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Abstract: A control technique combining pulse width modulation (PWM) and pulse amplitude
modulation (PAM) is presented herein to reduce the output voltage ripple of the converter as little as
possible. Such a converter requires a two-stage cascaded structure. The first stage is the buck-boost
converter, which is used to adjust the output voltage of the second power stage, whereas the second
stage is the two-phase interleaved buck converter, which is used to reduce the output voltage ripple.
In theory, the two phases of the second stage operate under the condition of individual duty cycles
of 50% with a phase difference of 180" between the two, and hence, the currents in the two phases
are cancelled for any period of time, thereby making the output voltage of the converter almost
voltage-free. Moreover, in order to improve the overall efficiency further, the proposed soft-switching
technique based on an active clamp is presented and applied to these two stages to render the main
and auxiliary switches turned on with zero-voltage switching (ZVS). Finally, the operating principles
and control strategies of the proposed converter are described, and then, their effectiveness is verified
by experimental results.

Keywords: active clamp; buck converter; current sharing; FPGA; fully-digitalized; output voltage
ripple; PAM; PWM

1. Introduction

As far as the switching DC-DC power supply is concerned, due to the switching of the
power switch, the inductor current is a time-varying current, and when the AC component
of this current flows through the output capacitor, output voltage ripples will be generated.
Due to excessive output voltage ripple, the reliability of the switching DC-DC power
supply will be decreased.

Conventionally, reducing the output voltage ripple is nothing more than increasing
the switching frequency or increasing the value of the output capacitor, but increasing
the switching frequency will increase the switching loss of the power switch, whereas
increasing the output capacitor will not only increase the cost but also reduce the stability
of the system. Therefore, the literature [1,2] proposed the use of multiphase interleaved
control, which reduces the current flowing into the output capacitor by increasing the
switching frequency and using the interleaved control, thereby reducing the output voltage
ripple. However, this structure will affect the output voltage ripple when the input voltage
fluctuates or the load fluctuates, and hence, the effect of reducing the output voltage ripple
is insignificant. The literature [3,4] uses external passive components, such as transformers,
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capacitors, and inductors, to generate an AC current that is opposite to the main inductor
current to reduce the output voltage ripple, but if this method is applied to the N-phase
structure, the added auxiliary components will cause the circuit to be bulky, which will
increase the difficulty of circuit analysis.

The literature [5] uses the concept of current injection to inject a current opposite to
the inductor current through an external operational amplifier circuit. However, when
this method is applied to a continuous conduction mode (CCM) converter, it will not be
able to use the current transformer (CT) to detect the inductor current, and due to the
bandwidth limitation, the hall sensor cannot be used. Therefore, only the current detection
resistor can be used, which will increase the conduction loss. Hence, this structure is not
suitable for high current output. In order to overcome the above-mentioned problems,
this paper proposes a two-stage step-down structure. The first power stage adopts a
buck-boost converter and the second power stage adopts a two-phase interleaved buck
converter; the proposed structure has the following characteristics: (i) the output voltage
ripple will not change due to input voltage changes; (ii) load changes have little effect on
the output voltage ripple; (iii) the second power stage adopts an interleaved structure, so it
is suitable for large current output applications; (iv) the circuit design and control method
are simple. Since the second power stage uses a two-phase interleaved structure, when the
line impedance of each phase is different and the components of each phase are slightly
different, the two-phase currents will be unbalanced. As the converter operating time
increases, it is more likely to cause the inductor to saturate or the components to age due
to overheating. As a result, the performance of the converter will be reduced. Therefore,
current-sharing control must be added to fine-tune the duty cycles of the second power
stage to achieve the purpose of current sharing. The literature [6-8] proposes current-
sharing techniques, but these methods must stabilize the output voltage as well as balance
the current of each phase, so the effect of reducing the output current ripple is limited.

In the early days of the soft-switching technology, a full-resonance or semi-resonance
structure was used [9,10], which mainly used auxiliary inductors in series with power
switches in the circuit and auxiliary capacitors in parallel with power switches to form a
resonance circuit so as to achieve zero-voltage or zero-current switching. When the voltage
resonance reaches zero, the power switch is turned on to achieve zero-voltage switching
(ZVS); when the current resonance reaches zero, the power switch is turned off to achieve
zero-current switching (ZCS). Although the switching loss can be reduced by using this
method, the power switch must withstand high voltage/current stress during resonance,
and it must use high rated voltage/current specifications and high turn-on resistance,
which increases circuit cost and conduction loss. In addition, the turn-on and turn-off time
of the power switch are determined by the resonance frequency, so variable frequency
control must be utilized, which makes the design of the filter difficult.

Later, active clamp [11-13], zero-voltage transition [14-16], and zero-current transi-
tion [17,18] technologies were developed. The active clamping technology is a resonant
circuit formed by external inductors, capacitors, and power switches. Before the main
power switch is turned on, the energy of the main power switch is pumped away to
achieve zero-voltage switching and clamp the peak voltage on the switch. In addition, the
switching frequency does not change with changes in load and input voltage.

As far as the zero-voltage transition and zero-current transition technology is con-
cerned, it is through the additional auxiliary circuit that the auxiliary switch is turned on
before the main power switch is turned on, and the transient resonance technique is used
to make the main power switch reach zero voltage or current switching. In the multiphase
structure, the literature [19,20] proposes the use of additional auxiliary circuits to achieve
soft switching, but due to the addition of too many auxiliary components, not only circuit
cost but also conduction loss is increased. The literature [21] proposed a zero-voltage
transition technology for a multiphase converter. In a two-phase power stage, the same
resonance circuit is used to achieve zero-voltage transition. However, this structure uses
variable frequency control, which makes the design of the filter difficult.
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Based on the aforementioned, in order to get quite small output ripple and stabilize
the output voltage, the two-stage cascaded circuit adopted herein is that the first stage
regulates the system output voltage under negative feedback control by sensing the system
output voltage, and the second stage regulates the phase currents under a constant duty of
about 0.5 with current-sharing control. However, in general, the efficiency of the two-stage
structure is lower than that of the single-stage structure. Consequently, the proposed
soft-switching technology based on active clamp is applied to these two stages to improve
the overall efficiency.

2. Proposed Circuit System

Figure 1 shows the proposed two-stage circuit system. The first stage is constructed by
a buck-boost converter with active clamp, and the second stage is built up by a two-phase
interleaved buck converter with an active clamp. The first stage is used to control the
system output voltage, and the second stage is used to control the system output voltage
ripple as little as possible. As for voltage feedback control, the sensed analog system output
voltage is sent to the analog-to-digital converter (ADC) after the voltage follower so as to
get the corresponding digital signal. Afterwards, this digital signal is transferred to the
FPGA via the serial peripheral interface (SPI) to obtain the desired control force after the
voltage proportional-integral (PI) controller. On the other hand, as for the current-sharing
control to be considered, the sensed analog currents in the switches S, and S,3 are sent
to the ADC after the current-sensing transformers CT; and CT; and then to the FPGA via
the SPI to obtain the desired control force after the current-sharing PI controller. Based on
these two control forces and the PWM generator, the associated gate driving signals for
all the switches are created. It is noted that in order to achieve the minimal system output
voltage ripple, the two gate driving signals for the switches S;;» and S;,3 should be shifted
by 180 degrees in relation to each other, and the corresponding duty cycles are regulated in
the vicinity of 0.5.
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Figure 1. System configuration.

3. Basic Operating Principles

The proposed converter is a combination of the buck-boost converter with an active
clamp and the two-phase interleaved boost converter with an active clamp.

Before analyzing the circuit operation principle, the following assumptions are made:
(1) all the power switches and diodes are considered ideal; (2) the inductance and capac-
itance have no internal resistance; (3) the input inductance is extremely large and can
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be regarded as an ideal constant current source; (4) the output capacitance is very large
and can be regarded as an ideal constant voltage source; (5) the circuit operates in the
continuous conduction mode (CCM) in the steady state; (6) the capacitance of the clamp
capacitor is much larger than the capacitance of the resonant capacitor, which is equal to
the parasitic capacitance of the switch; and (7) the capacitance of the clamp capacitor is
large enough such that the voltage on this capacitor can be regarded as a fixed value.

3.1. First-Stage Operating Principles

First, define the symbols of the components, voltages, and currents as shown in
Figures 2 and 3: (i) the voltage V;, is the input voltage, namely, system input voltage;
(ii) the voltage V} is the first-stage output voltage; (iii) the current I ; is the DC current
flowing through the main inductor L;; (iv) the diodes Dg;,; and Dg,,; are the parasitic
diodes of the main switch S;;; and the auxiliary switch S, respectively; (v) the capacitors
Csm1 and Cg, are the parasitic capacitors of S;;1 and S,, respectively; (vi) the currents igy,;
and ig, are the currents flowing through S,;,; and S, respectively; (vii) the voltages vg,1
and vg, are the voltages on S;;1 and S, respectively; (viii) the capacitor C; is the clamping
capacitor; (ix) the inductor L, is the resonance inductor; (x) the diode D is the output
diode; (xi) the capacitor C;, is the output capacitor; (xii) the resistor Ry is the output load
resistor; (xiii) the voltage vs, is the voltage on S;; (xiv) the voltage V. is the voltage on
C¢1; and (xv) the current if,q is the current flowing through L;1.
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Figure 2. Buck-boost converter with active clamp.
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Figure 3. Equivalent circuit for the circuit shown in Figure 2.

Based on the above definitions, Figure 2 can be simplified to the equivalent circuit
shown in Figure 3. There are nine operating states over one PWM cycle, as shown in
Figure 4. In addition, in Figures 5-13, the current flow is indicated by the real line, and no
current flow is denoted by the dotted line; Table 1 shows the corresponding soft-switching
states and types.
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Figure 6. First-stage current flow in state 2.
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Figure 11. First-stage current flow in state 7.

Figure 12. First-stage current flow in state 8.
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Figure 13. First-stage current flow in state 9.

Table 1. Soft-switching states and types for the first stage.

Interval State Soft-Switching Type
to<t<t State 1 Sm1 with ZVS turn-on
ts <t <tg State 6 Sz with ZVS turn-on

3.1.1. State 1: [tg < t < f]

As shown in Figure 5, before the time instant t;, the resonant inductor current iy, is
larger than main inductor current I; 1, making the body diode Ds;,1 of the main switch Sy;q
conducted. In this time, the auxiliary switch S, is cut off. When the time reaches ty, S is
turned on with ZVS, and afterwards the current ig,,1 rises from negative to zero. Once the
resonant inductor current i, is equal to the main inductor current I} 1, this state comes to
an end. The initial condition in this state is

i (to) = Ix — igm (to)- 1)
The corresponding state equation is

Vo + Vin)

I (t —to) + i (fo)- )
rl

in(t) = =

Ast =ty,ir;1(t1) = I11, the elapsed time is At;, which can be expressed as

lirn (to) — 1] Ln
Aty =t —tg = . 3
1=t —toy Vet Vi 3)

3.1.2. State 2: [t; <t < 1]

As shown in Figure 6, when the time reaches ¢;, the resonant inductor current iy, is
smaller than the main inductor current Iy 1, making the current ig,,; begin to rise from zero
to positive. The moment ij,q falls to zero, the diode D; is turned off, and this state comes
to an end. The initial condition in this state is

i (t) = Ipa. (4)
The corresponding state equation is

I (t—t1) +ipna(t). @)
rl

irn(t) = —
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Ast = ty, i1, (t2) = 0. The elapsed time is At,, which can be expressed as
I1h1Ln
Aty =t) —t] = ———. 6
2=h-h=go- (6)

3.1.3. State 3: [tr <t < t3]

As shown in Figure 7, when the diode D; is cut off, the operation goes into state 3. At
this instant, the main switch S, is turned on. This state is the same as the traditional boost
converter working in state 1. The elapsed time Atz can be expressed to

Aty = DT, — Al — Ab @)

where D and T are the duty cycle and switching period of the gate driving single for the
main switch Sy,1, respectively.

3.1.4. State 4: [tz < t < ty4]

As shown in Figure 8, when the main switch Sy;; is cut off, this state begins. The main
inductor current I 1 charges the parasitic capacitor Cg,,1, making the voltage across S;,1,
called vg,,1, begin to rise. According to KVL, it can be known that V;;, + Ve = Vi1 + Vs,
Therefore, the voltage across the auxiliary switch S;, called vg,, begins to fall. As the voltage
vs, drops to zero, this state comes to the end. The initial condition in this state is

itn(t3) =0, vsa(t3) = Veer + Vi and gy (t3) = 0. ®)
Via Figure 8, the corresponding state equation can be obtained to be
iLrl(t) = IL] [1 - Coswl(t - t3)] - VI"TJ;V” sinwl(t - t3)

Usa(t) =Vea + Viy — 1121 sinwq (t — t3) — (Vm + Vb) [1 — COs w1y (t — tg)} )
Osm1(t) = I1Zy sinwy (t — t3) + (Vig + Vp) [L — cos wy (t — t3) ]

/ 1 L
Csm1 = Csq = Cs1, w1 = m/ and Z; = Zcrsll' (10)
T

In addition, cos wy (t4 — t3) = 1and sinwy (4 ~ t3) &~ wi (t4 — t3) under the condition
that wy (t4 — t3) ~ 0. Based on this, the vg,1(t4) equation can be rewritten to

where

Usm1(ta) = Ip1Zywi (ts — t3). (11)

Ast = ty, Vsy1(ts) = Vea + Viy. The corresponding elapsed time is Aty, which can
be expressed as
Veer + Vin

Aty =ty —t3 = .
w1lr1Z4

(12)

3.1.5. State 5: [ty <t < t5]

As shown in Figure 9, when the voltage across the auxiliary switch S, called vg,,
falls to zero, its body diode Dg, is conducted, and this state begins. During this state, the
main switch S, is cut off and the resonant inductor is linearly magnetized. As soon as
the auxiliary switch S, is turned on, this state comes to an end. The corresponding state
equation is

(VCcl - Vh)

irn(t) = T(f —tg) +ipe(ts). (13)

Ast = t5, elapsed time Ats can be obtained to be

Li[ipn(ts) —ip(t)]
VCcl - Vb

Ats = t5 —tg = (14)
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3.1.6. State 6: [t5 < t < t4]

As shown in Figure 10, the auxiliary switch S, is turned on with ZVS. At this moment,
the resonant inductor L, is still linearly magnetized. Once the resonant inductor current
rises to the main inductor current I 1, this state comes to the end. The corresponding state
equation is

(VCcl - Vb)

ir(t) = T(t —t5) +ipe(ts). (15)

Ast = tg, i1 (ts) = IL1, the time elapsed time At can be obtained to be

LIty —ipe(ts5)]
Vearn =V

Atg =t —t5 = (16)

3.1.7. State 7: [ty < t < ty]

As shown in Figure 11, when the time reaches f;, the resonant inductor L, is still
linearly demagnetized. Since the resonant inductor current i is larger than the main
switch current Ij 1, according to KCL, i1, is equal to Ir1 plus is,, making the current in the
auxiliary switch S, is,, begin to linearly rise from zero. As soon as the resonant inductor
current i, increases to the maximum value Ij 4, this state comes to an end. The initial
condition in this state is

in(te) = Ir1. (17)
The corresponding state equation is
, Ve — Vi ,
() = L) (b 4 i) s
T

Ast = t7,i1,(t7) = ILs1,max- The corresponding elapsed time Aty can be obtained to be

Lrl (ILrl,max - ILl) (19)

At7:t7—t6: VCl—Vb
Cc

3.1.8. State 8: [t7 < t < tg]

As shown in Figure 12, when the time reaches t7, the auxiliary switch S, is cut off, this
state begins. Since the resonant inductor L, resonates with the parasitic capacitance Cg;q
of S;;1 and the parasitic capacitance Cg, of S;, the voltage across Sy,1, Usy1, begins to fall.
According to KVL, V;,, plus V. is equal to vg,,1 plus vg,, making vg, begin to rise. As vg;,1
drops to zero, this state comes to an end. The initial condition in this state is

vSu(t7) = 0and vy (t7) = Veer + Vin - (20)
The corresponding state equation is

iLrl( ) = ILl [1 — COS(/Jl(t - t7)} + iLrl(t7) COS(/Jl(t - f7) + ‘/C%;Vb sinwl(t — t7)
0sa(t) = Ve — [Ir1 — i (t7)] Zysinws (t — t7) — (Veer — V) coswy (t—t7) =V, - (21)
Osm1(t) = [Ir1 — irn(t7)] Zysinw (t —t7) + (Veer — Vp) coswi (t —t7) + Vi + Vi,

coswi(ts — t7) ~ 1 and sinwi(tg — t7) ~ wi(fg — t7) on the condition that
w1 (tg — t7) ~ 0. Based on this, the vg,1(fs) equation can be rewritten to

Osm1(ts) = [Ir1 — irn(t7)] Ziwi(ts — t7) + Veer + Vip. (22)

Ast = tg, gy (tg) = 0, the corresponding elapsed time is Atg, which can be express
to be
Veer + Vin

Atg =tg —ty = .
W1 (It max — I11) Z1

(23)
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3.1.9. State 9: [tg < t < fp]

As shown in Figure 13, when the voltage across the main switch S;,1, vsy1, falls to zero,
the parasitic diode Dg,,1 is turned on, and this state begins. At this moment, the auxiliary
switch S; is not conducted, and the resonant inductor L, is linearly magnetized. The
moment 5,1 is turned on, this state comes to an end, and the next cycle will be repeated.

The corresponding equation can be obtained to be

diLrl (t)

L
rl dt

= —(Vin + V). (24)
According to (24), the resonant inductor current ij,; can be obtained to be

_<Vin + Vb)

I (t —ts) +irn(ts). (25)
rl

itn(t) =
As t = t, the elapsed time to Atg, which can be expressed as

Lilirn(ts) — i (to)] .

Atg = tg —tg = Vi +V,
in

(26)

Since the converter operates in the steady state, the voltage-second balance for the
main inductor over a PWM cycle Ts; should hold. Accordingly, the following equation can
be obtained to be

Vin(D+a)Ts = Vet (1= D —a)Ts =0 (27)
where Al + AL
° = M (28)
Ts

Therefore, the ratio of the clamp capacitor voltage V. to the input voltage V;, is

Vea _ D+«
Vie, 1-D—ua’

(29)

On the other hand, the voltage-second balance applied to the resonant inductor L,q is

(Veaa = V)1 =D —a)Ts — (Vi + Vp) (a + B)Ts = 0 (30)
where A A
p=r 2 (1)

Substituting (29) into (30) yields the ratio of the output voltage V), to the input voltage
Vm is
Vi D-p

. = T-DiF (32)

3.2. Second Stage

First, define the symbols of the components, voltages, and currents, as shown in
Figures 14 and 15: (i) the voltage V}, is the second-stage input voltage; (ii) the voltage V,
is the output voltage, namely, system output voltage; (iii) the currents I;  and Ir 3 are the
currents flowing through the main inductors L, and L3, respectively; (iv) the diodes Dg,
Dg,y3, and Dgy, are the parasitic diodes of the main switches S;;; and S;3 and auxiliary
switch Sy, respectively; (v) the capacitors Cs2, Cspa, and Cgy, are the parasitic capacitors
of Smz, Smz, and Sp, respectively; (vi) the currents is,2, isy2, and ig, are the currents
flowing through S;», Siu3, and Sy, respectively; (vii) the capacitor C; is the clamping
capacitor; (viii) the inductor L;, is the resonance inductor; (ix) the diodes D, and D3 are
the output diodes; (x) the capacitor C, is the output capacitor; (xi) the resistor R, is the
output load resistor; (xii) the voltage vs;,2, vsy3, and vy are the voltages on Sy, Sp3, and
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Sy, respectively; (xiii) the voltage V., is the voltage on Ccp; (xiv) the currents ip, and ips
are the currents flowing through the output diodes D, and D3, respectively; and (xv) the
current ir,p is the current flowing through L;».

.

.
. c L .3
e o= ¢, R37,

— L,
r 4 E
Sy |: DS$CS,,

Figure 14. Two-phase interleaved buck converter with active clamp.

+ Vour —
1L
LU
) Sm?2
Lsm2 I,
D, G
SmZ B
+ Vemz —
1L
1T
. Coms
Lsm3 I3
Dy, \ )

14
Sz T DZZETiDZ Dy *Tim
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Figure 15. Equivalent circuit for the circuit shown in Figure 14.

Based on the above definitions, Figure 14 can be simplified to the equivalent circuit
shown in Figure 15. There are fourteen operating states over one PWM cycle, as shown in
Figure 16. However, the two-phase interleaved structure is of symmetricity. Consequently,
only the states 1 to 7 will be taken to analyze the behavior of this converter. In addition, in
Figures 17-23, the current flow is indicated by the real line, and no current flow is denoted
by the dotted line; Table 2 shows the corresponding soft-switching states and types.
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Figure 17. Second-stage current flow in state 1.



Energies 2021, 14, 5215

14 of 30

Lsmo

Lsm3

a6

Figure 18. Second-stage current flow in state 2.
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Figure 19. Second-stage current flow in state 3
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Table 2. Soft-switching states and types for the second stage.

Interval State Soft-Switching Types
to<t<t State 1 Syn with ZVS turn-on
t3<t<ty State 4 Sp with ZVS turn-on
t <t<ltg State 8 Sm3 with ZVS turn-on

tio <t <t1 State 11 S, with ZVS turn-on

3.2.1. State 1: [tg < t < 1]

As shown in Figure 17, before the time instant f;, the main switch S, is conducted,
but the main switch S;,3 is cut off. Since the resonant inductor L, is demagnetized, the
body diode Dg,,» of the main switch S, is conducted. At this instant, the auxiliary switch
Sp is cut off. As shown in Figure 17, when t = t(, the main switch S5 is turned on with
ZVS. Since the output diode D; is still conducted, the voltage across S;,3 is clamped at zero.
As soon as the current in D, is zero, this state comes to an end. The initial condition in this
state is

ir2(to) = Iy — isma(to)- (33)

The corresponding state equation is

(1) = 72t~ o) +iznlto). (34)

As t = t1, the elapsed time T can be obtained to be

lirr2(to) — irs2(t1)] Lo

Ty =1t —ty= v,

(35)

3.2.2. State 2: [t <t < 1p]

As shown in Figure 18, when the time reaches 1, since the output diode D; is cut
off, the voltage across the main switch S;3, called vs,,3, goes up. According to KVL,
Vi + Veea = Vsus + Vep,, making the voltage across the auxiliary switch Sy, called vgy, begin
to fall. The moment the voltage vg;, drops to zero, this state comes to an end. The initial
condition in this state is

vsp(t1) = Vb + Ve and vgpa(t1) = 0. (36)
The corresponding state equation is

ier(t) = I3 [1 — coswz(t — tl)] + ier(fl) COSCUz(t — i’1) — % sinwz(t — i’1)
vsp(F) = Vieea — [Is — ipra(B1)] Zpsinwy (f — t1) + Vy cos wa (t — £) (37)
Usmg,(t) = [ILB — ier(fl)] Zy Sil’la)z(f — tl) +V [1 — COS wz(f — t1)]

[ 1 L,
= = = el —_— d Z = r .
Csmo = Csmz = Cgp = Csp, w2 T and Z, 3Cer (38)

In addition, cos wy (f, — 1) ~ 1 and sin w,
that wq(t, — 1) = 0. Based on this, the vg,,3(f>

where

ty ~ t1) = wy(ty — t1) under the condition
equation can be rewritten to

~— —

vsma(t2) = [I13 — ir2(t1)] Zowa(tr — ty). (39)

Ast = tp, vgy3(t2) = Vj + Veep. Therefore, the elapsed time T,, which can be
expressed as
Vb + Vee

Th =ty —t1 = - .
2T 2T lis — it (h)] Za

(40)
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3.2.3. State 3: [t, < t < t3]

As shown in Figure 19, when the voltage across the auxiliary switch S, drops to zero,
the body diode Dg, of S, conducts, and hence, this state begins. During this state, the main
switch 5,3 is cut off, whereas the resonant inductor is linearly magnetized. As Sy, is turned
on, this state comes to the end. The corresponding state equation is

. Vi .
i) = T2 (= ) +iLsa(fa). (41)
T.

As t = t3, the elapsed time is T3, which can be expressed as

Liolitna(ts) —iLa(t)] _

T3=t3—tr) = Ve
C.

(42)

3.2.4. State 4: [t3 < t < t4]

As shown in Figure 20, when the time reaches t3, the auxiliary switch S; is turned on
with ZVS. During this state, the resonant inductor L, is still linearly magnetized. Once the
resonant inductor current iy, is equal to the main inductor Iy 3, this state comes to the end.
The corresponding state equation is

. Vi .
itra(f) = T2 (= 1) +iLsa(ta). (43)
r

As t = ty,i142(ts) = I3, the elapsed time is T4, which can be expressed as

Lio[Ir3 — i (t3)]

Ty =1ty —t3 = Ve
c

(44)

3.2.5. State 5: [ty < t < t5]

As shown in Figure 21, when the time reaches t4, the resonant inductor L;; is still
linearly magnetized. Since the resonant inductor current i;,, is larger than I; 3, accord-
ing to KVL, it can be noted that i;,, = I3 + igp, making the current in the auxiliary
switch Sy, igp, begin to linearly rise from zero. As ij,, rises to the maximum value,
this state comes to the end.

The corresponding initial condition is

iL(ts) = Ips. (45)
The corresponding state equation is

. 1% .
ir(t) = LCCZZ (t —tg) +ipo(ts). (46)
T

As t =t5,i12(t5) = ILr2 max, the elapsed time is T, which can be expressed as

LrZ (ILrZ,max - IL3) (47)

Ts =t5 —ty = Veo
C.

3.2.6. State 6: [t5 < t < f4]

As shown in Figure 22, when the time reaches ts, the auxiliary switch Sy is turned off, and
hence, this state begins. Since the resonant inductor L,y resonates with the parasitic capacitor
Csms of the main switch S;;3 and the parasitic capacitor Cgy, of the auxiliary switch S, the
voltage across S;3, called vg,,3, begins to fall. According to KVL, V}, + Veeo = vg3 + vsp,
making the voltage across S, called vgy,, begin to rise. The moment the voltage vg,,3 drops to
zero, this state comes to the end. The initial condition in this state is

vgp(ts) = 0 and vgy3(ts) = Vj + Veeo. (48)
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The corresponding state equation is

i) =1Ip3 [1 —coswy(t — f5)] +ip(ts) coswy(t — t5) + ng sinwoy(t — t5)

vep(t) = Veer — Itz — irs2(ts)] Zosinwy(t — t5) + Ve cos wy (t — t5) - (49)
vsma(t) = [I13 — ira(ts)] Zasinwy(t — t5) 4+ Ve cos wa (t — t5) +V,

coswy(te —t5) ~ 1 and sinwy(tg ~ t5) = wy(te —t5) on the condition that
wy(te — t5) =~ 0. Based on this, the vg,;3(ts) equation can be rewritten to

Vsma(te) = [ILs — irr2(ts5)] Zowa(te — ts5) + Ve + Vi (50)
As t = tg, vgy3(te) = 0. Therefore, the elapsed time is T, which can be expressed by

VCCZ + Vb
w2 (I max — I13) Zo

Te =t —t5 = (51)

3.2.7. State 7: [ty < t < ty]

As shown in Figure 23, when the voltage vg,,3 of the main switch S5 falls to zero,
its parasitic diode Dg,,3 and the output diode D, are turned on, and this state begins.
During this state, the auxiliary switch Sy, is cut off, and the resonant inductor L,; is linearly
demagnetized. As soon as the main switch 5,3 conducts, this state comes to the end, and
the next cycle will be repeated. The corresponding equation is

ialt) = = 12t~ t6) + iua(te). (52)

As t = t7, the elapsed time is T, which can be expressed as

lirro(te) — i12(t7)] er_

I; =ty —teg = 7

(53)

Since the converter operates in the steady state, the voltage-second balance for the
main inductor L, over a PWM cycle Ts; should hold. Accordingly, the following equation
can be obtained to be

(Vo =Vo)(D+a+B)Ts — (Ve + Vo)1 —D—a—B)Ts =0 (54)

where
o= T6; 7 (55)
B2 (56)

On the other hand, the voltage-second balance applied to the resonant inductor L,; is
Veo(l—D —a—B)Ts — Vy(a+ B)Ts = 0. (57)

Rearranging (57) yields the ratio of the clamp capacitor voltage V., to the output
voltage V, as following:
VCCZ _ o+ ,B
W 1-D—a—8

Substituting (58) into (54) yields the output voltage V, to the input voltage V; as follows:

(58)

Vs
22 =D.
v (59)
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4. Control Strategy
4.1. Output Voltage Ripple Minimization

For the traditional buck converter operating in CCM to be considered, the circuit is
shown in Figure 24. Figure 25 shows its equivalent circuit, where the voltage v, is a pulse
voltage that is determined by the input voltage V;, and the duty cycle D, and the inductor
current iy 1(t) is the DC component plus AC component, namely, i;1(f) = Ir1 + Aipq(¢).

S, L
Y ym
+ —I_l—_L B — +
i (t)
Vin== Dl K Co T R{)§ Vo

Ll
Y'Y YN
+ —_ +
i (1)
vP Cn T Rn § Vo

Figure 25. Simplified circuit for Figure 24.

The output voltage ripple comes from the AC part of the inductor current, which is
the inductor current ripple, also called output current ripple, namely, Aij;(t), as shown in
Figure 26. In addition, the equivalent circuit for the output voltage ripple can be shown
in Figure 27. The magnetizing slope m; and the demagnetizing slope m; as shown in

Figure 26 are
Vi =V
my = L1 (60)
Vo
= ——. 1
My L (61)
Aip (1)

— !
T !

Figure 26. AC part of the inductor current.
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Aiy, (I)T liCo ®

@ Co == Vorippte ®

Phase #1

Figure 27. Equivalent circuit for the output voltage ripple.
The peak-to-peak value of the inductor current ripple Al can be denoted by
Al = m1DT, = |my|(1 — D)Ts . (62)

From (60), (61), and (62), it can be seen that the inductor current ripple Aiy1(t) can be
expressed as

Al
' _ [ mt—=% (0<t<DT)
Aipy (t) { Al Lyt (DT <t < T) (63)

Therefore, for the N-phase interleaved buck converter, the kth phase inductor current
ripple Aij;(t) can be represented by

Aige(F) = Ay {t (k- 1)%} . (64)

In addition, the current flowing into the output capacitor C, is equal to the sum of AC
components of the inductor currents of individual phases, as shown in Figure 28.

s ano] ot o]
@ @ - Cu — va,ripple(t)

Phase #1 Phase #2 Phase # N

Figure 28. Equivalent circuit for the output voltage ripple of the N-phase interleaved buck converter.

Therefore, the current ripple ic,(t) of the output capacitor C, can be represented by

N
ico(t) = ) Aipa(t). (65)
k=1

Meanwhile, the peak-to-peak value of Aic, can be expressed by
Aicy = Max(ico(t)) — Min(ico(t)) (66)

where Max(ic,(t)) and Min(ic,(t)) represent the maximum and minimum values over
one period, respectively.
If a two-phase interleaved buck converter is taken into account, then the relationship
between the output current ripple Aic, and the duty cycle D can be shown as follows:
N %L(1-2D) if D<05 o
ico = .
7 ¥Ea-p)(%t)  ifD>05 €7
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In the same way, based on [22], the peak-to-peak output current ripple can be obtained
to be
Aic, = Al X KI (68)

where Al is the peak-to-peak value of the AC component of each phase, and KI is the
output current ripple elimination factor, which is defined as

N(D - ) ("5 — D)

Ki= D(1-D)

(69)

where m = floor(N x D); that is, the maximum integer of the product of N and D.

Based on (68) and (69), for the N-phase interleaved buck converter, the curve of the
output current ripple versus duty cycle can be drawn in Figure 29. From Figure 29, it can be
seen that as the number of phases N multiplied by the duty cycle D belongs to integers, the
output current ripple can be zero in theory. Accordingly, if the two-phase interleaved buck
converter has a duty cycle of 0.5, then the smallest output voltage ripple can be obtained
under the smallest output current ripple.

X : : : . me%}”

0.8 (% e e —+—2-Phase
: i I PN 3-Phase}“

- 4-Phase |

Output Current Ripple
o
[4,]

01 02 03 04 05 06 07 08 09 1
Duty Cycle (Vo/Vin)

Figure 29. Curves for relationship between phase number, duty cycle, and output current ripple.

4.2. Output Voltage Requlation

However, based on the information mentioned in Section 4.1, another problem will
happen. Since the input voltage V;, of a single-stage converter cannot be automatically
tuned in general, the output voltage V, cannot be regulated to a desired value from light
load to rated load under a fixed duty cycle. Consequently, to conquer this problem, a
buck-boost converter is added in the front of the two-phase interleaved buck converter.
As shown in Figure 30, the output voltage V, can be regulated to a desired value based
on the feedback control and the pulse width modulation (PWM) control by sensing the
output voltage V,, and this is applied to the first stage so as to make the second-stage input
voltage V), varied. As for the pulse amplitude modulation (PAM) control, it is applied to
the second stage under a fixed duty cycle of 0.5 with the input voltage V), varied. By doing
so, the output voltage ripple can be minimized and the output voltage V, can be regulated.

" Pt with Duy [ PAM with D ’
v with Duty v, (Varied) witn Duty v
| Cycle Controlled | _ Cycle Fixed B
A (Regulated)
Feedback

Figure 30. Schematic diagram for the control strategy based on PAM cooperated with PWM.
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4.3. Current-Sharing Control

However, there exists a difference in impedance between two phases, since the second
stage takes the two-phase interleaved buck converter. Consequently, the current-sharing
control is needed to make the output current evenly distributed between the two phases.
In general, the current is sampled at half of the duty cycle to reduce noise interference.
However, this does not work herein, since the switching frequency of the first stage is
double that of the second stage. Accordingly, as shown in Figure 31, the current is sampled
at 90% of the duty cycle and two-cycle delay control with the first cycle sampling currents
of two phases simultaneously: the second cycle calculating out the control force and the
third cycle sending out the desired PWM control signals to the switches, so as to realize
current-sharing control.

Sampling at Duty Cycle of 90% Noise Created from the First Stage

\
==
\

\
=
\
==

\
\

\
=
\
==

\

\

===

\

iSm}
Phase 2

———————q=--=
\
\
\

0 T, 2T, 3T,

Figure 31. Proposed sampling method for current sharing.

As for the current-sharing operation shown in Figure 32, the two-phase switch currents
i'smp and i’ g3, after two analog-to-digital converters ADC1 and ADC2, respectively, are
subtracted from each other, and then, this value is sent to the current-sharing proportional—-
integral (PI) controller to generate the required control force. This control force with a
minus sign is superimposed on the duty cycle of 50% for the first phase, whereas this
control force with a plus sign is superimposed on the duty cycle of 0.5 for the second phase.
For example, if the control force is positive, the duty cycle of the first phase is decreased
but the duty cycle of the second phase is increased; otherwise, the duty cycle of the first
phase is increased but the duty cycle of the second phase is decreased. Hence, the duty
cycle is controlled in the vicinity of the duty cycle of 0.5 so as to make the output current
evenly distributed between the two phases.

I, - . I
DC — DC Converter Sk DC - DC Converter
Phasel y Phase 2
[} g K \
Lom 1 Sm 3
v , , v
ISmZ + - 1Sm3
ADCI :@: ADC2
PWM IZPZI PWM
Generator 1 Generator 2
A A
- +
) ~(X)
+ +
Duty Cycle 50% Duty Cycle 50%

Figure 32. Current-sharing control strategy.
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5. Design of Resonant Inductor and Clamp Capacitor

Prior to this section, the parameters for the system and components are shown in

Table 3.

Table 3. System and component specifications.

Parameters for System and Components Specifications
Operating mode CcCM
Input voltage (V;,) 3660 V
Output voltage (V,) 24V
Rated output power (P, y41eq) / current (I, sat0q) 192W/8 A
Minimum output power (P, ,i,) 384 W

First stage: fs1 = 100 kHz/Ts; = 10 ps
Second stage: fsp = 50 kHz/Tsy =20 us
First stage: L1 = 120 uH
Second stage: Ly = L3 = 180 pH
First stage: C,1 = 330 uF

Switching frequency (fs)/period (Ts)

Inductors

Output capacitors
Second stage: Cpp = 100 pF

First stage: L1 = 10 pH

Resonant inductors
Second stage: L, =10 uH

First stage: Cc1 =2 uF

Clamp capacitors
Second stage: C¢p = 4.4 uF

5.1. Design of First-Stage Resonant Inductor L,;

Based on state 4 of the first stage and from (10) and (12), the voltage across C.; and
V1 can be expressed as
I
Vea = 5¢,-M4 = Vinmin (70)
From (29), we can know the ratio of clamp capacitor voltage V1 to input voltage
V. Since the value of « is positive, V1 is larger than 48 V. In addition, from the switch
datasheet [23], the curve of rising time #, and falling time #; versus switch current I;; can be
obtained, and hence, the time interval Aty is about 20 ns. Therefore, substituting associated
values into (71) yields the value of Cg1, which is finally chosen to be 1 nF:

I11
Cq < Aty. 71
1= 2(VCcl + Vin,min) ¢ ( )

In general, the resonant frequency is ten times the switching frequency or more,
namely, w; > 207 f;, in order to avoid the resonant time being too long and hence
affecting the normal operation of the converter. Therefore, from (10), substituting the
associated values into (72) yields the value of L,1, which is finally chosen to be 10 pH:

1

< — (72)
" 2Cs1(207fs)?

5.2. Design of First-Stage Voltage Clamp Capacitor Cq

From Figure 4, it can be seen that the capacitor C; has slight charge and discharge
behavior during states 4 to 8. Accordingly, from states 7 and 8, the voltage ripple on C¢;
can be expressed as

AQ _ ISa,max(At7 + AtS)

Avcy = == = 73
OCc1 Ccl 2Cc1 ( )
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where Aty 4+ Atg is the time interval from fg to fg.
Since Atg is quite small, Equation (19) can be rewritten as

Lrl(ILrl,max - ILl) (74)

Aty + Atg = Aty = Ve -V,
c

In order to make the value of V.1 constant, the clamp capacitor voltage ripple Avc,q
is 5% of V1. Therefore, substituting the associated values into (73) and (74) yields the
value of C.1, which is finally chosen to be 2 pF.

5.3. Design of Second-Stage Resonant Inductor Ly,
From (38) and (51), the voltage across C.y, V2, can be expressed as

Vea = 58 To = Vi 75)
Via the switch datasheet [24], the curve of rising time , and falling time ¢ versus
switch current I;; can be obtained, and hence, the time interval T is about 100 ns.
From (58), we can know the ratio of the clamp capacitor voltage V. to the input
voltage V). Since (a + B)T; is larger than T = 100 ns, the inequality of V¢, can be
expressed as

o+
Ve > W (1—D—€c—/§> (76)
Based on (75) and (76), the inequality of Cg, can be signified by
I3
Cop < ———Ts. 77
2= 2(Vew + V) ° 77

Therefore, substituting the associated values into (77) yields the value of Csp which is
finally chosen to be 4 nF.

In general, the resonant frequency is ten times the switching frequency or more,
namely, wp > 207 fs, in order to avoid the resonant time being too long and hence
affecting the normal operation of the converter. Therefore, based on (38), substituting the
associated values into (78) yields the value of L,,, which is finally chosen to be 10 pH:

[p< — . (78)

5.4. Design of Second-Stage Voltage Clamp Capacitor Cgp

From Figure 16, it can be seen that the capacitor C.; has a slight charge and discharge
behavior during states 2 to 6. Accordingly, from states 5 and 6, the voltage ripple on C¢;
can be expressed as

AQ ISb,max(TS + T6)
Aveer o 2C., (79)
where T5 + T is the time interval from ¢4 to 4.

In order to make the voltage on Cc, called V., stable at a constant, it is assumed that
the voltage ripple is 5% of V.. From (47), since T is quite small, the following equation
can be obtained to be

LrZ(ILﬂ,max - IL3) (80)
VCCZ

Substituting the associated values into (79) and (80) yields the value of C¢,, which is
finally chosen to be 4.4 uF.

Ts+Te =15 =
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6. Experimental Results

Figures 3340 show results measured under an input voltage of 48 V. From Figures 33-37, it
can be seen that the main and auxiliary switches of the first and second stages all have ZVS
turned on. From Figure 38, it can be seen that the current is evenly distributed between the
two phases. From Figure 39, it can be seen that the output voltage ripple without switching
noise considered is about 8 mV, below 0.017% of 48 V. From Figure 40, it can be seen that
the proposal with soft switching has higher efficiency than hard switching. The maximum
difference in efficiency between the two is about 5.8%. The proposed has the maximum
efficiency of 89.4% and the rated-load efficiency of 85.5%.

Tuow

j 51100\/
.
ATos

Figure 34. ZVS turn-on of S,.
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Figure 35. ZVS turn-on of Sy, of the first phase.
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Figure 36. ZVS turn-on of S;,3 of the first phase.
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Figure 37. ZVS turn-on of S,
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Figure 38. Gate driving signals vgs;2 and vgs;3 and inductor currents iy ; and i 3 of two phases.
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7. Output Voltage Ripple Comparison

Since this paper focuses on minimizing the output voltage ripple, the comparison of
the output voltage ripple between the existing circuits and the proposed circuit is shown
in Table 4, in terms of technical feature, power stage number, DC output voltage, output
voltage ripple and ripple percentage. It is noted that the output voltage ripple is figured
out without switching noise considered, and the ripple percentage is defined as output
voltage ripple divided by DC output voltage multiplied by 100%. From Table 4, it can be
seen that the proposed circuit has the smallest ripple percentage among them.

Table 4. Comparison of output voltage ripple.

Compared Circuits

Comparison Items

[2] [4] [51 [71 [8] Proposed
Technical feature Inductors Auto- Linear Output  Switched PWM plus
coupled transformer amplifier  series capacitors PEM control
Power stage number 1 1 1 2 1 2
DC output voltage 5V 5V 5V 50V 200 V 48V
Output voltage ripple 90 mV 18 mV 82 mV 22V 08V 8 mV
Ripple percentage 1.8% 0.36% 1.64% 4.4% 0.4% 0.017%

8. Conclusions
The proposed circuit has several advantages described as follows:

(1) This two-stage converter has only a single feedback control loop under PWM control,
which is applied to the first stage.

(2) The second stage is under PAM control with the fixed duty cycle of about 0.5.

(3) Due to PAM control with the fixed duty cycle of about 0.5 plus current-sharing control,
the output voltage ripple of the second stage is quite small, about 8 mV, independent
of the input voltage.

(4) Two phases of the second stage use only one resonant tank. Three phases or more
with only one resonant tank will work also.

(5) Two stages have the proposed active clamp circuits to make the main and auxiliary
switches all have ZVS turn-on, thus improving the overall conversion efficiency.
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