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Abstract: In this paper, a zero-voltage and zero-current transition (ZVZCT) boost converter is pre-
sented with a small number of auxiliary components, such as a resonant capacitor, a resonant inductor
and an auxiliary power switch, to produce a main power switch with both zero-voltage switching
(ZVS) and zero-current switching (ZCS). Furthermore, the auxiliary power switch also has zero
current switching. In addition, a look-up table is employed to implement an auto-tuning technique
to regulate the trigger position and turn-on time of the auxiliary power switch, to further improve
efficiency, especially at light load, thereby making the overall efficiency of the converter present a
horizontal curve. Moreover, in terms of the system control, the digital controller is implemented
directly from the z-domain, and the field programmable gate array (FPGA) is utilized as the system
control kernel to achieve a fully digitalized control system. The simulated results are used to demon-
strate the feasibility of the proposed converter, whereas the experimental results are used to verify
its effectiveness.

Keywords: auto-tuning technique; boost converter; FPGA; fully-digitalized control; z-domain; con-
troller design; ZVZCT; ZVT, ZCT; ZVS; ZCS

1. Introduction

As the techniques for using power converters have become more and more developed,
high efficiency, high switching frequency, small size and good stability have become the
basic requirements. However, as the switching frequency of the converter increases, the
switching loss of the power switch also increases, thus reducing the efficiency of the
power converter. In order to overcome the impact of traditional hard-switching power
converters, the soft switching technique has been developed, which can effectively reduce
the switching loss.

The methods of resonant power converters have been presented in [1,2], in which
resonant inductors and resonant capacitors are added to converters to form resonant
circuits, which are used to change the voltages on power switches or the currents flowing
through the power switches to achieve zero-voltage or zero-current switching. However,
the disadvantage is that the high voltage or high current caused by the resonance of the
auxiliary circuit increases the component stress and, in turn, increases the conduction loss.
In addition, since the resonance time of the auxiliary circuit is fixed, it is necessary to add
variable frequency control in order to keep the output voltage stable at the prescribed value,
which makes the design of the output filter difficult.

The literature [3,4] proposes adding auxiliary power switches and resonant elements
to converters to generate resonant circuits to achieve zero-voltage or zero-current switching,
and hence the fixed resonant time of the semi-resonant converter when it is on or off is
improved, so that the converter does not need variable frequency control, and therefore
fixed frequency control can be achieved.
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The literature [5,6] also suggests that before the main power switch is turned on, the
auxiliary power switch is turned on first or afterwards to form a resonant circuit, and by
generating transient resonance, the voltage across the main power switch or the current
flowing through the main power switch resonates to zero. This transient resonance occurs
only during the instant of power switch switching, and does not resonate during the rest
of the time, thus avoiding the problem of high voltage or high current stress, therefore
reducing the conduction loss of the converter.

The literature [7,8] has proposed that the auxiliary power switch could generate two
transient resonances in each switching cycle without affecting the circuit behavior. The main
power switch can achieve zero voltage switching (ZVS) during the first transient resonance
and zero current switching (ZCS) during the second transient resonance. Therefore, the
main power switch has both ZVS and ZCS, but the disadvantage is that the auxiliary power
switch cannot achieve ZVS or ZCS, and it is mostly floating, which not only increases the
complexity of the gate driver circuit, but also requires multiple auxiliary components to
make the main power switch have both ZVS and ZCS.

The main structure in [9] is an interleaved boost converter, which features only one
auxiliary switch with common ground and enables two main switches to realize ZVS and
Z(CS; the drawback is that the auxiliary switch needs four gate driving signals over one
switching cycle, and the resonance condition is strict, which makes the mathematical mode
analysis extremely complicated and difficult.

The topology shown in [10] is a two-phase interleaved boost ZVT converter, whose
characteristics are different from those shown in [a]. The circuit shown in [b] uses two
auxiliary switches to realize the main switch with ZVS turn-on and ZCS turn-off and the
used auxiliary switches have ZCS turn-off with only one gate driving signal over one
switching cycle, but the drawback is that the two auxiliary switches are floating, thereby
making the gate driving more difficult and greatly reducing the practicality of this converter.

The circuit shown in [11] is a simple structure of a boost ZVT converter, which features
a zero-current quasi-resonant circuit and an auxiliary switch with MOSFETSs in series with
diodes combined, and the auxiliary switch possesses common ground. In addition, the
advantage is that the current waveform of the main switch has the characteristics of zero-
current turn-on and zero-current turn-off, the switching control mode of the converter is
fixed frequency, and the structure is simple, easy to analyze and low in cost.

The circuits shown in [12,13] both are boost converters using ZVT and ZCT technolo-
gies, but the feature of the circuit shown in [12] is that it is easier to achieve ZVS and
ZCS because the main switch and the auxiliary switch are common-grounded, but the
drawback is that too many components are used, resulting in higher cost. The circuit shown
in [13] uses fewer components for the resonant circuit of the auxiliary switch and is easier
to analyze, but the disadvantage is that the condition of the main switch to realize soft
switching is more severe and difficult and the soft switching feature cannot be implemented
all over the whole load range.

The circuit shown in [14] is a two-phase interleaved four-switch boost ZVT converter,
using only one coupling inductor and one clamping capacitor, which is characterized by
the ability to give the four main switches ZVS turn-on in the current conduction mode
(CCM) without any auxiliary switches. This circuit is characterized by few auxiliary circuit
components, easy analysis and ZVS capability for most of the load range. However, the
disadvantage is that the auxiliary switch is on the secondary side and floating, which makes
the feedback control difficult and the transient response poor.

This circuit shown in [15] is characterized by a small number of components in the
auxiliary circuit, easy analysis and the capability for ZVS for most of the load range, but the
disadvantage is that the auxiliary switch is on the secondary side and is floating, resulting
in a circuit with poor feedback control and poor transient response.

The circuit shown in [16] is a full-bridge DC to AC ZVT converter with an auxiliary
circuit using only three components (i.e., one inductor and two MOSFETs) to achieve
ZVS turn-on for all four main switches and ZCS turn-off for the auxiliary switch. The
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advantage is that a small number of components is used to achieve soft switching, but the
disadvantage is that the auxiliary switches are floating.

Reference [17] presents a ZCZVT step-up converter. The advantage of this is that this
circuit is the integration of three coupled inductors into a single magnetic element and the
auxiliary switch has common ground and a soft switching feature. The disadvantage is
that too many components are used to achieve soft switching, thereby making the auxiliary
circuit too complex to analyze its operating principle.

Reference [18] proposes a step-up and step-down ZVT converter with a demagnetized
auxiliary circuit. The advantage is that the demagnetized winding is used to reduce the
voltage stress on the auxiliary circuit, but the disadvantage is that the auxiliary switch is
hard-switched.

In this paper, a boost converter with soft switching is developed, which is implemented
only by one auxiliary switch, one resonant inductor and one resonant capacitor as compared
to the traditional boost converter. In this circuit, the main switch has zero-voltage and
zero-current transition (ZVZCT) whereas the auxiliary switch has zero-current switching
(ZCS). Aside from this, the PWM auto-tuning technique based on a given lookup table is
added to adjust the turn-on instant and turn-on time of the auxiliary switch, so that the
efficiency is further upgraded, particularly at light load. Therefore, the curve of efficiency
versus load current is made nearly flat all over the load range. Regarding the system
control, the digital controller is designed directly from the z-domain.

2. Operating Principle

Figure 1 shows the proposed step-up converter with soft switching, in which the
dashed box is the auxiliary circuit, which consists of an auxiliary power switch S;, a reso-
nant inductor L, and a resonant capacitor C,. Figure 2 displays the illustrated waveforms
of the proposed converter operating.
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Figure 1. Boost converter with S; having ZVT and ZVT and S;, having ZCS.

Prior to the analysis, the following assumptions are made:

(1) The power switches and diodes are regarded as ideal components;

(2) The parasitic resistances of the inductance and capacitance are negligible;

(38) Theinputinductance is extremely large and can be viewed as an ideal constant current
source;

(4) The output capacitance is very large and can be considered as an ideal constant voltage
source.

According to the above assumptions, the converter operating can be divided into
twelve states over one switching cycle.

State 1 [tp < t < t]: Before the start of the switching cycle, both the main power
switch S, and the auxiliary power switch S, are in the off-state, and the output diode D, is
in the on-state. As displayed in Figure 3a at the time ¢y, the auxiliary power switch S, turns
on first, and the auxiliary power switch current ig, rises rapidly to equal the input current
I1m, causing the output diode D, to turn off and then state 1 to come to the end.
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Figure 2. Illustrated waveforms of the proposed converter operating.

The initial current of the resonant inductor is the input current I, and the initial
voltage of the resonant capacitor is V9.
The corresponding equations in this state are
Itm—1o
(t) = L= (t —to) + Vero
t

ocr
iLr( )

By substituting the boundary condition v¢,(t;) = V(1 into (1), we can find that the
corresponding time experienced by this state is

_ G (Ven — Veno)
(ILm - Io)

)

Ty =t —ty ()

Figure 3. Cont.
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Figure 3. (a). Current path: state 1. (b). Current path: state 2. (c). Current path: state 3. (d). Current
path: state 4. (e). Current path: state 5 and 6. (f). Current path: state 7. (g). Current path: state 8.
(h). Current path: state 9. (i). Current path: state 10. (j). Current path: state 11. (k). Current path:
state 12.
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State 2 [t < t < tp]: As displayed in Figure 3b, when the auxiliary power switch
current ig, rises to the input current Ij,,, the parasitic capacitor Cg,, of the main power
switch discharges. When the parasitic capacitor Cs,, of the main power switch discharges
to zero, state 2 ends.

The initial current of the resonant inductor is the input current Iy, the initial voltage
of the resonant capacitor is V1, and the initial voltage of the parasitic capacitor across the
main power switch is V.

The corresponding equations in this state are

, Vo Ven) o
i (t) = %sma}l(t —t)+ C%ILm coswi(t—t)+ &Im

ver(t) = C% [

vcsm(t) =

CI,Lanjl sinwl(t — tl) — (Vo — VCrl) Ccoswq (t — tl) + (Vo — VCrl)] + CriLgSm (f — tl) + Ven 3)
7C‘(9:m [lecﬂ] sinwi(t —t1) — (Vo — Vi) coswy (t—t1) + (Vo — Vcn)} + c,ﬁf&m (t—t1)+ Vo
where
1 Ly CrCsm
wy = ,Zy =], C=——=Sm_ 4
L el C Cy + Com @

By substituting the boundary conditions into (3), we can find the corresponding time
taken by this state is
1 {Zl(lm - ILm):| 5)

Th=th—t) = — Vi — Voo
0 ¥

!

State 3 [t <t < t3]: As displayed in Figure 3¢, when the parasitic capacitance Cg,, of
the main power switch is discharged to zero, the body diode Ds,, of the main power switch
Sy is turned on. The initial current of resonant inductor is I1,» and the initial voltage of the
resonant capacitor is V.

The corresponding equations in this state are

ir,(£) = I coswy(t —tp) — ng sinwy (t — tp) ©)
ver (1) = Vepp coswy(F—to) 4+ Zolmsinwa(t — £)
where
1 L
wy = Zy =] = @)

VLG’ C

By substituting the boundary conditions into (6), we can find the corresponding time
experienced by this state is

Tz=t3—t) = (8)

1 {Zz(lm - ILm):|
wy Ver

State 4 [t3 < t < t4]: As shown in Figure 3d, when the main power switch Sy, is turned
on with ZVS, the main power switch current is,, starts to rise from zero to the input current
I1. At this time, the auxiliary power switch S, is turned off with ZCS.

The initial current of the resonant inductor is I, and the initial voltage of the resonant
capacitor is V3.

The corresponding equations in this state are

ir, () = Iy coswy(t —t3) — VZLfsinwz(t—tg,) ©)
ver(H) = Vg coswy (F— t3) + Zo I sinwy (t — t3)

By substituting the boundary conditions into (9), we can find the time experienced by

this state is
1 {Zz I ]

Ty =ty —tz3 = —
wy | Vers

(10)



Energies 2023, 16, 5504

7 of 25

State 5 [t < t < t5]: As displayed in Figure 3e, when the main power switching
current ig,, is greater than the input current I, the resonant inductor current iy, starts to
flow in the opposite direction. When the resonant capacitor C, is discharged to zero, state
5 ends.

The initial current of the resonant inductor is zero, and the initial voltage of the
resonant capacitor is V4.

The corresponding equations in this state are

Z'Lr(t) = —VZC;4 sinwy (f — f4) (11)
ver(t) = Vepacoswa(t — ty)
By substituting the boundary conditions into (11), we can find the time taken by this
state is 1120
T5:t5—t:{ “’5} (12
T w | Ve )

Sate 6 [t5 < t < f4]: As displayed in Figure 3e, this state continues to resonate. When
the resonant inductor current iy, resonates to zero, this state comes to end.

The initial current of the resonant inductor is I1,5, and the initial voltage of the resonant
capacitor is zero.

The corresponding equations in this state are

{ iLr(t) = —Ius COSWZ(t - t5) (13)
vcr(t) = —Zalpssinwy(t — ts)

By substituting the boundary conditions into (13), we can find the time experienced
by this state is

1 Vere
fo=te—ts wy {Zzlm} 9

State 7 [te < t < t7]: As displayed in Figure 3f, this state is like the magnetization state
of the traditional boost converter, where the output capacitor C, provides energy to the
load. When the auxiliary power switch S, is turned on again, this state ends.

State 8 [ty < t < tg]: As displayed in Figure 3g, when the auxiliary power switch S, is
turned on, the resonant inductor current iy, rises to the input current I, and then state 8
comes to an end.

The initial current of the resonant inductor is zero, and the initial voltage of the
resonant capacitor is —V¢,7.

The corresponding equations in this state are

i () = % sinwy (t — t7) (15)
ver(t) = = V7 coswa(t —t7)

By substituting the boundary conditions into (15), we can find the time experienced
by this state is

1 {ZZIL,,,] a6

Tg=tg—ty = —
wy | Verr

State 9 [t < t < t9]: As shown in Figure 3h, when the resonant inductor current
ir, is greater than the input current Iy ,,, the main power switch current ig,, starts to flow
in the opposite direction. When the inductor current resonates to the input current Iy,
again, the main power switch is turned off at this time, so that the main power switch has
ZCS turn-on.

The initial current of the resonant inductor is I, and the initial voltage of the resonant
capacitor is —V,s.
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The corresponding equations in this state is
. V .
iry(t) = Iy coswy(t —tg) + gg sinwy (t — tg) 17)
Z)Cr(t) = —V(,8 cos a)z(t - fg) + Zo I, sin w2(f — tg)

By substituting the boundary conditions into (17), we can find the time taken by this

state is L v v
+ Vers
ngtg_tgz{w}
Zolry

w2

State 10 [t9 < t < tg]: As shown in Figure 3i, when the resonant inductor current
i, drops to zero, the auxiliary power switch S, is turned off with ZCS. Once the auxiliary
power switch is turned off, this state ends.

The initial current of the resonant inductor is Ij,,, the initial voltage of the resonant
capacitor is V9, and the initial voltage of the parasitic capacitor of the main power switch
is zero.

The corresponding equations of this state is

(18)

g 9 sincwy (f — to) + C%ILm coswi (t —tg) + éILm

1

ver(t) = & {clfi&',’l sinwy (t — tg) + Virg cos wi (t — tg) — Vcw} + C,Iﬁ&m (t—to) + Verg (19)

_C(Sjm [CIrLi(Zl] sin wq (t — tg) + Vey9 cos wl(t — tg) — Vcrg} + CT{ﬁgSm (t — fg)

By substituting the boundary conditions into (19), we can find the time experienced
by this state is

1 {zlle} 20)

T =t —tg = —
w1 | Ver

State 11 [t19 < t < t11]: As shown in Figure 3j, when the voltage vcg,, on the parasitic
capacitance of the main power switch rises above the output voltage V;, and the resonant
inductor current rises linearly from zero to the input current I, this state 11 ends.

The initial current of the resonant inductor is zero, and the initial voltage of the
parasitic capacitor of the main power switch is V-

The corresponding equations of state in this state are

j = — _ (Vesmo=Vo) _
{ lLr(t) It — I cos wlo(t th) + 710 51nw10(t th) 1)
vcsm(t) = Vo + (Vesmio — Vo) coswio(t — tio) + ZioIum sinwio(t — to)

1 L,
Wy = ——, Z1p = 22
10 Too 210 Cor (22)

By substituting the boundary conditions into (21), we can find the time experienced in

this state is
1 [ Z1oILm }

Tin=t1—tip=—
w1o | Vesmio — Vo

State 12 [t17 < t <ty + Ts]: As shown in Figure 3k, this state is just like the input
inductor demagnetization state of the traditional boost converter, sending energy to the
output. When the auxiliary power switch S, is turned on again, this state ends and returns
to state 1.

After deducing from the above-mentioned states, the soft switching status of the
power switch can be found from Table 1.

where

(23)
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Table 1. Soft switching status of the power switches.

State Power Switch Soft Switching Status
3 S ZVT turn-on
4 Sa ZCS turn-off
9 S ZCT turn-off
10 Sa ZCS turn-off

Table 1 display soft switching status of the power switches.

3. Modeling Based on Dual Time Scale Averaging Method

In this paper, the averaging method for dual time scale [19] is used to derive the
small-signal mathematical model of the proposed circuit. This averaging method can be
used to classify the system into slow state variables and fast state variables. The slow state
variables are input inductance current i;,, and output capacitance voltage vc,, and the
fast state variables are resonant capacitance voltage vc, and resonant inductor current if,.
Figure 4 shows the equivalent circuit of the converter used after averaging. The dashed line
shows the averaging mode of the fast state variables relative to the slow state variables.

+
v, (1) == Tra® RZy,0

Figure 4. Equivalent circuit after averaging.

The equations for the slow state variables can be listed from Figure 4 as

dt LWI m Lm
duco() _ _beo(t) " ipg(1) @)

{ dipm (1) — v; (t) _ Mle(t) _ vcsm(t)
dt - CoRp Co

Uo(t) = ZJCo(t) (25)

where vcgy, (1) is the average function of the main power switch over one switching period
Ts, ie., vcsm(t) = (vesm(t)) 1o ipo(t) is the average function of the output diode current
over one switching period Ty, i.e., ipo(t) = (ipo(t)) 1. Therefore, the averaging mode of the
slow state variables can be obtained by finding the average function of vcg, () and ip, (¢).
The symbols are defined herein first to reduce the complexity of the analysis, as follows:

iLm(t) = iLm

vo(t) = v,

vC(o ()t) = UcCo

vi(t) = v;

d(r) = d (26)
d(t)=d=1—d

vcsm(t) = vcsm

iDo t) = iDo

where each time function includes the DC component and the AC small-signal component.
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The definition of the average function of vcsy, ie., (Vcsm)r=(Vcsm(t))y, =

1,
T% Z ftt,‘“ vesm(T) dT and the average function of ip,, ie., (ipo)ps = (ipo(t))1s=
Ts Z Ik i fist ipo(T) dt and the solution vcs,, and ip, at each state can be obtained from

theiderlvatlon in Section 2, as follows:

1
ti
(vesm)r, = %Sg Ji " ocsm(T) dt
= {voTl + {Cs a; (0 — VCrl) sin1 T — ¢ (00 — Ven) T + Vchz}
A R oot VCr9 sinwiTio + ¢ Ver Tlo} (27)

1 .
+1voTi1 + 55 L (Vesmio — vo) sinwioThy + §Z101me10T121}

+0,[d'Ts — (Tho + Tll)]}

(ipo)r, =1; ; J i ipo(t) dt
= Ts[ftgl E‘Z dt +ftm 2 dT+ft i dT] (28)
=T { T + Tll +iLm [d Ts — (Tlo + Tll)]}

Equations (27) and (28) can be expressed as

{ (vcsm)T, = focsm (o, iLm, d') = vod' + focsm (o, iLm) (29)
<1'D0>TS = fiDo(Uo; iLm, d’) = Z.Lmd/ +fiDo(UOr iLm)
where _ B
(vesm)r, = Vesm + 0csm, [9csm| << Vesm 30)
<iDo>Ts = Ipo +1ipo, ’iDo’ << Ip,
Equations (24) and (25) can be rewritten according to Equation (30) as
dipm — Rim 0 i 1 L 0] Vee, + 5,
dt — L ILm + |:Lm:|~0. + L |: CSm BCSWZ:| 31
[d%o] [ 0 1 L R S I |t I
ir
w(t) = [0 1] L}sz] (32)

Since there are nonlinear terms in (29), differential equations based on the averaging
mode are nonlinear. To obtain linear equations, Taylor series expansions at the DC operating
point of the converter must be performed to remove nonlinear terms, and so that

~ ILm (33)
<iDD>TS = (ILm + iLm)(D, _ d) af;Doa(za le)U + af,DO(ZIU ZLm)le

diLm

{ <UCSWZ>TS — (Vo + %ng)(D/ _ &v) + avaSrgS]:uriLm)ag + avaSgL(oniLm)?Lm

where the small-signal AC equations are

avaSma(vmle) U + avaSEr)n(vozle) _ ng

- 9fiDo (Vo,iLm) ~ 9fipo (Vo i Z)L T (34)
iDo — zDaavzr Lm vo + |:D/+ ID% o/ Lm i| _ ILmd

1Lm

Ucsm = {D’



Energies 2023, 16, 5504 11 of 25

At the quiescent DC operating point, applying (34) and small-signal AC disturbances
shown in (35) to (31) and (32) can obtain (36) and (37), as follows:

vj = Vi + 7
Vo= Vo + 50~
iLm = ILm~+ iLm (35)
d=D+d
=D -d
—9focsm (P0iLm) —9fpcsm (PosiLm
d?Lm ﬁ ;D, iL 1 ﬁ 5 CSiL,,, L % iL
dat | = Ly, L ~m + L _L 1 |: i:| + L ) L } |jv~m:| 36
d;)l?a % 71{%?0 EJO } 0 —=ld %fipy gzZ:Lm) ipo ;SZ;”L"') Uo (36)
Co Co
5 Z.Lm
5=1[0 1 P ] (37)
o=[0 15"

After obtaining (36), the transfer function Gyg(s) of input voltage o; to output voltage
U, and the transfer function G,4(s) of duty cycle d to output voltage 7, can be obtained

as follows:
afiDn(_vU'iLm)
o e
G‘Ug(s) _ LmCo + m'-o (38)

 den(s) den(s)

I 1 1 [ fucsm(vositm) 9fipo (Losiim)
_%S + m(_RLmILm + DlVO) LmCo |: ’ gliLm g ILm += OaiLm ) VO

Goa(s) = den(s) den(s) (39)
where the denominator is defined as
fucsm (Po/iLm) fiDo (VoL )
den(s) = 52+ (gle + 12)s + g (Rum + D?Ry) + o — ]s
RLleco {anCngi(L:j,iLm) — (Rpm + afvcsénigrrim) ) afiDaa(ZZ/iLm) Ry (40)
YR.D/( avaSrg{(}ZDriLm) + afiD%(iZun/iLm) )+ Ry 3fvcs,gz(}7;mim) 3fiDcé(iTL1;riLm> }
Table 2 shows the system and component specifications.
Table 2. System and component specifications.
Name Specification
System Operation Mode Continuous Conduction Mode (CCM)
Rated Input Voltage V; 156 V
Rated Output Voltage V, 200V
System Switching Frequency f; /Period T; 100 kHz/10 ps
Rated Output Current I, 100 /Power Py o104 2 A/400 W
Minimum Output Current I, ,,;,, /Power P, i, 02A/40W
Input Inductance L, /Output Capacitance C, 1m H/470 pF
Resonance Inductance L, /Resonant Capacitor C, 1 uH/22 nF
Power Switch S, and S, STW20NM60FD

Output Diode D, BYV29X-600
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By substituting the system and component specifications shown in Table 2 into
Equations (38) and (39), the input-to-output transfer function Gyg(s) can be found as

1.05 x 10°
G = 41
() = 27561925 1 81633 x 109 &
Furthermore, the duty-to- output transfer function is
—4.085 x 1035 +208.1 x 10°
Goa(s) = (42)

s2 +561.92s + 816.33 x 103

After finding the transfer function of the proposed structure with resonant small
signals by the dual time scale averaging method, the corresponding transfer function is
compared with the small-signal transfer function of the traditional boost converter, which
can be expressed as

~ —4.085 x 10%s + 215 x 10°
God (S ) = 2 3
s< -+ 151s + 843 x 10

From (42) and (43), the difference in zero value between them is not significant.
However, the pole values in (42) are —280.96 £ j858.72, and the pole values in (43) are
—75.5£j915.04. From these pole values of both equations, we can see that the proposed
structure has a larger bandwidth because the resonance parameters are taken into consider-
ations. That is to say, if the resonance parameters are ignored in the controller design, the
designed controller is not suitable for the proposed structure.

(43)

4. Controller Design in Z-Domain

As shown in Figure 5, the design of the digital controller proposed in this paper
is designed directly in the z — domain by the pole-zero configuration and the pole-zero
cancellation design method. Figure 5 shows the digital control loop with loop gain L(z):

L(z) = K-C(2) - Gya(2) - H(z) - 2" (44)

where G,;(z) is the discrete transfer function of the boost converter, H(z) is the divider
gain, K is the PWM gain, AD gain, z Lis the delay factor, and Equation (45) is the discrete
transfer function of this controller, where z,1 and zp, are poles, zy1 and z,; are zeroes, and
K¢ is the gain.

(2= z)(z—20)
“(z— 2p1)(z — zp2)

C(z) =K (45)

ZVZCS Boost Converter

-0.03z+0.05 Y

(z—0.9972— j0.0086)(z —0.9972 + j0.0086)
Voltage
divider
gain

Gyu@)=

10-bit PWM

Gain Voltage Controller Delay AD Gain -
1 3 (z-z,)z~z2,,) 1 5
Cl)=K,,—olB2 " %02) - 2LSB/ImV
1000 (@-z,)z—2,,) z 3 @

+
REF(z)

Figure 5. z-domain digital control loop.

When the controller is not added, the phase margin of the system known from the
Bode plot of the loop gain is 14.7°. After designing the controller to make the system meet
the prescribed specifications, the following steps will briefly describe the controller design.

Step 1: The gain margin is greater than 6 dB above and the crossover frequency is
equal to one-tenth of the switching frequency.
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Step 2: Configure poles z,1 and z,, to match the gain margin and crossover frequency
set by the system. Assuming a gain of K.» = 1 and using the Matlab software assistant tool,
named SISO, to configure and observe the two poles z,1 and zy; several times, z,;= 0.178
and zpp = 0.7 are finally selected to meet the prescribed gain margin and switching fre-
quency.

Step 3: After step 2, the crossover frequency is fixed and the system phase margin is
adjusted. Finally, the phase margin is set to 60 degrees. The gained K, value, which is the
value required to adjust the phase margin to 60 degrees, can be found by the Matlab syntax
to obtain a gain K., value of 0.81.

[mag, phase, w] = bode(Lz)
(46)
K = margin(mag, phase — 60 ,w)

After the above steps, the discrete transfer function of the controller can be obtained
as follows along with z,1 = 0.9972+j0086 and z,, = 0.9972 — j0086:

(z —0.9972 — j0.0086) (z — 0.9972 + j0.0086)

C(z) =081 (z—0.178)(z — 0.7)

(47)

The discrete transfer function of the above equation is converted into a difference
equation, so that the difference equation can be written into programming language for
digital control of the system.

u(n) =ayu(n—2)+au(n—1)+ bre(n —2) + bye(n — 1) + bpe(n)

= —0.12u(n —2) +0.87u(n — 1) + 0.8¢(n — 2) — 1.6e(n — 1) + 0.8¢(n) (48)

Figure 6 shows the Bode plot of the system loop gain to verify the correctness of the
designed controller.

Bode Diag
Gm = 1295 dB (a1 3 144005 radisec), Pm = 60 deg (2 6.28¢+004 rad/scc)

GM =12.95dB

PM =60

Frequency (radisec)

Figure 6. Bode plot of the system loop gain.

5. Auto-Adjustment Technique

In this paper, the auto-adjustment technique is implemented by using the lookup
table to regulate the on-time and triggering instant of the auxiliary power switch to further
improve the efficiency, especially at light loads, and to make the overall efficiency of the
converter present a flat curve. In addition, when the load increases or decreases, since
the efficiency does not vary regularly with the on-time of the preceding and following
transients of the auxiliary power switch and the triggering instant relative to the main
power switch, a look-up table is used instead of a complex calculation to determine the
required on-time and triggering instant of the auxiliary power switch.

Figure 7a,b show the auto-adjustment technique for the auxiliary power switch oper-
ating at light load and rated load, respectively. This auto-adjustment technique is based
on the following two conditions: first, the auxiliary power switch must reach zero current
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cutoff, as shown in Figure 7 at points A and B; second, when the auxiliary power switch
current ig, resonates to equal to the input current I1,,, the main power switch is turned on,
as shown in Figure 7 at points C and D. Therefore, by using the above-mentioned technique
and using the input inductance current as the self-variable of the lookup table, the design
steps are as follows.

Ves,sm

vgs,S{z r

@

Vas.Sm

Ves Sa r

iS a
A\/ B

(b)

Figure 7. Auto-adjustment of turn-on time and triggering time of the auxiliary switch at (a) light
load; (b) rated load.

Step 1: The light load to full load currents are divided into ten intervals and recorded
separately based on no ADC sampling [20]. The sampled count value of the input induc-
tance current is recorded.

Step 2: Within the set ten current intervals, the on-time before and after transients of
the auxiliary power switch and the triggering instant relative to the main power switch are
adjusted and recorded, respectively, from full load to light load.

Step 3: According to the above two steps, the turn-on time and triggering time of the
auxiliary power switch can be determined by this prescribed look-up table.

It is worth mentioning that the addition of a hysteresis band is required to avoid the
oscillation caused by the current interval change.

6. Design of Resonant Inductor and Resonant Capacitor

In this section, the resonant capacitor C, and resonant inductor L, are designed based
on the results of states 1, 2 and 10 in Section 2. Without affecting the circuit operation
behavior, it is determined that the overrun lead time of the auxiliary power switch must
be less than or equal to one-tenth of the on time of the main power switch, i.e., less than
or equal to 220 ns. Accordingly, the elapsed time T1+T1> shown in Figure 2 must be less
than or equal to 220 ns, where the elapsed time T is the time it takes for the current ig, of
the auxiliary power switch S, to rise to the input inductance current Iy, after the auxiliary
power switch is turned on, and the elapsed time T is the time it takes for the parasitic
capacitor Cg,, of the main power switch to discharge to zero. The rise time ¢, and the
fall time #; in the power switch instruction manual correspond to the characteristics of
the current flowing through the power switch, so we can know that the time T, = 20 ns.
Therefore, the elapsed time Tj is less than or equal to 200 ns [21], so the following equation

can be found:
Cr(Vert — Vero)

T =
! (ILm _Io)

< 200 ns (49)
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where V(;1 can be obtained by state 2 as follows:

LrILm
T

Ve =V, — (50)

where I1,, is the average value of the rating input inductance current, and V(1 can be
obtained by state 10 as follows:

LrILm

ILm TlO (1 CSm

Vero = =——— + 51
o= e e c, ) Tio (51)

where the elapsed time T7y can be known from the following equation:
AQ =CV, =05I,To (52)

= 550p - 200 = 0.5(2.56) Tyg

Therefore, Tjo can be found as 86 ns.
Sequentially, let the resonant frequency f, be greater than or equal to ten times the
switching frequency, i.e., wy > 27 - 10°rad/ sec, and substitute (47) and (48) into (49)

to obtain
Cr [VD_ Lrlpm _ LT (1+ CSm )+ Lrlpm

T Cr+Csyyy Cr T ] <
s <200 ns
w22 %) (2.56)(85ns) (4 , 550 471%1‘2 (22 9
- ns
Cr | 200— 202ns ~ T Cr+550p (1 Crp) #
= (2.56—-2) < 200ns

The resonant capacitance C; can be obtained as 21.45 nF from (53). The allowable error
of the actual capacitance is considered, so the resonant capacitance C; is chosen as 22 nF.
After obtaining the resonant capacitance C,, the resonant inductance L, can be obtained as

1 1
Lrs om0 = 2
42 f5Cr 472(106)°22 n

(54)

Therefore, the value of resonance inductance can be obtained as L, < 1.15 uH, so this
paper selects the resonance inductance as 1 uH.

7. Simulated and Experimental Results

The system specifications are shown in Table 2 in Section 3. In this section, the
proposed converter and control strategy will be verified by using Active-HDL combined
with Matlab/Simulink as the simulation environment, and, finally, the effectiveness will
be verified by using a real circuit. In this paper, the simulated controller parameters are
simulated by the controller parameters designed in (50). The controller parameters are fine-
tuned to ay = —0.12, a1 =0.88, b, =1.2, by =1 and by = 1. However, the parasitic components
of the line must be considered in the implementation of this circuit. Consequently, the
controller parameters are fine-tuned to a, = —0.14, a1 =0.88, bp =1, by = 0.88 and by = 1.

7.1. Simulated Waveforms

The purpose of the software simulation is used to demonstrate the feasibility of the
proposed converter. Figure 8 shows the system simulation block diagram, which includes
the proposed structure, the digital control block generated by the Active-HDL software,
the sampling circuit module, the peripheral auxiliary power supply, and the oscilloscope.
Furthermore, the simulation environment is based on the 2021a MATLAB and Simulink
software with the system specifications shown in Table 2. In addition, the power switches
used herein are non-ideal, but the passive components are all ideal. Furthermore, the circuit
is simulated at rated load. The value of Cg,, based on [21] is set at 550 pF, which is called
equivalent capacitance affected by the value of vcg;,.
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Figure 8. System simulation block diagram.

Figure 9 shows the gate driving signal vgs s, for the main power switch S, and the
gate driving signal vg, 5, for the auxiliary power switch S,, where the gate driving signal
Ugs,5a pOssesses the pre- and post-duty cycle of the gate driving signal vgs 5.

17 T [Tw
TS T

2.5us

Figure 9. Simulated gate driving signals for main power switch S;, and auxiliary power switch S,.
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Figure 10 shows the waveforms of the main power switch, where v 5, is the gate driving
signal, vy s, is the voltage across Sy, isy, is the current in the switch Sy,. Figures 11 and 12 are
zoomed-in waveforms of Figure 10.

T T T T
Ves.sm
< [T [Tw

v

)
ds.sm

/ | IIOOV

2>} 1

3> /\”\/H Jl\k\/‘ :I:

2.5us

Figure 10. Simulated waveforms related to the main power switch Sy,.
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Figure 11. Simulated zoomed-in transient waveforms before main power switch Sy;.
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Figure 12. Simulated zoomed-in transient waveforms after the main power switch Sy,.
Figure 13 shows the waveforms of the auxiliary power switch S;, where v s, is the

gate driving signal, vy, 5, is the voltage on S, and ig, is the current in S,. Figures 14 and 15
are zoomed-in waveforms of Figure 13.
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Figure 13. Simulated waveforms related to the auxiliary power switch S,.
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Figure 14. Simulated zoomed-in transient waveforms before the auxiliary power switch S,.
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Figure 15. Simulated zoomed-in transient waveforms after the auxiliary power switch S,.

Figure 16 shows the associated waveforms of the resonant elements, where i}, is the

current in the resonant inductor L, and v¢, is the voltage across the resonant capacitor C,.
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Figure 16. Simulated resonant waveforms.

From the above simulated results, it can be seen that when the auxiliary power switch
Sa is turned on before the main power switch Sy, the auxiliary power switch current ig, rises
rapidly to a level greater than the input inductance current Iy ,,. According to Kirchhoff’s
current law, the parasitic capacitor Cs,, of the main power switch starts to discharge the
resonant circuit until it discharges to zero, then the body diode of the main power switch
Dg,, turns on, and the voltage vy, s, of the main power switch is clamped to zero, and after
this, the main power switch S, is turned on with ZVT, as shown in Figures 10 and 11.

The current waveforms in Figures 10, 12, 13, 15 and 16 show that when the auxiliary
power switch S, is cut off, the parasitic capacitance Cg, of the auxiliary power switch,
the resonant inductor L,, the resonant capacitor C, and the parasitic capacitor Cg,, of the
main power switch form a resonance loop, resulting in a ringing phenomenon, so the
corresponding currents will ring.

From Figures 11, 14 and 16, it can be seen that when the auxiliary power switch current
i, resonates to zero, the parasitic capacitor Cg,, resonant inductor L, and resonant capacitor
C; form a resonance loop, so a small resonant current is generated, and the corresponding
small voltage across C, will ring.

As can be seen from Figure 12, when the main power switch S, is turned off, the
ringing phenomenon on the main power switch current is,, causes the voltage v g, across
the main power switch S, to be charged slowly, so the voltage vcg,, rises slowly and the
resulting overshoot current becomes small. In addition, the auxiliary power switch S, is
turned on after the main power switch S;;. When the auxiliary power switch current ig,
resonates to the input inductance current I, according to Kirschhoff’s current law, the
main power switch S, is turned off at this time, so that the main power switch S, is turned
off with ZCT.

As can be seen from Figures 13 and 15, when the auxiliary power switch current ig,
drops to zero, the auxiliary power switch S, is turned off with ZCS.

7.2. Experimental Waveforms

The purpose of the experimental measurement is used to verify the effectiveness of
the proposed converter. In addition, the circuit is experimented at rated load.

Figure 17 shows the waveforms of the gate driving signal vgs s, of the main power
switch S, and the gate driving signal v s, of the auxiliary power switch S, at rated load,
where the gate driving signal vy 5, possesses the pre- and post-duty cycle of the gate
driving signal vgs gp;.
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Figure 17. Measured gate driving signals of the main power switch S;, and auxiliary power switch S,.

Figure 18 shows the waveforms of the main power switch S;, at rated load, where
Ugs,sm 18 the gate driving signal, vy s, is the voltage on Sy, and isy, is the current in Sy,
Figures 19 and 20 are the zoomed-in versions of Figure 18.
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Figure 19. Measured zoomed-in transient waveforms before the auxiliary power switch S,.
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Figure 20. Measured zoomed-in transient waveforms before the auxiliary power switch S,.

Figure 21 shows the waveforms of the auxiliary power switch S, at rated load, where
Ugs,sa is the gate driving signal, vy s, is the voltage on S, and ig, is the current in S,.
Figures 22 and 23 are the zoomed-in versions of Figure 21.
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Figure 21. Measured waveforms related to the main power switch S,.
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Figure 22. Measured zoomed-in transient waveforms before the auxiliary power switch S,.
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Figure 23. Measured zoomed-in transient waveforms after the auxiliary power switch S,.

Figure 24 shows the waveforms of the resonant element under the rated load, where iy,
is the current in the resonant inductor L, and v, is the voltage on the resonant capacitor C;.

L B B B B

SV,

120\/

Ton

2.5us
Figure 24. Measured resonant waveforms.

Figure 25 shows the efficiencies of the proposed structure under different output powers
with soft switching and auto-adjustment technique, the proposed structure with soft switching
and no auto-adjustment technique, and the traditional structure with hard switching.

Voltage Meter: Voltage Meter: Voltage Meter:
Fluke 8050A Fluke 8050A Fluke 8050A
| |
Current
i’ Sensor: i,

DC Source: 10mQ *| Main P + Electronic Load with
EA-PSI 0.5% f alsn ower f Current Meter:
8360-15 - tage - Prodigit 3255

Gate Feedback
Signals Signals
A

Digital Control
FPGA & Gate Drivers

Figure 25. Efficiency measurement block diagram.
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7.3. Efficiency Measurement

As shown in Figure 25, a current-sensing resistor is connected in series with the input
current path, and a digital meter (Fluke 8050A, manufactured by FLUKE Co., Everett,
Washington, USA) is used to measure the voltage across this resistor to obtain the input
current value and the input voltage using a digital meter to obtain the input power. On
the output side, an electronic load (Prodigit 3255, manufactured by PRODIGIT Co., Taipei,
Taiwan) is used to provide the load current required by the converter, and the output
voltage is measured using a digital meter to obtain the output power. Finally, the input
power and output power are used to calculate the efficiency of the actual circuit operation.
In Figure 26, curves of efficiency versus output power under soft switching with and
without auto-adjustment and hard switching are displayed.

1
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40 80 120 160 200 240 280 320 360 400
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Figure 26. Curves of efficiency versus output power under soft switching with and without auto-
adjustment, and hard switching.

7.4. Experimental Setup
As shown in Figure 27, the photo of the experimental setup is displayed.

e e e

e <

. Sampling
Without ADC

FPGA

Figure 27. Photo of the experimental setup.

From the above experimental results, when the auxiliary power switch S, precedes
the main power switch S, the auxiliary power switch current ig, rises rapidly to greater
than the input inductance current Ij,,; according to Kirchhoff’s current law, the parasitic
capacitor Cg,, of the main power switch starts to discharge the resonant circuit until the
discharge reaches zero. Therefore, the body diode Dg,, of the main power switch turns
on and the voltage vy, g, of the main power switch is clamped to zero, so the main power
switch Sy, is turned on with ZVT, as shown in Figures 17 and 19.
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The current waveforms in Figures 19, 22 and 24 show that the resonant inductor
current ir, flows in the opposite direction when operating in mode 6, and when the
resonant inductor current iy, resonates to zero, the body diode Dg, of the auxiliary power
switch turns from on to off, generating the reverse recovery current, and this current flows
through the parasitic capacitor Cg, of the auxiliary power switch, the resonant inductor
L,, the resonant capacitor C,, the parasitic capacitor Cg,, of the main power switch and
the parasitic inductor of the line, causing the ringing phenomenon. Since all belong to the
same resonant tank, so this resonance will be reflected in the currents as well as also being
reflected in the voltage vy, s, of the auxiliary power switch.

As can be seen from Figure 20, there is a delay in the voltage v s g, across the main
power switch. The reason for this can be seen from state 9, when the main power switch
Sy is turned off from on, because the power switch will delay the cut-off, so the main
power switch current ig,, continues to resonate up, and when it rises to the input current,
the voltage vy 5, across the main power switch is larger than the output voltage, the
resonant inductor L, begins to be magnetized. According to the Kirchhoff’s current law,
the main power switch current ig,, begins to fall to zero, so the main power switch S;, has
ZCT turn-off.

From Figure 23, it can be seen that when the auxiliary power switch S; is turned off,
the voltage vy, 5, across the auxiliary power switch and the current ig, have the ringing
phenomenon. The reason is that the output diode D, is delayed when changing from state
10 to state 11. Therefore, the resonant inductor current iy, will flow through the parasitic
capacitor Cg, of the auxiliary power switch, forming a resonant circuit and hence causing
the auxiliary power switch to have ZCS turn-off.

From Figure 23, it can be seen that when the auxiliary power switch S, is turned
on, the rapid rise of the auxiliary power switch current ig, and the effect of the parasitic
inductance of the line cause noise to be generated across the resonant capacitor C;, but this
noise does not affect the circuit operation behavior. In addition, from Figure 23, the voltage
vcy across the resonant capacitor C, also has a ringing at the negative voltage due to the
ringing on the resonant inductor current ir,.

From Figure 26, it can be seen that under the input voltage of 156 V and the output
voltage of 200 V as shown in Table 2, the proposed structure with/without auto-adjustment
can effectively improve the overall efficiency of the converter in the output power range
(40 W ~ 400 W). The difference in efficiency between soft switching with auto-adjustment
and hard switching is 4.8%, whereas the difference in efficiency between soft switching
with auto-adjustment and soft switching without auto-adjustment is about 2.1%. Most
importantly, the proposed structure with the addition of the auto-adjustment technique not
only further improves the efficiency, but also makes the efficiency show an approximately
horizontal curve.

8. Conclusions

From the experimental results, it can be seen that the main power switch has both
ZVT and ZCT, and the auxiliary power switch also has ZCS. In addition, the lookup table is
also added to realize the auto-adjustment technique to regulate the on-time and triggering
position of the auxiliary power switch to further improve the efficiency, especially at light
load, thus making the overall efficiency of the converter present a flat curve. From the
experimental measurements, the maximum efficiency of the proposed converter is 98.5%
and the light load efficiency is 98.1%, and the overall system efficiency is above 98%.
Regarding the system control, the direct design of the digital controller under z-domain
can effectively stabilize the output voltage of the converter and achieve the purpose of fully
digitalized control.
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