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Design and Analysis of Power-CMOS-Gate-Based
Switched-Capacitor Boost DC—AC Inverter

Yuen-Haw Chang

Abstract—A multistage power CMOS-transmission-gate-based
(CMOS-TG) quasi-switched-capacitor (QSC) boost dc-ac in-
verter is proposed and integrated with a boost dc—dc converter
for a step-up application with ac or dc load. In this paper, using
CMOS-TG as a bidirectional switch, the various topologies can be
integrated in the same configuration for achieving two functions:
boosting and alternating; boosting for getting a sinusoidal output
in which the peak is the result of a many times step-up of the
input; alternating to realize the positive/negative half sinusoidal of
the output. The inverter does not require any inductive elements
as inductor and transformer, so integrated circuit (IC) fabrica-
tion will be promising for realization. By using the state-space
averaging technique, the large-signal state-space model of the in-
verter is proposed, and then both the static analysis and dynamic
small-signal analysis are derived to form a unified formulation for
inverter/converter. Based on this formulation, there are presented
for theoretical analysis/control design, including steady-state
power, conversion efficiency, voltage conversion ratio, output
ripple percentage, capacitance selection, closed-loop control and
stability, and total harmonic distortion (THD), etc. Finally, a
six-stage QSC boost dc-ac inverter is simulated by PSPICE,
and the simulations are discussed for some cases, including: 1)
steady-state ac output, ripple percentage, and power efficiency; 2)
transient response of the regulated inverter for load variation; 3) a
practical capacitive load: electromagnetic luminescent (EL) lamp,
and 4) efficiency, ripple percentage, and THD for different loads.
The results are illustrated to show the efficacy of the proposed
inverter.

Index Terms—CMOS-transmission-gate-based (CMOS-TG),
quasi-switched-capacitor (QSC), boost DC-AC inverter,
state-space averaging technique, total harmonic distortion (THD).

1. INTRODUCTION

ITH the coming of mobile-commerce generation,

various portable electronic equipments have been
produced and easily available, for example, PDA, notebook,
cellular phone, digital camera, pager, e-book... etc. Such
products emphasize some specific characteristics, for example,
mobile convenience, integrated communication function, small
volume, light weight, long-time high efficiency, and various
sources (dc—dc/dc—ac). Recently, the portable systems always
ask an increasing demand for a new dc—ac inverter module with
small volume, light weight, high power density, high power
efficiency, good regulation and reliability even if load/source
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variation happens. More researchers pay much attention to
this topic about developing a more effective converter/inverter
for step-up application with dc or ac load, for example, white
light emitting diode and electromagnetic luminescent (EL)
lamp, ultimately requiring dc—ac inverters realized on a chip by
mixed-mode VLSI technology.

The common inverter always contains the magnetic ele-
ments, and so it results in the electromagnetic interference
(EMI) problem. For avoiding the EMI effect, it is a quite excel-
lent choice to adopt a switched-capacitor (SC) circuit scheme,
containing only capacitors and transistors. Although the SC
circuits lead to efficiency problem, it is the most excellent
one of their advantages that the SC circuits do not require any
magnetic elements (inductor/transformer), so the IC fabrication
is not only promising but the EMI problem is also improved.
The idea of SC circuit has existed for nearly half a century,
and based on SC idea, Brugler suggested SC voltage multiplier
[1], and then Lin and Chua presented topological generation
and analysis of voltage multiplier [2]. The recent reinvention
is mainly to take advantage of the active MOSFET switches
for power conversion and output regulation. In 1990, the first
SC step-down dc—dc converter was successfully proposed
from Japan [3], [4]. Next, researchers followed this idea to
get more extensions, including rectifier—inverter types, even
for transient/steady-state analysis [5]-[7]. Nevertheless, some
disadvantages still existed as: 1) since it has zero input cur-
rent in the even period, such discontinuity results easily in
the EMI problem and 2) since the voltage conversion ratio is
usually predetermined by the circuit configuration, the ratio
value cannot be regulated flexibly. In 1993, Cheong, Chung
and Ioinovici suggested a new SC converter configuration,
composed of two symmetric SC cells to operate cyclically
in antiphase (charge—discharge) per cycle [8]. In the first
half-cycle, the capacitors in one SC cell are in a charging
phase by a constant voltage source, and at the same time the
capacitors in the other SC cell discharge on the load. Then, in
the second half-cycle, these two cells interchange their roles.
Using pulsewidth modulation (PWM) technique, a new dc—dc
converter followed on this idea, and then the output regulation
was achieved by duty-cycle adjustment [9]-[11]. Although
the output regulation was more flexible, some drawbacks still
existed as: 1) the discontinuity still results in the EMI problem
and 2) with duty-cycle control, a smaller output voltage always
needs a small duty cycle, but such a short duration makes
implementation more difficult.

In 1996, Chung and loinovici suggested a completely new
converter scheme, called quasi-switched-capacitor (QSC) step-
down converter, by using continuous input current control [12].

1057-7122/04$20.00 © 2004 IEEE
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Fig. 1. n-stage SC cell.

This QSC converter scheme is similar to the one proposed in
1993, i.e., the QSC converter is also composed of two sym-
metric SC cells, and the two SC cells are also working in an-
tiphase, but the most different one between them is to use a con-
stant current source (current-mode control), not to use a con-
stant voltage source as above. In this scheme, some active MOS-
FETs are working in pinch-off region, and they can be treated
as current sources (controlled by the gate—source voltage of
MOSFET), so as to increase the capacitor voltage linearly in
a charging phase, not exponentially as above. Since the input
current is constant continuously, not variant discontinuously as
above, the EMI problem is much improved. Besides, the scheme
utilizes these controlled current sources to adjust output voltage,
and it belongs to current-mode control, not duty cycle, so the
above short duration problem can be avoided. From 1999, re-
searchers were concentrated on regulation improvement and ca-
pability enhancement [13]-[19]. Henry suggested a multistage
design for improving voltage regulation and current capability
[13]. For step-down, capacitors are connected in parallel in a dis-
charging phase, and then the larger output current is produced
for the heavier load [12]. For step-up, capacitors are in series
in a discharging phase for higher output voltage [15]. In 2003,
following up these ideas, Chang proposed a CMOS-TG QSC
dc—dc converter with both step-down and step-up modes in one
unified configuration [19].

II. CONFIGURATION OF QSC B0OOST DC-AC INVERTER
A. One n-Stage SC Cell Using Power CMOS-TG

Fig. 1 shows one n-stage SC cell, including n ca-
pacitors (C1,Cs...C,), and 3n — 1 power CMOS-TG
(51,82 ...83,-1). Each capacitor has capacitance C with
equivalent series resistance (ESR) r¢, and similarly the output
capacitor has capacitance C, with ESR r¢,. The CMOS-TG
S1,85...53,_1 are treated as bidirectional switches, con-
sisting of power PMOS and NMOS as shown in Fig. 2. The TG
is controlled by two complementary signals v, and v,. When
vg is at the lowest voltage V7, of circuit, the switch is turned
off between vi, and vout. Contrary, when vy is at the highest

(o

Vin
Vg ooV, Vgosi o Vg

WV
Vout out

Fig. 2. Power CMOS transmission gate.

voltage Vp, the switch is in turn-on state. Here, it is notable
that the turn-on resistance rp of power-level CMOS-TG is
quite small and constant because both channel resistances of
pMOS and nMOS are connected in parallel (as the resistance of
one MOSFET decreases, the resistance of the other MOSFET
increases). Here, power CMOS-TG is adopted with increasing
three advantages as follows. 1) It is much helpful to integrate
step-up function of positive/negative half sinusoidal into one
circuit configuration. 2) It gets higher efficiency since the
turn-on resistance of CMOS-TG is constant and small enough
to reduce power loss. 3) Since CMOS-TG can be operated
at pretty high frequency, output ripple and THD are lessened
possibly.

B. Configuration of n-Stage QSC Boost DC-DC Converter

Based on the above SC cell, a QSC boost dc—dc converter
configuration is suggested as shown in Fig. 3, [12], [13]. The
converter is mainly composed of two SC cells in parallel be-
tween source Vg and output v,, denoted by cells A and B, and
they are working cyclically in antiphase. For the first half-cycle
[as topology of Fig. 4(a)], let QS 4 be in pinch-off region as a
controlled constant current source, turn off S4 and QSg, turn
on Sp in triode region as a small resistor. Thus, n capacitors
C41 ~ C 4, incell A are linearly charged in parallel by constant
current source as circuit of Fig. 5(a). At the same time, n capac-
itors C'g; ~ Cp, in cell B are discharging in series on load R,
as circuit of Fig. 5(b). For the second half-cycle [as topology of
Fig. 4(b)], cells A ~ B interchange their operations, and then
vice versa. So, the theoretical waveforms can be figured out as
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Fig. 3. Configuration of QSC boost dc—dc converter.

shown in Fig. 6. So, it is obvious that the duty cycle is fixed at 0.5
for each cell. With charging in parallel and discharging in series
for n capacitors cyclically, the boost function can be realized
for keeping output v, up to n - Vg ideally. In this research, such
a dc—dc scheme is employed with increasing three advantages
as follows. 1) Since QSC is adopted, input current Ig is contin-
uous theoretically, so EMI problem is much improved. 2) Since
the inverter contains only MOSFETSs and capacitors, such a uni-
form characteristic is helpful to integrated circuit (IC) fabrica-
tion and design. 3) Since two cells work complementarily, such
a constant duty cycle is useful to control design and theoretical
analysis later.

C. Configuration of n-Stage QSC Boost DC-AC Inverter

Based on the above dc—dc scheme, a new n-stage QSC boost
dc—ac inverter is suggested as shown in Fig. 7, mainly con-
sisting of two n-stage SC cells A/B and a set of positive/neg-
ative dc voltage sources. Comparing the inverter of Fig. 7 with
the converter of Fig. 3, the most different one between them is
to employ dc-link voltage scheme for alternating positive/nega-
tive half-sinusoidal output. Actually, a single source Vg and an
extra full-bridge topology are also able to form a pair of positive
and negative sources. Here, for simplifying the circuit analysis
process, we presume that a set of voltage sources is available for
the moment.

For implementing ac output with frequency f (output cycle
1 = 1/f), we have two goals to do—boosting output and alter-
nating output. First, one cycle 1 is divided into . time durations
AT(AT = T/m), and then the QSC boost dc—dc converter is
employed in each of two time durations. In other words, within
each of two time durations, the inverter behaves like a boost
dc—dc converter (For one time duration, when cell A is working
in a parallel-capacitor-charging phase, cell B is working in a se-
ries-capacitor-discharging phase. For the next one, cells A and
B interchange their works). Thus, in each of time duration, the
different output voltage can be boosted by the controlled current
sources (drain currents of QS 4, QS 4,,, QSp,, QSp,,), where
QS 4, QSp, can be used to handle positive half-sinusoidal and
QS 4,,, QS p,, are for negative half-sinusoidal. So, a staircase si-
nusoidal output can be reconstructed by such the different boost
and alternative voltage levels, and the theoretical waveforms of
inverter are shown in Fig. 8. Thus, the SC switching cycle 7
is taken by two times of duration AT (1s = 2 - A7), and the
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relationship between switching frequency fs(fs = 1/7s) and
output frequency f is derived as

fs:m'f/2' (1)

In this research, the proposed QSC boost dc—ac inverter
scheme has some extra advantages as follows. 1) The switching
frequency f; can be flexibly selected as higher as possible, and
then it results in the bigger m and the smaller duration AT,
so it leads more excellent total harmonic distortion (THD). 2)
The number of stage (n) is selected mainly relative to the times
between ac output peak voltage and source voltage. The number
of duration (m) is selected mainly relative to the desired THD.
In this research, the values of » and m can be selected flexibly
and independently. Due to the independent selection, it is not
needed in our research to increase the number of stage for THD
reduction, and the result is quite different from that of [18]. So,
a smaller size and lower weight of the proposed inverter will
be realized more possibly.

III. FORMULATION OF QSC BOOST DC-AC INVERTER

In this section, a unified static analysis/dynamic small-signal
analysis of n-stage QSC boost dc—ac inverter will be presented.
For simplification, all capacitors in cells A ~ B are selected by
the same value: Cy; =---=Cy, =Cp1=---=Cpg,, =C,
so each capacitor voltage in the same cell is assumed identical,
denoted by ve 4 (t)/ve g(t) for cells A/B respectively.

A. Formulation of n-Stage QSC Boost DC-DC Converter

First, let us look at the modeling of QSC boost dc—dc con-
verter. When cell A is working in a charging phase as Fig. 5(a),
QS 4 is in pinch-off region and the capacitors in cell A are
linearly charged in parallel by drain current ip a(t),ip.4a =
K- [vsag a(t) — V)%, where K and V-1 are the process param-
eter and the threshold voltage of MOSFET, so

1 .
1:'C,A(t) =5 ip,al(t). 2)

For keeping QS , pinch-off, vgg 4/vpg,4 of MOSFET must
be larger/smaller than V-, so the pinch-off condition can be
derived as

Vs >wea+ip.a-(re+2rr)/n. (3)

At the same time, cell B is in a discharging phase as Fig. 5(b),
and Sp is in triode region, the capacitors in cell B are dis-
charging in series on load Ry, and the equation is

_n-(rc(,—l—RL) Ry,
vep(t) | _ C.A N
V5, (1) n- Ry Tt rr+ R
A C, A
Uc)B(t)
vcolt) | (4a)
n-rcoRr, T +1r) - R
()] = |G
_UC B(f) )
> 4b
veo(t) (4b)
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Fig. 5. (a) Topology in charging phase. (b) Topology in discharging phase.
where fv,] = n-rcolRr  n-rcoRr  (rntrr)- Rp
’ 2A 2A A
™ =nrc + (n+ 1)y, (5a)
vC,A
A= (rr+ru)(rco + Br) +reoRy, (5b) ve,B (6b)
VCo

in which v,(t), v, (t) represent output voltage and output ca-
pacitor voltages, respectively. By using state-space averaging
technique (the duty cycle is 0.5) and taking the average of (2)
and (4), the state-space equation of QSC boost dc—dc converter
is

UIC,A
1)’053
Ve
- (rco + RL) 0 Ry,
20 - A 20 - A
_ 0 _n- (rce+Rr) Ry,
2C - A 20 - A
20, - A 20, - A C, A
VC,A 2%0
veB |+ | she | - [iD] (6a)
VCo 0

where ip(t) is the average of drain currents for cells A ~
R(ip(t) = 0.5 Z'D’A(t) + 0.5 - ’L'D'B(t)). When cells A/B
are working in the charging/discharging phase, the physical
operationisip 4(t) = K-[vsg, a(t)—Vr]? ip () = 0. When
cells A/B are in the discharging/charging phase, the operation
is 'I:D,A(t) = Oy'i'D,B(t) =K- ['USG,B(t) — V'_Lv}z. Here, it is
worthy to be concerned that drain currents ip (t),ip (%)
have only one direction, so the boosting function of dc—dc
conversion can be achieved, but the alternating function of
dc—ac conversion cannot be realized because there cannot
produce reverse drain current in this dc—dc scheme of Fig. 3.
So, a set of positive/negative dc-link sources is employed for
alternating conversion later.

B. Formulation of n-Stage QSC Boost DC-DC Inverter

A set of positive/negative dc-link voltage sources is em-
ployed and combined with the above dc—dc scheme, and then a
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Fig. 6. Theoretical waveforms of QSC boost dc—dc converter.

new QSC boost dc—ac inverter is proposed as shown in Fig. 7. In
the cell A of Fig. 7, there are two MOSFETSs QS 4,,, QS 4,, con-

nected, respectively, with positive and negative sources (+Vg
and —Vg), and the connection of QSp,, QSp,, in cell B is
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Fig. 7. Configuration of QSC boost dc—ac inverter.

similar to that in cell A. When positive-half sinusoid is desired,
PMOS QS 4,,, QS g, are working in antiphase, and the positive
currents ip ap,%p,Bp can be produced by vsg ap, Vs, Bp
based on the positive source +Vs. When negative-half sinusoid
is desired, NMOS QS,,,,QSp, are working in antiphase,
and the negative currents ip an,%ip,Bn are produced by
VGS, An, VGSs,Bn based on the negative source —Vg. Table I
shows the scheduled timing operation between them (The same
parameters are assumed by K, = K, = K, Vp, = Vp, = V¢
here). Thus, according to Fig. 7, control currents icon, 4, ¢Con, B
of cells A ~ B are described by

(7a)
(7b)

iCon,4(t) = ip ap(t) + 9D, an(t)

icon,B(t) = ip,Bp(t) + ip,Bn(t)

where it is worthy to be concerned as follows. 1) Control
CUITENtS 2Con, A, #Con, B are similar to drain currents ip 4,%p B
of the dc—dc scheme. 2) Control currents %con,A;%Con,B
contain both positive and negative current components
(D, 4p, D, 4n/%D,Bp, 4D, Bn), TEspectively.

By applying state-space averaging technique, based on dc—dc
formulation of (6), a completely integrated state-space descrip-
tion of QSC boost dc—ac inverter can be derived as

2’ (t) =Aay - ©(t) + Bay - u(t) (8a)
y(t) =Chay - 2(t) (8b)
where
z(t) = [vc,a(t) veB(t) veo(t) (9a)
u(t) = [icon(t)] (9b)
y(t) = [vo(t)] Oc)

TABLE 1
TIMING OPERATION OF QSC MOSFETS (f(v) = K - [v — Vr]?)
QSC SCCell A SCCell B
out 0S4y 0S 4 0Sg, 0Sg,
Positive- phase iD.ap Ip.An ip.p ip.Bn
1 = f(Vs.ap) =0 =0 =0
Half
Sinusoid phse iD/\I' ip,an iD.sp (D Bn
2 =0 =0 =fsc.pp) =0
Phase ; ; . .
. Ip,ap ID.An D Bp Ip.Bn
N en
egalive . -0 =—f(vgs.an) -0 -0
Half
Sinusoid Phase ip.ap ip.an in.sp ip,Ba
2 =0 =0 =0 =*f(VGs,B,7)
r n(rcot+Rr) 0 Ry,
2C - A 2C - A
- 0 _’IL(’I’CO+RL) Ry,
" 2C - A 20 A
nRy, nRy, rn +rr+ R
L 2C, - A 2C, - A C, A
(9d)
ro1
2nC
B = L (%e)
2nC
L 0
o _ (nrcoRr,  nreoRr  (rn +rr)RyL o)
2A 2A A

where con (t) represents the averaging value of the control cur-
rents of cells A and B as

’icon(f) =0.5" iCon,A(t) +0.5- 'I.fCon7B(t)- (10)
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Here, it is found by analogy that icy, is similar to the aver- composed of icon, 4, 4Con, B, Which are with positive or negative
aging drain current ¢ of the dc—dc scheme. But, since ¢co, IS  components, ¢cop 1S a bidirectional current so that the scheme
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TABLE 1II
SIMPLIFIED TIMING OPERATION OF QSC MOSFETS

QsC SCCell A SCCell B
out QSAP QSAn QSB]) QSBn
Phase ) ) i
Positi ) ¥5G.Ap VGS . An VsG.Bp VGS,Bn
ositive-
1 = ]VC(m | =0 =0 =0
Half
Phase e
. . VSG.Ap VGS . An Ys$G.Bp VGS.An
Sinusoid
2 =0 =0 = ‘VC‘(m[ =0
Phase v
v GS,An v Ve
Negative- SG.Ap SG.Bp GS,An
1 = = |vC0n I =0 =0
Half
Phase :
Sinusoid VsG,Ap VGS.An VsG.8p VGS,An
2 =0 =0 =0 = [vcon]

is able to realize the alternative conversion. Besides, if ¢¢con 18
operated in single direction, then the boost dc—ac description of
(8) shows the behavior of boost dc—dc converter as (6).

C. Static and Dynamic Analysis of Boost DC-AC Inverter

For static and dynamic analysis, all voltages and currents
of (8) are composed of two parts: static signals and dynamic
signals

ve,a(t) = Voa + 90,a(t),ve,s(t) = Ve, + 0¢,5(1)
'UCO( ) Fo + 'l~’C0( )7 ZCon( ) - ICon + ZCon(t)
vo(t) = Vo + 0,(1)

where Ve a, Ve,B, Voo, Icon, Vo represent the average signals
within one time duration, and 9¢ 4, ¥c,B, UCo, %COII: 7, indicate
the dynamic signals within one time duration. In other words,
Ve,a,Ve,B, Voo, loon, Vo can be treated as static operating
signals within one time duration, and ¢ 4, ¥¢, B, Vco, %COH, Vo
are regarded as dynamic small signals within one time duration.
First, for static analysis, by substituting x’(¢) = 0 of (8), static
output voltage V,, and output current I, can be derived as

* Static operating output analysis:

Vo — _Cav Aa_\rl Bav U = : HL . lCon (1 13.)
v, 1

Io = — = — " lcon- 11b
R n G (11b)

Here, it is notable that both output voltage V,, and cur-
rent I, are functional relations with static control cur-
rent l¢o, (current-mode control), not directly affected by
source voltage Vg theoretically. In other words, when Vg
is decreasing a little, V,, and I, cannot be affected immedi-
ately, and it is the reason that Vg is not directly connected
to load Ry, in any phase as Fig. 4(a) and (b), so the vari-
ation of Vg will not make immediate influence on V,, I,.
That is one of advantages: it could have better robustness
against source variation or noise.

2005

For simplification, let us take a new cell capacitor
voltage vo(t) = [vc a(t) + ve,r(t)]/2, and it also
includes two parts: static operating signal and dynamic
small signal as v¢(t) = Ve + 0¢(t). Substituting output
matrix C,,, static cell capacitor voltage V¢ and output
capacitor voltage V¢, can be also obtained as

Ve = Vea + Veb
2
:—%-[1 1 0]-A7 B -u
= L (A + Re) - Toon (12a)
Veo=—[0 0 1] - A7l Bay-u
= Ry lo (12b)

Next, let’s derive the formulation for dynamic anal-
ysis. Around one static operating point, following by using
the small-signal analysis, the dynamic small-signal state-
space equation of QSC boost dc—ac inverter/dc—dc con-
verter can be easily presented in (13), and consequently
their small-signal transfer function can be also suggested
in (14):

e Dynamic small-signal state-space expression:

3 n(rco + Rr) nRy,
be(t) | _ 20 - A 20 - A
U (1) nRy e+t Ry
C,-A C,-A

[ ae®]+ 7| fewen asw

o) = |57 ] [2eQ] aw

* Dynamic small-signal transfer function expression:

G(s) = M

iCon(S)

reofy,

1
2C-A° (3 + rnDCO>

s2 4 nCo(rco+Rr)+2C(rr+ro.+Rr,)
© 2CC,-A

S+ 55t A
(14)

Here, the small-signal open-loop model of the inverter
has been presented as the above two forms, and then some
compensation techniques can be applied, for example,
state feedback or proportional compensation, to form a
closed-loop feedback inverter system for more excellent
performance.

IV. DESIGN AND ANALYSIS OF QSC BOOST DC-AC INVERTER
A. Output Power and Power Conversion Efficiency

According to Fig. 8, input currents Isp, Is, through sources
+Vg, —Vg show positive/negative half-sinusoidal waveforms,
respectively, and the average values of them can be expressed
by: Isp, = Ism /7, Isn = Ig,m /7 (Is,m is the ac maximum peak
value of Ig,, Ig,). Here, it must be under infinite /m that com-
plete half-sinusoidal of the input current exists. Actually, if the
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switching frequency f; is selected much larger than output fre-
quency f, then m is regarded as almost infinite. So, the steady-
state input power of the inverter is

IS, m
PiZVS'Isp+Vs-Isn=2'VS'S—’-
s

(15)
According to the topology as Fig. 7, the maximum value
of control currents ¢con, 4, 2Con, B 1S Obviously identical to the
maximum value Ig , of input currents Ig,, Is,. Then, based
on (11b), the relationship can be obtained as I,y = Igm /n
(Io,m 1s the ac maximum peak value of output current). So, the
steady-state output power of the inverter is estimated as

(16)

where V, 1, is the magnitude of ac output voltage, and it also
represents the maximum value of boost output levels in all time
durations. In addition, V, , is also regulated by control current
Icon based on (11a). With (15) and (16), the power conversion
efficiency can be derived as

1:’o 1 ISm ISm
= —— = _.Vom._> 2. Ve 22—
TP <2 oon >/( o )
™ 1 V T 1
.. _~ ..M 17
4 n Vg 4 n 17

where M = V,, ,,,/ Vs represents the boost voltage conversion
ratio, and it can be also regulated by control current I¢on. So,
efficiency 7 increases with increasing voltage conversion ratio
M . Due to n-stage scheme employed, the ratio M is not larger
than 7, so the maximum value of power efficiency can only be
smaller than 78.5% theoretically, i.e., 7 < w/4 = 78.5%.

B. Maximum Voltage Conversion Ratio and Maximum Power
Efficiency

From the above discussion, output voltage V,, and current I,
are not directly affected by source Vs. However, due to the nat-
ural drop of Vg, it’s more and more difficult to keep QS MOS-
FETs in pinch-off region, so it makes the limitation of control
current I¢op, and then it will indirectly affect V,, and I,. So,
substituting V ¢ of (12a) into pinch-off condition of (3), the lim-
itation of control current I, can be derived as

77/2 . \/vs
Rp 4+ 2nre + (B3n+ 2)rp’

ICon < ICon,max = (18)

When Vg is decreasing, the limitation of I, is also decreasing,
so the range of output voltage V,, and current I, are affected
indirectly. Besides, the limitation of I, must be still required
within the safe drain current Iy ¢ure of MOSFET. If not to do so,
then maybe it makes the MOSFET burned out. Based on (11b),
(16), and (18), the maximum output power is

1
P, < Po7max = 5 Ry - I(2)7m
- 7L2RL . Vg
2[Ry 4 2nre + (3n 4 2)rp)?

19)
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For analyzing the maximum power efficiency, substituting (11a)
, (11b), and (12a) into (3), the maximum voltage conversion
ratio is

?’LRL

M < Myax = .
< Ry, + 2nre + (3n+ 2)rp

(20)

Combining (17) and (20), the maximum power conversion effi-
ciency can be derived as

1
7 < Nmax = E - Mmax
Ry,

Rp + 2nre + (3n + 2)rp

21

NSNS

If discussed in ideal case, the parasitic elements, like CMOS
turn-on resistance r; and capacitor ESR 7, are small enough
to be neglected almost, then the maximum voltage conversion
ratio M.« of (20) is closed to n, and so the maximum power
efficiency of (21) is also near to 78.5%.

C. Output Voltage Ripple Percentage and Total Capacitance
Selection

Within two time durations, i.e., in one switching cycle (1's =
2. AT, the dc—ac inverter shows the behavior of the de—dc con-
verter. So, within one switching cycle, the voltage waveforms
are quite similar to those of Fig. 6. In Fig. 6, output voltage v, (%)
is decaying exponentially within each half-cycle repeatedly, and
it can be described as

vo(t) = Vom -e7V7, 0<t < Ts/2 (22)
where the maximum/minimum value of output voltage in
one time duration is denoted by Vom/Vom, i€, Vou =
05(0), Vorw = 0,(Ts/2) = Vour - e~ 15/27  in which 7 repre-
sents the series-capacitor-discharging time constant as

T=1[(re+ra)||rce + Bi] - [C/n+ C,). (23)
In Fig. 6, the variation of output voltage in one time duration
can be defined as
Aty = Vort = Vom = Vorr - (L= e7™/27) . 24)
By using (22), static average output voltage V, within one time
duration AT can be computed as

1 Tg/2
Vo == 118/2 ° !/0 ’Un(t) dt

2 —t/r |Ts/2
:E-VOM-ct/ )
— 2f.7 - Au,. (25)

The voltage ripple percentage can be defined and presented as

Aw,
D = x 100% =

Vo 2fs - T
1

= 26
f. - [(r2 + ru)llrce + Ri] - Cr (26)
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Fig. 10. Block diagram for static analysis.

where the total capacitance Cp is defined as Cp = C/n + C,,.
The ripple percentage rp is increasing while the load is heavier,
but it can be improved with increasing switching frequency f
and total capacitance C';. When the inverter is working in the
unloaded case (R;, — 00), the ripple percentage will be al-
most near to zero. Obviously, if the maximum tolerant ripple
percentage rp is specified, based on (26), then the lower bound
of total capacitance can be estimated as

1

Cr > —. (27)
Y S0 rr+ra) Irce + Ri - 1p
D. Closed-Loop Control and Stability of QSC Inverter
According to the waveforms of Fig. 8, the re-
lationship  between control currents and  voltages

(tD,Aps%D,An,D,Bp,tD,Bn  aNd  UsG, Ap, VUGS, An, USG, Bp)
V@8, Bn) can be planned and scheduled for different two phases
and two half-sinusoidal output, and then the result is shown
in Table I as QSC boost dc—ac timing schedule. Here, for
simplification of control design, according to Table I, four control
voltages vs@, Ap, VGS, An> VS@, Bp, UGS, Bn €an be integrated and
determined by a new control voltage variable v¢,,, for different
timing intervals, and their relationship is shown in Table II, where
veon WIll be basically composed of practical output voltage
and desired reference sinusoid later. According to Table II, the
overall relationship between ¢co, and vcey 1S described by the
block diagram as shown in Fig. 9, and then using (7) and (10), the
formulation between them can be derived as

iCon(t)
= .f(UCon (f))

_ {K ([vcon(t)] = V)? - sgn(veon(t)),
0, |vcon(t)] < Ve

UCon (t) ‘ Z VT

(28)

where 7:Con(t) = ICon + iCon(t)7 vCon(t) = \/vCon ‘J\' {)Con(t),
in which I¢on, Voon are static operating signals, and 2con, Ucon

represent dynamic small signals. Based on (28), these relation-
ships for static operating points/dynamic small signals are

ICon = .f(VCon)

~ [K-(|Vcon| = V1) -sgn(Veon), |Veon| = Vo
B {07 [Voon| < Vo
(29a)
icon(t) = gm - Dcon(t) (29b)

where the trans-conductance of MOSFET is denoted by
gm = 2 - /K- |lcon|. So, the static/dynamic closed-loop
control of QSC inverter can be suggested as follows. 1) For
operating signal view of static control, according to (1la),
the static output voltage V, is linearly regulated by control
current Iop, which is nonlinearly adjusted by control voltage
Von as (29a). So, a nonlinear compensator is employed and
presented as shown in Fig. 10, and then it is able to produce
Vcon suitably for making output V,, closed to reference V,ef.
2) For small signal view of dynamic control, according to
(14), the dynamic output voltage ¥, is linearly regulated by
dynamic control current 2Con,» Which is also linearly adjusted
by dynamic control voltage ©con as (29b). So, a low-pass linear
controller is adopted and suggested as shown in Fig. 11, in
which a series proportional gain K p is designed mainly for the
compensation of the tracking error. Besides, there is a low-pass
filter employed in the controller, and it is designed mainly
for avoiding the possible high frequency noises, and thus, its
cut-off frequency wjy, can be suitably assigned according to the
frequency band of noises.

Finally, the stability of QSC inverter is discussed. From (21),
if load Ry, is much larger than parasitic resistors 7, 7c, TCos
then power efficiency becomes quite closed to 78.5%. Basi-
cally, the requirement of Ry, >> ro, R;, >> rce, R, >>
rr is reasonable and desired for better performance (Assume
that load Ry, is about in 2-level, and parasitic 1, 7¢, ¢, are
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about in mf)-level). By combining (14) with this assumption,
the second-order model can be reduced approximately into

@0(3) RL/n
G(s) ~ = = 30a
(#) icon(s) (Co+2C/n)Rp-s+1 (302)
1
polego, = — (30b)

(Co +2C/n)Ry,
where pole,, ., is the pole of the first-order model, and it also
represents the dominant pole of the second-order QSC inverter.
Since the dominant pole is located in the left half s-plane, it is
obvious that the open-loop QSC inverter is locally stable. Since
the variation of static operating point I, will not directly af-
fect the dominant pole, the result almost ensures the global sta-
bility theoretically. So, it is an important one of advantages that
inverter has an inherent good stability.

E. Total Harmonic Distortion of QSC Inverter

Fig. 12 shows the theoretical waveforms of reference input
and practical output for QSC inverter. The reference input is
a standard sinusoidal, denoted by Vet = V - sin(27f - ¢),
and it also represents the desired output of QSC inverter. But,

the practical output is shown as the bold real line of Fig. 12,
which is almost similar to staircase waveform with discharging
decay in each of time duration (For explanation simplification,
the number of time duration is temporarily taken by m = 16 in
Fig. 12). In the figure, V4, V1, Vo ~ V,,,_1 are exactly the initial
values of discharging voltages for each of discharging time dura-
tion, and besides, they also represent the final values of charging
voltages for each of charging time duration. Here, according to
Fig. 12, these voltages Vi, k = 0,1,2,...,m — 1 are described
and selected as

[sin(27 - f - EAT) +sin(2x - f - (k + 1)AT)]

i (25) o2

where Vi, = Vii,, holds due to the cycle waveform. Thus,
based on (31), the practical output voltage waveform of QSC
inverter can be described by

o <ol <

€19

m—1
vo(t) = > Vi -exp <—t — kAT) - P(t — kAT)  (32)
k=0

T
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Fig. 13.  Overall inverter circuit in PSPICE.

where v, (t) = v,(t + T'), and P(t) = uq(t) — us(t — AT) analysis of the practical output v, (¢) is derived, and its analytic
is a pulse function with time duration A7’. Next, the Fourier details are given in the Appendix. According to the result in
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Appendix, the Fourier analysis of output v,(¢) of inverter can
be expressed as

. 2nm
Vo(t) = Z A,, -sin (1— -t) (33)
neD
where
A
A, = — (34a)
n
sin(2 ) T
A= Sm@r/m) () v (34b)
2r/m 2mr
D={n|n=12m+1,3m+1L,4m+1l,...}. Bdc)

Using the THD definition and combining with (33), the THD
of QSC boost dc—ac inverter can be described by

Z:LOZZ A?I
Ay

A A A AL
_ -

THD =

(33)

If the number of time duration (m) is selected quite large, then
the approximation can be made as (36) (the approximation is
satisfied when m is larger than 10). In fact, m is usually much
larger than 10 because fs > f is employed.

A\ A\’
A2 A2 = —— —
m71+ m+1 ('Iﬂ—l) +(m+1>

. 247
-2 m?

(36)

By applying (36) into (35), the THD is derived as

1 1 1 1
THD = — .4 /242 | -+ —+ —5 +...
A J [m2 + (2m)? + (3m)? + }

1
- \/% g (37)

Here, it is obvious that THD can be improved with increasing
the number of time duration (m). If the desired tolerant THD
value THD, and output frequency f are specified, based on
(1) and (37), then the theoretical lower bound of switching fre-
quency fs can be suggested as

fe TS
"7 93 THDg'

(38)

If THDy is required lower, then the higher switching frequency
fs must be needed.

V. EXAMPLE OF QSC B0O0OST DC-AC INVERTER

In this section, a six-stage (n = 6) QSC boost dc—ac inverter
is made in circuit layout and simulated by PSPICE, and then the
result shows the efficacy of the proposed inverter configuration.
The main function of the dc—ac inverter is to convert dc source
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TABLE III
COMPONENT PARAMETERS OF QSC BOOST DC-AC INVERTER.
NMOS/PMOS K:3A/V2,VT =1V,A=0.001
Controller wy =5000rad/s, K » =10
C,.1c, C, =0.8uF, -, =10mQ
C,re C=0.8uF,rc =10mQ
R; R; =300Q

Vg (25 V) into ac output v, (100 Hz, 100 V, rms, peak voltage
140 V) for supplying the standard load Ry, (300 £2). Based on
the basic specifications, PSPICE tool (OrCAD v9.0) is em-
ployed for circuit design of the closed-loop QSC boost dc—ac
inverter system, and then the overall inverter circuit is shown in
Fig. 13. In this figure, T1 and T2 are a group of antiphase square
waveform sources with switching frequency fs of 1 MHz for
the basic antiphase operation of cells A and B. In addition,
symbols AP1, AS1, BP1, BS1, SAIl, SB1, AP2, AS2, BP2,
BS2, SA2, SB2 represent the control signals of CMOS-TG
in inverter, and they are cyclically generated by T1 and T2 in
accordance with the timing operation as Fig. 8. For realizing
the QSC current-mode control, four control voltages Vcon_AP,
Vcon_AN, Vcon_BP, Vcon_BN are generated by combining
T1/T2 and positive/negative half-sinusoidal comparators. The
gain K p is designed for the tracking error compensation, and it
is taken by 10 here. The low-pass filter is designed for avoiding
the possible high frequency noises, and its cut-off frequency
wy, 18 taken by 5000 rad/s here. All component parameters of
QSC inverter adopted are listed in Table III. Now, based on the
inverter of Fig. 13, the simulations will be discussed for some
cases, including: 1) steady-state ac output, power conversion
efficiency, and output ripple percentage; 2) transient response
of the regulated inverter for load variation; 3) a practical capaci-
tive EL lamp; and 4) power efficiency, output ripple percentage,
and THD for various loads.

First, the steady-state ac output voltage versus time is sim-
ulated for some different loads, and all the results are shown
in Fig. 14(a)—(c). Fig. 14(a) shows the ac output waveform for
supplying the standard load Ry, of 300 €2, and the results about
steady-state efficiency, maximum ripple percentage, and setting
time are obtained as: 7 = 73.08%, D0 = (A /Vo)max =
8.521%, and ts = 0.7 ms. Similarly, Fig. 14(b)/(c) shows the
ac output waveform for supplying the load Ry, of 210 €2/390 €2,
and the steady-state efficiency and maximum ripple percentage
are also obtained as: n = 70.79%/n = T72.87%,1ppox =
8.581% /1D ax = 8.475%. So, the higher ac output can be suc-
cessfully realized from the lower dc source by using the QSC
inverter proposed. Comparing these results, it is observed that
the ripple percentage becomes slightly larger/smaller when the
load is heavier (R, : 300 Q — 210 Q) /lighter(Ry, : 300 Q —
390 2). These above results show that the inverter has pretty
good steady-state performances.

Secondly, the transient response of the regulated inverter for
load variation will be discussed. Since it is possible that the load
is unexpectedly increased/decreased, the regulation capability
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the overall output waveform versus time, and

Fig. 15(a) shows

itis as-

and the same

t)

of the inverter must be considered and emphasized. Here

sumed that the load R, keeps on 300 2 normally,

it is obvious that the output is still tracking reference sinusoidal
no matter when the extra load is added in or removed away. Fur-
thermore, to focus on the time of increasing/decreasing load, the

graphics of output waveform is enlarged as

load is added at 7 ms and connected in parallel with the output
terminals, and then the added load is removed away at 11 ms.

In other words, the load is double heavier from 7 to 11 ms.
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shown in Fig. 15(b)/(c), in which the output is tracking ref-
erence after passing a short setting time of 0.7 ms (7.0-7.7
ms/11.0-11.7 ms). The results show that the inverter has a pretty
good transient regulation capability.

Thirdly, a capacitive load, EL lamp, is simulated and oper-
ated at different output frequencies. The equivalent circuit of

11.2ms

Time

(©)

(a) Transient regulation for load variation. (b) While adding the same load at 7 ms. (c) While removing the added load at 11 ms.

the 5-in2 EL lamp (100-1000 Hz, 100-120 V, rms) is shown
as in Fig. 16. Exactly, due to the single directional input cur-
rents at source terminals, the proposed circuit can not take the
power back to the sources. But, the proposed inverter has two
CMOS-TG S4, Sp connected between Ry, and cells A ~ B.
Due to complimentary operation of S 4, Sp, at least one of them



CHANG: DESIGN AND ANALYSIS OF POWER-CMOS-GATE-BASED SC BOOST DC-AC INVERTER

47nF = 10k

m ]

22nF

100Q J

Fig. 16. Equivalent circuit of 5 in? EL lamp.

is turned on as a bidirectional switch at any time duration, and
then it provides a bidirectional energy switching channel. So,
when the load is capacitive or inductive, all the capacitors in
cells A or B can be treated as energy buffers/tanks. So, the pro-
posed inverter could handle as the capacitive/inductive load is
not too heavy. Here, a practical capacitive EL lamp is operated
at different output frequencies (400 Hz/800 Hz), and the outputs
are given in Fig. 17(a) and (b).

Finally, the power efficiency, output ripple percentage, and
total harmonic distortion are simulated for different loads. For
different load resistors with range of 30 2-570 €2, the power
efficiency, output ripple and THD of the proposed inverter are
simulated as shown in Fig. 18(a)—(c), respectively. In Fig. 18(a),
it is obvious that the power efficiency for load resistors of 120
2480 €2 can be higher than 70%. In Fig. 18(b), the ripple per-
centage for load resistors of 120 2-570 €2 is lower than 9%. In
Fig. 18(c), the THD for load resistors of 150 £2-570 €2 is lower
than 8.45%. These results show that it has good performances
for wide-range loading.

VI. CONCLUSION

A multistage power CMOS-TG QSC boost dc—ac inverter
is presented and integrated with a boost dc—dc converter for a
step-up application with ac or dc load, for example, EL lamp.
In this paper, using CMOS-TG as a bidirectional switch, the
various topologies can be integrated in the same circuit config-
uration for achieving two functions: boosting and alternating.
Finally, a six-stage QSC boost dc—ac inverter is simulated by
PSPICE tool, and the results are illustrated to show the efficacy
of the proposed inverter.

The following advantages of the proposed scheme are in-
volved. 1) Since all elements in the inverter only contain MOS-
FETs and capacitors, such the uniform is helpful to IC fab-
rication. 2) Since QSC technique is adopted, input current is
continuous, so EMI problem is much improved. 3) By using
CMOS-TG as a bidirectional switch, it is much helpful to in-
tegrate both dc—ac and dc—dc functions in one unified configu-
ration. 4) The turn-on resistance of power-level CMOS is pretty
small, so it could get higher efficiency. 5) The CMOS gate is op-
erated at high frequency, so the lower output ripple percentage
can be expected. 6) Due to QSC current-mode control, source
variation will not make immediate response on output voltage
and current. So, it has good output robustness against source
variation or noise. 7) Since the duty cycle is fixed at 0.5, such a
constant duty cycle is much useful to model formulation, con-
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trol design and theoretical analysis, even to fault detection and
isolation (FDI) design [20]-[22] in the future. 8) Since the dom-
inant pole is located in the left half s-plane, it is obvious that
the open-loop QSC inverter is locally stable. Thus, the circuit
scheme has an inherent good stability. However, the power loss
still exists, and it results in heat problem. So, both the high-
voltage high-power semiconductors and the extra thermal man-
agement devices are considered for protection of inverter circuit.
It will be the future aim to figure out the higher power efficiency
scheme for IC fabrication.

APPENDIX
FOURIER ANALYSIS OF OUTPUT

The time duration AT’ is reasonably assumed much smaller
than the discharging time constant 7(A7" < 7) as the high
switching frequency f; is selected. So, the exponential term of
(32) can be approximated by the first-order Taylor’s series as

( t—kAT)
exp (—————)p

= (1 _tokal MT) p(t — kAT).  (39)
T

(t — KAT)

By substituting (39) into (32), v,(¢) is divided into two parts

Vo (t) = 0o1(t) + voa(t), (40a)
m—1

vo1(t) = Z Vi - p(t — EAT) (41a)
k=0

m—1
vor(t) = Y Vi ( LA kAT) -p(t — KAT) (41b)
k=0

where v, is a complete staircase sinusoidal term, and v,2 is a
linear discharging decay term.

Fourier Lemma: If there exists ¢ discontinuous points
t1,t2,...,tq on (0,T] for periodic odd function v(¢) and its
derivative v'(¢) (v”(t) = 0 is assumed), then Fourier series of
v(t) can be

= 2
= an -sin <ﬂ ~t>,
n=1 1

neN=1{1,23,...} (41a)
1 < 2nm
bn = % Z |:Jk + COS <T tk-)
k=1
T ;. [2nm
o J, - sin (T -m)} (41b)
where
T = J(te) = v(t) — v(ty) (42a)
JL= (1) = V() — o' (8. (42b)

 Fourier analysis of complete staircase sinusoidal term

VUol:
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Fig. 17. EL lamp. (a) At 400 Hz, 100 V, rms. (b) At 800 Hz, 100 V, rms.

Due to complete staircase waveform of v,1, the Fourier _ X sin 2r - (kK —1) tsin 2 - k
coefficients can be estimated just by Ji(J;, = 0), s 2 m m
< 2nw kT)
m—1 - COS — - —_—
1 m

vor(t) = Y Vi p(t — kAT)

k=0 1 .V e o - k 2T

oo o = — 3 2sin | — | cos | — cos | — -k
Z by - sin <T . t) (43) it T ) T
n=1

2
L5111(7r)-T nebD

where the Fourier coefficients of v,1 can be estimated by = § "7 m) 2’ (44)
using Fourier Lemma as 0, n¢D={nn=1,2m+1,3m+1,4m+1,...}.

By combining (43) and (44), the Fourier series of v, can

1 < 2
Z Jy - cos (ﬂ 'tk> be
nmw £~ 1

k=

1 < 2n SlIl(2”I'/IrL) . [ 2nw
_ 1 Vi vor (1) = esin [ ZE o). @s
m;{w Vie1} - cos( o kAT) vor(t) = = ; (45)

o {V { (ZW.k> ( (k—l_l))}
= — — - |sin +sin | ————=
nT 2 m m  Fourier series of linear discharging decay term vys:
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Fig. 18. (a) Power efficiency for different loads. (b) Output ripple percentage

for different loads. (c) Total harmonic distortion for different loads.

Due to linear discharging decay term of v,2, the Fourier
coefficients are estimated by Ji, and J|(J;/ = 0), so

T

> 2nmw
= E Do - sin | S
2 2 SN < T

m—1
t— kAT
voa(t) = 3 Vi <—7> p(t — KAT)
k=0

. t) (46)
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+ _ T
Ji = ’002(tk) - ’Uoz(tk )= e Vie—1 (47a)
Vi — Vi
T = 1/22(’%) —va(ty) = L= (47b)
.

By applying Fourier lemma, the Fourier coefficients of v,2 are

1 & 2nm
an = EZ |:Jk - COS (T tk)

Ll { ( T
T onm mr
k=1
T <Vk—Vk_1> . <2n7r-k>]
—— [ ——— ] -sin
2nmw T m
1 & T o - (k —
_ b {_ V. {Sm<M)
nmw £~ 2mr m

. (27r-k)] (2n7r~k>
+ sin | —— - COS
m m

(48)

a (27r-k> _ (2m-k)}
. E COS - Sin
m m
k=1

According to discrete orthogonal property, ones can obtain

2w - k 2nm - k
Zsin( T )-cos( nr )20 (49a)
m m
k=1
q
2r - k 2nm - k
ZCOS( T ) - sin ( nr ) ~ (. (49b)
m m
k=1
By employing (49), the Fourier coefficients of v,2 can be
Vv T : 2n m
bo & E.Zmr'sul(ﬁ).?’ VLED_
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By substituting (50) into (46), the Fourier series of v,2 can be

Vo2 (f) =

sin(27 /m) v 1
2r/m

'Z%'

omr
nebD

. 2nw
Sin (T . t> . (51)

Finally, by combining (45) and (51), the Fourier analysis of
the practical output v, () of QSC inverter can be derived as

(1]
[2]

[3]

[4]

[5]

[6]

(71

(8]

[91

[10]

. 2nm
'Uo(t) = 'Uol(t) + @oZ(t) = Z An *Sin ( T : t> (52)
neD
A
An - bnl + an - (53a)
n
in(2 T
A:M. 14 —1).V. (53b)
27/ 2mr
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