inductor current at any
time is equal (or approximately equal) to the inductor current
after one switching cycle, which implies the average inductor
voltage and its small-signal ac voltage are zero. Thus, the in-
ductor current does not appear as a state variable and the order
of the power stage is reduced. However, this averaged model
can only accurately predict the behavior of a converter in the
low-frequency range. Incorporating the dynamic performance of
the inductor current, the averaged full-order model is proposed
[22], offering higher accuracy up to one-third of the switching
frequency.

Different from the basic DCM dc—dc converters, which have
only one control variable, the FSBB converter with the combined
PWM and phase-shift control has three control variables, and
the minimum inductor current is a fixed negative value rather
than zero. So, a small-signal model for this FSBB converter is
developed in this article, and the small-signal characteristics of
the power stage are delved. After that, the small-signal model of
the feedback system with the control scheme proposed in [19]
is established, and the closed-loop parameter design method is
proposed to ensure the stability of the converter under all the
operation conditions.

The rest of this article is organized as follows. In Section II,
the operating principle of the FSBB converter with the combined
PWM and approximate phase-shift control [19] is briefly intro-
duced. Then, the small-signal model of the power stage is builtin
Section III, and the characteristics of the model are analyzed in
Section IV. After that, the small-signal model of FSBB converter
with feedback system is established and the design approach of
the closed-loop parameters is given in Section V. In Section VI,
a prototype of a 420-W FSBB converter is fabricated and tested
in the lab, and the experimental results are provided to verify
the accuracy of the small-signal model and the design method
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Fig. 2. Key operating waveforms. (a) Vin, > V,. (b) Vin < V.

of the closed-loop parameters. Finally, Section VII concludes
this article.

II. OPERATING PRINCIPLE OF THE FSBB CONVERTER WITH
COMBINED PWM AND APPROXIMATE PHASE-SHIFT CONTROL

The operating principle of the FSBB converter with the com-
bined PWM and approximate phase-shift control scheme has
been analyzed in [19], which will be briefly presented here as
the basis of establishing the small-signal model.

A. Voltage Conversion Ratio

At steady state, the voltage applied on the inductor within
one switching cycle is zero according to the volt-second balance
principle. Thus, we have [19]

Vo Dy,

2oyt 1
%=1 7, (1)

B. Optimal Operating Modes of the FSBB Converter

With the combined PWM and phase-shift control, the optimal
operating modes include the pseudocritical continuous current
mode (PCRM) and pseudodiscontinuous current mode (PDCM),
and Fig. 2 shows the key operating waveforms.

At heavy load, the FSBB converter works under PCRM, and
the inductor current iy decreases to —Izyg at the end of each
switching cycle, where Iys is the minimum current to ensure
ZVS for the power switches. As I, decreases, the segment PQ is
translated downward. Define the inductor current at points P and
Qas Iy and I, respectively. When Ip (Vi, >V, ) orlq (Vi, < V)
decays to Izys, Q4 or O is turned OFF immediately to ensure
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Fig. 3. Waveforms of i, with larger approximated Dy pcRM-

ZNVS for Q3 or Q>. When [, further decreases, the converter
enters into PDCM, where, i;. decreases to —Izys before the
end of each switching cycle and then keeps at —Izys.

C. Approximate Phase-Shift Control Scheme

As mentioned above, under PCRM, the inductor current de-
cays to —Izyg at the end of every switching cycle. However,
this is hard to realize. If the phase-shift duty cycle is slightly
larger than the theoretical one, the inductor current will decay
to —Izys before the end of the switching cycle, as shown in
Fig. 3. This control object can be realized with the approximate
phase-shift duty cycle control method proposed in [19], and the
approximate phase-shift duty cycle is expressed as

Dy pcrM_appr (Vin, to) = aVin + bis + ¢ (2)

where, a, b, and ¢ are the constants to ensure the approximated
phase-shift duty cycle is larger than the theoretical one with
minimized error. Thus, the PCRM changes to PDCM, denoted
by PDCMLI, hereinafter, and the original PDCM is denoted by
PDCM2.

D. Implementation of the Combined PWM and Approximate
Phase-Shift Control

Fig. 4 shows the implementation circuit of the combined
PWM and approximate phase-shift control scheme [19], where
CLK1 and CLK2 correspond to the turn-ON instants of Q; and
Qs, respectively. The implementation circuit comprises three
subcircuits and are described as follows.

Subcircuit A is used to regulate the output voltage and gener-
ate the drive signals for Q; and Q5.

Subcircuit B is used to generate the drive signals for Qs
and Q,4, where CLK2 is generated in subcircuit C. When i,
decays to —Izys, Comp?2 outputs a high-level voltage, causing
RS trigger?2 to reset and turn OFF Q3. An OR gate is intentionally
added here to ensure the correct switching sequence [18].

Subcircuit C is the phase-shift duty cycle generation circuit to
obtain CLK2. Under PDCM 1, the approximate phase-shift duty
cycle is obtained by the proportional addition, corresponding to
(2). Under PDCM2, the phase-shift duty cycle is obtained by the
calculation circuit, expressed as [18]

Dyl VO‘;OVi“ + Dc_max Vin < V5 (3)

Dy ppcmz =
Dcfmax ‘/in > ‘/0
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where D._max is the duty cycle corresponding to the maximum
time for iz to decrease from Izyg to —Izyvs (Vin < V,) or
increase from —Izvg to Izys (Vin > V,), expressed as

2Lc1Izvs
Vo Ty
where Ty is the switching period.
The larger one of Vy ppconi and Vg ppome 1s sent to Comp4.

An AND gate with input signals Qg and Q; is added here to
ensure that Q4 is turned OFF no later than Q1.

D, c_max — (4)

III. SMALL-SIGNAL MODEL OF THE POWER STAGE

In this section, the small-signal model of the power stage of
the FSBB converter will be established.

According to Fig. 1, with the averaged switch modeling ap-
proach and considering the equivalent series resistance (ESR) of
output filter capacitor Ct, the averaged model of FSBB converter
is obtained, as shown in Fig. 5, where, Q1 and Q3 are replaced
with the controlled current sources whose magnitudes are their
average current during a switching cycle, and O, and Q4 are
replaced with the controlled voltage source whose magnitudes
are their average drain-source voltage during a switching cycle.

Note that the small-signal model of the FSBB converter is
built under PDCM. According to Figs. 1-3, the average values
of vq2, vqa, iqQ1, and iq3 in a switching cycle can be expressed
as

(vQ2 (t)>TS = (Vin (t)>Ts dy1 (5

{vQa (1)), = (vo ()7, (1 — dy2) 6)
—I I Ip + I

ligr (), = —25 5Ly + L2 (A —do) (D
Ip + I I — I

fis (B)g, = 247 (s —dg) + 12y @)

where da3 is the duty cycle that corresponds to the time when
Q> and Q3 conduct simultaneously, expressed as

dog =1 —dy; — dyo + dp. 9
According to Figs. 2 and 3, Ip and I can be expressed as
(Vin (8)) 7,
Ip = —Ipvs + —5 = doT, (10)
(vo (),
Ig= —Izvs + —FdxT.. (11)
Substituting (10) and (11) into (8), we have
. (vin (£))
<7’Q3 (t)>TS = — Izvs (1 - dy2) + 72L L dg (dy1 - d@) T
(Vo (1)) 7,
+ 2L (1 — dyg) dasT. 12)

2L,

By imposing small-signal perturbations into (5), (6), and (12),
eliminating the steady-state quantities and neglecting the high-

order small-signal perturbations, we have
0q2 = Vindy1 + Dy18in (13)

Qs = —Vodya + (1 — Dya) B, (14)
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Fig. 4. Implementation circuit of the combined PWM and approximate phase-shift control scheme.
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Fig. 5. Averaged model of FSBB converter. Fig. 6.  Small-signal equivalent circuit of the FSBB converter.
Likewise, by imposing small-signal perturbations into (16),
eliminating the steady-state quantities and neglecting the high-
%QS _ order small-signal perturbations, we have

Ty [ Vin(Do—Dy1)dy1 + {M ~Vo(1+ D23 — Dy2)] dys
2Lc | +2Viy (Dy1—Dg) dg+Das (1 — Dy2) 96 + (Dy1 — Dg) Dgin .
(15)

According to Fig. 2, the average values of iy in a switching
period can be expressed as

{vin (1)) 1,

(i (), = — Izvs + 5L dody1 T

N {vo (1)),

5T (1 —dy2) do3Ts.

(16)

dy> =

(DG_Dyl)d 2D, 1d +D25(1 Dy2) Do+ ylnDe Am+V - ZLc
(1+D23_ y2) Vo/vzn

A7)

Substituting (17) into (14) and (15), respectively, and applying
Laplace transformation, lead to (18) and (19) shown at the
bottom of this page.

Fig. 6 shows the small-signal equivalent circuit of FSBB
converter, where 0q2, 9qg4(s), and ng (s) are given in (13), (18),
and (19), respectively. According to Fig. 6, the control-to-output
transfer functions Gyqy1(s) and Gyq9(s), and the line-to-output
transfer function G,(s) can be, respectively, expressed as

) 1 ; . ) ) L. -

0Qa(s) = ——— | Vin (Dyl — Dy) dy1(5> - 2V§nDyld9<5> +(1- Dy2)2vo(5> - Dy1D9vin<3) + ;ZLc(S) (18)
1 =+ D23 — DyQ Ts

A 1

‘@) = 13D, - Dy

X
+Dy [(1 + Das — Dy9)

(Dy1 — Dy) %‘Izvsdﬂ(s) {De (14 Da3 — Dy2) VL"

—2(1 - Dyy) IZVS} do(s) + (Dya2 — 1) Das 255, (s)

DQLT - Dyl IV } 'Um( ) (1 + Doz — Dy2 - %) ;LC(S)

19)
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TABLE I
EXPRESSIONS OF THE PARAMETERS IN (20)—(22)

Parameters Expressions
D,-D, 2LI 2L 1=D,, ) Dy, L 1 s _
(1+D’3_Dy2)VoLc+VoRm I_Dy2+y|79 — (I_sz)RcCr"' ch'*'(YZ)# 2+7(1 b )D I avs

Y/ - 1+D,,—-D, VT, ’ T, V.

h 23 V2 s o _ 1 4 CV,
LR C[(14 D~ D, )V, +(1-D,) Dyl sk, | RCo (1+Dy=Dy)T,
2L 2L.1 2L 2L.1

LT, 1-D, - =25 |(1-D,,)V,R,, ©+|1-D, - =225 |(1-D,)R,,
hy % VL n VI

LcRLdCI' [(1 + Dz% - DyZ)V«\ - (Dy2 - I)DzzlzvsRc] LcRLdCf (1 + Dzs _DyZ)
(Dyl —-D, )VmIZ\S C _ (Dyl 7D0)Vm[zvsRc
81 - =
(1+Dzs _Dyz)Vo _(DyZ _I)Dzzlzvst' (1+D23 _Dyz)Vn

Do (1 + D:3 - DyZ ) _Dyl 2L 17\75 VmVoR(Ts

&2 _L VT J ~_ mR(‘T.: (D _ Dy! 2Lclzvs
0
[(1+D23_Dyz)Vo_(Dyz_I)DzslzvsR(]Lc L k 1+Dy =D, VI

Dy (1+ Dy, = D, ) - D, =225 2Lilps | DV, T.R,

g3 _L VT i ~ DeTsRc D. — Dyl 2Lchvs
0
2L [ (14 Dy =D, )V, =(Dy, 1) Dy LsRe | 2L, 1+D,,-D, VT,
V.T. 2L .1, 2
ol po KL 2D,,| 2D,, - =225 |\ 2( D] - D}
- [ ” Ly } 2(Dyl -D ) y}[ ” VI ] ( i 9) 1
Zeros T (,-p)r 0 2L PeT 21,1 T RC
v ) s [DO(HDU -D,)-D, V;VS}TS {DH (1+D,-D,)-D, 1;7”’5}092 ot
. . . . D,-D, 2LI . . -
Note that, R¢ is the ESR of the filter capacitor and is quite small. So, l—Dy2 +1+[y)7D VT‘“ (l—Dyz)RC is much smaller than 2L./7; and is neglected, which is
23~ My s

applied in the approximation of ;. Likewise, (Dy,—1)D23/zvsRc is much smaller than (1

and gs.
Bo(s) g1(s — 21)(s + zEsr)
. _ L _ 20
o(s)=
iLnad(S):O
Bo(3) 92(s — 22)(s + zEsr)
a. _ Y _ 21
ae(s) 0(s) Bin(5)=0 $2 + his + ha D
dy1(s)=0
iLoad(S):O
Bo(s) 93(s — 23)(s + zEsr)
G, _ Y . _ 22
g(s) @in(s) dy1(s)= $2 + his+ hy @2
de(s)=0
iLoad(S):O

where, h1, ho, g1, 82, 83,, 21, 22, 23, and zgsR are given in Table I.
s> 4+ his + ho is rewritten in the form of (s + p1)(s + p2), and
p1 and po are expressed as

1 1 Dy
A [I + Izvs(1 — Dy2) (2L IzvsVT ﬂ
(23)
2 2
p2 = Is (24)

(14 Dys — Dyo) T, 2— Dy, — 2Dyy + Dy

where fs = 1/T; is the switching frequency.
Besides, by setting 0in(s), dg(s), and dy1 (s) to zero, the output
impedance Z,(s) can be obtained, expressed as
2u9) = - 2t Ry (+re) | 29
where Z,1(s) is the output impedance excluding Cy and Ryq,
which can be expressed as

+D13—Dy2)V, and is neglected, which is applied in the approximation of Ay, h, g1, g2,

Do (s
Zoi(s) = — : ((S)) Bin(5)=0
@ d:yl(s)=o
do(s)=
B 1+ Doz — Dy2
I I
2Lc+sch(1~‘F/l§237Dy2y)TS + (1 = Dyo) =
(26)

Therefore, the output voltage variation is a linear combination
of the four independent inputs, i.e.,

Vo

(5) = Guay1 (5)dy1 () + Graa(s)da(s) + Gug(s)im(s)
— Zo(S)ELoad(S)- (27)

IV. SMALL-SIGNAL CHARACTERISTICS OF THE POWER STAGE

So far, the expressions for the transfer functions of the FSBB
power stage have been derived. To facilitate the control circuit
design, the small-signal characteristics of the power stage are
discussed in this section.

By observing (20)—(22), the transfer functions have two poles
and four zeros. Except zpsr, the poles and zeros are related to
Dy1, Dys, and Dy, whose expressions are given in Table II [18].

A. Characteristics of the Poles

1) Pole p;: The expression of pole p; is given in (23). Since
2L A7vs/(VoTs), which equals to D¢ yax, 1S around 0.1, the
term that contains Izvg has the same order of magnitude as /.
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TABLE II
EXPRESSIONS OF THE CONTROL VARIABLES

Operating mode Expressions
V. LI v. L) |[(v.Y 7 2L
A IR A o)
PDCMl D _ in in”s in in"s in in in's B V“ D D
v %4 | V. ’ Dylf(l_Dﬂ)Vi’ 0 2
70+ +J in
PDCM2 Ll =2 + L +2L 1, (V,~V,)T,
(Via < Vo) p, =t % p,=1-Yop , p=to"Vup | 2hlns
T T (Vo =Va)T, oo
V. ) s V.
PDCM2 Lclzvs 1_270 + Lc[zvs+2Lclo Vﬂ(Kn _Vo)T; 2L ]
V> Vo) Dyl = in (Vm_Vo)Y; in ) DYZ:I— i: Dyl , Dy = Vj‘n]Z_;vs

Moreover, for the output filtering requirement, /,/(CtV,), which
is equal to 1/(C¢Ry,q), should be much less than f;. Therefore, p;
is less than f.

In (23), 1-Dy stands for the duty cycle of Q3. To realize
power transfer, the duration that Q3 is conducting must be no
less than the time that the inductor current decreases from Iyg
to —Izvygs (see Fig. 2). Therefore, we have

- 2L 1I7vs

1-D —_—.
A

v2 (28)
At null-load, the transferred power is zero, and the equal sign
of (28) is taken. Thus, according to (23) and (28), p; reaches its
minimum value of zero only at null-load.
2) Pole pp: The expression of pole po is given in (24). Substi-
tuting the expression of Dy under different operating conditions
given in Table II into (24), we have

va
fSa

272Dy27Dy1 +Dy fS7

2

TP PDCM1
2

PDCM2 (Vi £ V4)
PDCM2 (Viy > V).

p2 %Dyl +Dc,max (29)
2

According to (29), we have the following conclusion.

1) Since both Dy and Dy are smaller than 1, po under
PDCMLI is higher than f;.

2) As seen from Fig. 2(b), when Vi, < Vi, Dy, reaches its
maximum value at the boundary of PDCM1 and PDCM2,
which equal to 1 — D¢ mmax. Meanwhile, considering
Vin = Vo, thus, ps under PDCM2 (V;, < V,) is higher
than 2f;.

3) AsseenfromFig.2(a), when Vi, > V,, we have Dy; > Dg.
Meanwhile, Dy, are smaller than 1. So, p> under PDCM2
(Vin > Vo) is higher than f;.

B. Characteristics of the Zeros

1) Zero z;: The expression of zero z; is given in Table L.
When Vi, = V,, and the converter is operated at the boundary of
PDCMI1 and PDCM2, D»3 reaches its minimum value, which
iS Dc_max, and Dy — Dy reaches its maximum value, which is
1-2D¢ max- In this case, z; reaches its minimum value under

all the operating conditions. Thus, we have

Vo Ty
L2 (D2 =1) 22Dy — Do)
! (Dyl _DG) Ts Dcfmax (Dyl _DG)TS
= 2(2DC7max _ Dcfmax) = be = 25f5
Dc_max (]- - 2Dc_max) Ts ]- - 2Dc_max
(30)

Note that, D ax is usually designed to be around 0.1.

2) Zero zp: In Table 1, the expression of zero zo is given.
Substituting Dy in Table II, (4) and (9) into it, and considering
(1), we have

2[(1+ 1) Dy1 1] o
“%T( 7%)D317(1+DCJMX)DY1+1, PDCMl
2( 2 Dy1 —De max ) f« A
2= ()%, +bE PDCM2 (Vi, < V)
2( D 1*th max | Js
(Do tPem) e ppcng (s V).
(1,%)Dcfnlax0y1+(%) D2 pmax
(31

Under PDCM1, taking the derivative of the denominator of
7o with respect to Dy, we have

R Vi
Deri =232 (1 _ V> Dyt — (14 D). (32)

Obviously, the maximum value of the first term of Deri is
Dy1/2, which is smaller than 0.5. So, Deri is always a negative
value, implying the denominator is a monotonically decreasing
function of Dy, Meanwhile, it is easy to see that the numerator
of the expression of z, increases with Dy. So, z3 increases with
Dy;.

In [18], the maximum Dy is given as

( A ) | Lelps

Vin VinTs

Dy2max = W (33)
(7) + el

So, according to (1), the minimum Dy is
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Vo _ Leclyys
ve t1-FF

Vv (G4
V() ‘/ill
v 1+ A

\%
Dylmin = W(:] (1 - Dy2max) =

Substituting (34) into the expression of zo under PDCM1, and
considering (4), the minimum value of z is derived as

Z2min —
Vo Vin Vo
(7“‘ + 1 + Vo) (2 - WDc_max - Dc_max) fs
Dc,max(Dc,max_l) ﬁ 2 + 3D02_mmx _
4

2 Vin

2
+2 — 1.5D_pax + 2egp

2.5D; max + 1) Yo

(35)

According to (35), with D¢ pmax being 0.1 and V,/Vi, with
[0.5, 2], Zomin 1S about 2f;.

Under PDCM2, according to (31), the curves of z5 as the
function of Dy at different input voltage are depicted, as shown
in Fig. 7. As seen from Table II, Dy; under PDCM2 increases
with the load current. At about higher than 2% full load, Dy,
will make z, larger than 2f;.

3) Zero z3: The expression of zero z3 is also given in Table I.
Since Dy; > Dy, we have

2Dy1 (2D23 — Dcfmax) +2 (D§1 - Dz)
[Dg (1 —+ D23 — Dy2) — Dlecfmax] DGTS

2Dg (2D23_D07max)+2 (Dyl_Dg) - 1
[DO (1+D23_Dy2)_D9Dc_max} D«9,Ts D9

zZ3 =

> 2fs > 2fs.

(36)

So far, the characteristics of z1, z2, and z3 have been under
all the operating conditions are discussed, and they are right
half-plane zeros. According to Table I, zgsg is the left half-plane
zero, which is caused by the ESR of output filter capacitor and
is much higher than f;.

With the characteristics of the transfer functions, the design of
the closed-loop parameters will be given in the following section.
Note that, based on the control implementation circuit given in
Fig. 4, the approximate error in the duty cycle is small. Therefore,
the characteristics of the zeros and poles are applicable for the
closed-loop parameter design.
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V. ANALYSIS AND DESIGN OF THE CLOSED-LOOP
PARAMETERS

A. Small-Signal Model of the Closed-Loop

According to (27), the control block diagram of the FSBB con-
verter can be obtained, as shown in the shadow block in Fig. 8.
As seen from Fig. 4, Dy is obtained by the voltage regulator, and
Dy is different under different operating modes. Under PDCM 1,
Dy ppcni 1s obtained by the approximate phase-shift control
circuit. Under PDCM2, Dy is obtained through the calculation
circuit.

By imposing small-signal perturbations into (2) and (3), re-
spectively, eliminating the steady-state quantities and neglecting
the high-order small-signal perturbations, we have

Vo

CZG,PDCMl = aby, + biy, = ady, + b 37)
Rig
Vo—Vin 7 Dy Vin Dy ~
(je PDCM2 = V, dYI + ‘/{)2 Vo — T:vm ‘/}n S VO '
) 0 Vin > Vi
(38)

Therefore, the small-signal model of the FSBB converter with
feedback system can be obtained, as shown in Fig. 8, where
G (s) is the output voltage regulator, H, is the output voltage
sense gain; Gpwwm(s) = 1/Vy, is the transfer function of PWM
modulator. The part of phase-shift approximation and phase-
shift calculation in Fig. 8 are based on (37) and (38), respectively.

According to Fig. 8, the voltage loop gain under PDCMI,
denoted by 77, and the voltage loop gain under PDCM2 with
Vin < V, and Vi, > V,, denoted by T27Vin§V0’ T27Vin>Vo»
respectively, can be expressed as

1
Tl(s) = HVGPWM(S)GV(S)Gdel(S) — TvadG(S) =
Ld
HVGPWM(S)Gdel(S){Gv(S) b 92(8_22)]
H,Gpwwm(s)Rra g1(s—21)
(39
T v, <v, (s) = HyGprwm(s)Gv(s)
Vo - ~Vin D V}H
(Gvdy1(5) + VOGvde(S)) - %Gvde(s) =
Vo — Vin g2(s — 22)
Dy g2(s — 22) }
H,Gpwwm(s) V2gi(s — z1) + Vo (Vo — Vin) g2(s — 22)
(40)
TQ_Vm>VO (S) = HVGPWM(S)Gdel(S)GV(S). (41)

B. Design Approach of the Closed-Loop Parameters

Usually, the cut-off frequency f, of the voltage closed-loop is
set at f;/10. So, according to the analysis in Section IV, under
PDCM1 and PDCM2 (above 2% full load), the frequency of
z1 and zo is much higher than f., thus, we have (s — z2) /
(s — z1) = z2 / z1. Therefore, (39) and (40) can be approximate
as
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Fig. 8. Small-signal model of FSBB converter with feedback system.
b G222 T(s) = Ge(s5)Gyay1 (5)Gve(s) (46)
T :HVG GV GV — c vdyl_appr ve
1(s) o (s) dyl(s)( (5) H,Gpwm(s)RLa 9122
(42)  where G.(s) and G, (s) depend on the operating condition, i.e.,
VO - V;n 9222
T3 v, <v, (8) = HyGpwm(8)Gvay1(s) (1 + AT Ge(s) =
G (8) B Dylvin G222 :| HVGPWM(S), PDCM1
v H,Gpwm(s) VZgrz21 + Vo (Vo — Vin) 9222 H,Gpwm(s) (1 + %gzﬁ) , PDCM2 (Vi < Vj)
43 o 121
43) HVGPWM(S), PDCM2 (V;n > VO)
(47)
As discussed in Section IV-B, z; and zggg are higher than 2f;.
So, s + zrsr ~ zrsr and s — 71 &= —z; can be obtained at f.. Gre(s) = erJFKi/S (48)

Thus, according to (20), Gyqy1(s) can be approximated as

J1Z1%ESR
(s +p1) (s +p2)

Gvdyl_appr (5) - (44)

As seen from (41), (42), and (43), the loop gains are different
under different operating conditions. Therefore, G (s) should be
designed properly to ensure the stability requirement under all
the operating conditions.

Usually, PI regulator is adopted as G (s), expressed as

Gy(s) = Kp+Ki/s. (45)

Substituting (45) into (41), (42), and (43), respectively, the

loop gains can be uniformed as the product of the constant terms

G.(s), transfer function Gydy1_appr(s), and equivalent regulator
Gyel), i€,

where the expression is given in (49), shown at the bottom of
this page.

It is noted that, at null load, Dy; = Dy, thus, z; is infinite.
According to (40), the G.(s) and Gy(s) under PDCM2 when
Vin <V, is the same as that under PDCM2 when Vi, > V..

In (46), since G.(s) is a constant term, the phase of 7(s) is the
sum of ZGyay1_appr(s) and £Gy.(s).

In (44), g1 is anegative value (see Table I). So, £ZGydy1_appr(s)
is determined by the poles p; and ps. Pole p; reaches its
minimum value of 0 at null-load, which introduces a phase lag of
—90° across all frequencies. As discussed in Section IV-A, the
minimum value of p» is f;. Due to the wide operating range of the
converter, f. varies a lot as well. In this article, the maximum f;
is set at 0.1 f;. At the frequency lower than 0.1 f;, the maximum
phase lag caused by ps is —30°. So, the minimum value of
AGvdylfappr(s) is —120°.

PDCM1

PDCM2  (Viy < Vi) “9

K. — bga 22
i H,Gpwwm(s)RLag121 '
Kpe1
Kpe =19 jr _ (1 — Dy3)ga22
P H,Gprwm(s) [Vogi21 + (Vo — Vin) g222]
Kpe2
K,

PDCM2 (Vi > V).
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Fig.9. Bode diagrams of equivalent Gye(s) with different Kpe1 or Kpe2.

As seen from (48), Gy.(s) is a PI regulator, and £Gy,(s)
increases from —90° as the frequency increases. So, to ensure the
phase margin larger than 30° under all the operating conditions,
2 Gy(s) at minimum f;. should satisfy

PM = 180° + ZG\vdy1_appr(s) + £Gye(s) = 30°. (50)

Substituting £Gydy1_appr(s) = —120° into (50), £Gy.(s) at
minimum f, should be —30°. According to (48), at femin, We

have
K; 180°
—_— > —30° (51)
jzﬂ-fcmin> m

ch(j27chmin> = arg (er+

where K. is designed according to the maximum
|G (5)Gyay1_appr($)| at fo/10 (fomax)- With the designed K, and
minimum |G(s)Gyay1_appr(5)]s femin can be calculated. Once
Kpe and fomin are obtained, K; can be solved according to (51).

As seen from (49) shown at the bottom of this page, K
equals to K}, under PDCM2 with V;,, > V,,. Under other operating
conditions, setting K, = K¢, then K},¢1 and K,¢o is less than
K., causing f. to decrease, which is lower than the designed
Sfemin- Since f. exhibits a wide variation range, the phase lag
caused by p» can be neglected with the further reduction of f¢ iy, -
According to Fig. 9, as Kj,e1 or Kj,eo decreases, f. and £Gye(s)
is decreased. Thus, the phase margin should be checked with
minimum value of K1 and Kjea.

C. Design Example

With the proposed design method, a design example is given
here. The main circuit parameters of FSBB converter are listed
in Table III.

According to the parameters in Table I11, 1,/(C¢V,,) = 2.9 kHz.
Combining the characteristic of p; in Section IV-A, we have p;
< fe. According to (44), since fo2 = p2/(27) > fo, |Gydy1_appr(s)|
around f; can be expressed as

_ 91Z1ZESR
Sp2

|Gvdy1_appr(5)| = (52)

11165
TABLE III
KEY PARAMETERS OF THE PROTOTYPE

Parameter Value Parameter Value

Input voltage Vi, 60~120 V Output voltage ¥, 84V

Output power P, 420 W Full load current 7, 5A
Switching frequency f; 500 kHz Inductor L 3 uH
Output capacitor C; (ESR) [20 uF (5 mQ) ZVS current Izys 25A
Saw-tooth amplitude 7}, 1.8V Voltage sense gain 0.02
Proportional factor a —0.008 Proportional factor 5 | 0.034

Substituting g1, z; and zggg in Table I and p- in (24) into
(52), we have

P2 Dog T, — Yindzss Vi 1 Ig

sCr SV Cros

where I is the current when Q; is turned OFF (see Fig. 2). As
can be seen from Fig. 2, the minimum value of I is Izvs, and
the maximum value of I can be obtained when Vi, = Vinmax
at full-load.

The next step is to analyze the maximum and minimum values
of |Ge()Gyay1_appr(s)]. As seen from (47), |G(s)| is maximum
under PDCM2 when Vi, <V, and |G¢(5)Gydy1_appr(s)| can be
expressed as

|Ge(8)Gyay1_appr(s)] = HyGpwm(s)

— Vin in 117
y (1+ Vo‘/gm) Vio 1 Izys
Vo giz1

‘Gvdyl,appr<5)| = (53)

VO Cf S
(54)

Substituting g1,z1, g2, and z5 in Table I into (54), we have
‘GC(S)GvdyLappr(sﬂ

Vo=Vin 2(Dy1 —D Vin 1 I
— H,Gpwm(s) {14— (Dy1 — Do) }ZVS.

Vo (2D23 - Dcfmax) Vo Cr s
(55)
Similar to the analysis for z; in Section IV-A,
(Dyl_DO)/(2D23_Dcfmax) < (]_ZDcfmax)/Dcfmaxa Wh]Ch iS
around 8. According to the parameters in Table III, V;,/V, >
0.7, we have

1 5.571
|Ge(8)Gyay1_appr(8)] < HeGpwwm(s) Cr s ALy (56)
Under other operating conditions, the maximum
|Gc($)Gydy1_appr(s)| can be expressed as
V;nmax 1 I max
|Ge(5)Crayt_appr(s)| =Hy Gown(s) = =~ (57)

Vo Ct

According to the parameters listed in Table III, Vinmax
Iqmax/Vo > 5.57 Izys. Thus, the maximum |G (s)Gydy1_appr(s)]
under all the operating conditions is obtained when Vi, = Vinmax
at full-load.

Besides, when Vi, = Viymin at null-load, zo = 0, I = Izvs.
In this case, |Gc(5)Gydy1_appr(s)| is minimum.

Fig. 10 shows the Bode diagram of G.(5)Gyay1_app:(s) when
Vin = Vinmax at full-load and and V;;, = V;umin at null-load. As
seen, when Vi, = Vinmax at full-load, the amplitude at 50 kHz
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Fig. 11.  Uncompensated and compensated Bode diagram of 7(s) in (46).

is —30 dB, then, K, = 33 can be calculated. With K, = 33,
when Vi, = Vinmin at null-load, f. i, = 5 kHz can be calculated.
Substituting fumin = 5 kHz and K, = 33 into (51), K; = 6x10°
can be calculated.

Setting K}, = K¢, the minimum value of K},¢; and K2 is

min(Kpcl, Kpcg) = er

B 1 s ( bgaza (1 — Dy2)g222 >
H,Gpwm(s) Riagiz1” Vogizi+(Vo—Vin) g222 )
(58)

According to the parameters listed in Table III, the minimum
value of Kpe1 and Kpe2 is 17.6, with which, the f. when Vi, =
Vinmin at null-load is 4 kHz according to Fig. 10. At this time,
£Gye(s) = —53°. Since the phase lag caused by p» at 4 kHz can
be ignored, the phase margin is 37°, satisfying the phase margin
requirement.

With the designed K}, = 33, K; = 6% 10°, Fig. 11 shows the
uncompensated and compensated Bode diagram of 7(s) in (46)
when Vi, = Vinmax at full-load. After compensating, the cut-off
frequency is 50.3 kHz, and the phase margin is 70.8°.
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Fig. 12.

Photograph of the prototype.

VI. EXPERIMENTAL VERIFICATION

In order to verify the correctness of the small-signal model
of the FSBB and the closed-loop parameters design approach, a
420-W prototype of the FSBB converter is fabricated in the lab,
as shown in Fig. 12 within the red dashed box. The parameters
of the prototype have been given in Table III. The NV6128 GaN
HEMT from Navitas is used as the power switches.

Fig. 13 shows the measured and theoretical Bode diagrams of
Gydy1(s) at null-load and full-load under different input voltage.
The measured results are obtained by network analyzer. As seen,
the measured results are in good agreement with the theoretical
ones below f;/3, which prove the accuracy of the proposed small-
signal model.

Figs. 14 and 15 show the measured and theoretical Bode plots
of the loop gains at null-load and full-load conditions when
the input voltage Vi, is 60 V, 84 V, and 120 V, respectively,
where f. ,,, and f ¢ are the measured and theoretical crossover
frequencies, respectively, ¢y, m, and ¢y, ¢ are the measured and
theoretical phase margins, respectively. As seen, the measured
results are consistent with the theoretical ones, verifying the
accuracy of the closed-loop small-signal model. With the closed-
loop parameters designed in Section V, the stability under all the
operating conditions can be ensured.

Fig. 16 shows the experimental waveforms of the FSBB
converter at full-load under different input voltages (60 V, 84 V,
and 120 V), where, vgs_q1 and vgs_q1 are the drive signal and
drain-source voltage of Q1, respectively, ves g4 and vgs_q4 are
the drive signal and the drain-source voltage of Q,, respectively,
and iy is the inductor current. As seen, vqs_q1 and vgs_q4 decay
to zero before Q1 and Q4 are turned ON, respectively. Therefore,
Q; and Q4 realize ZVS. In fact, Q2 and Qs are also turned ON
with zero-voltage.

Fig. 17(a) shows the dynamic waveforms at the nominal
input voltage (84 V) when the load current is stepped changed
between 10% and 90% load, and Fig. 17(b) shows the dynamic
waveforms when the input voltage is stepped changed between
60 V and 120 V at full load, where i, is output current, v, is
the output voltage, v;, is the input voltage. As seen, with the
designed closed-loop parameters, the FSBB converter has a good
dynamic response for the output voltage with small overshoot,
undershoot and short recovery time.

Fig. 18 shows the measured efficiencies of the FSBB con-
verter under different load and input voltage. As seen, the peak
efficiency is 98.7% when V;,, = 84 V. Moreover, the full-load
efficiency at different input voltages is higher than 96.9%.
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VII. CONCLUSION

In this article, the small-signal model of FSBB converter with
the combined PWM and approximate phase-shift control is es-
tablished, and the small-signal characteristics of the power stage
are analyzed. After that, the parameter design approach of the
closed-loop is proposed, ensuring the stability of the converter
under all the operating conditions. Finally, a 420-W prototype
of the FSBB converter is fabricated and tested in the lab. The
experiment results verify the correctness of the small-signal
model and the closed-loop parameter design approach.
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