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VRSPV Soft-Start Strategy and AICS Technique
for Boost Converters to Improve the
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Abstract—Soft-start strategy is very important for boost con-
verters to guarantee the stability of the output voltage. However,
previous methods may cause large initial inrush current and long
output voltage settling time. In this paper, a variable ramp-slope
with predefined voltage (VRSPYV) soft-start strategy is proposed.
As a result, one branch of the initial inrush current is successfully
eliminated and the output settling time of the boost converter is
shortened by using the variable slope soft-start voltage. Also, an
adaptive inrush current suppressing (AICS) technique is designed.
The series resistance of the output capacitor is adaptively regulated
by AICS technique to further suppress the initial inrush current.
Finally, the VRSPV strategy and AICS technique are combined
and implemented in a voltage-mode boost converter. The measure-
ment results show that the peak initial inrush current and settling
time are decreased by 60% and 40 %, respectively. The output volt-
age of the boost converter increases smoothly during the soft-start
period and finally achieves stability. The proposed method of com-
bining VRSPV strategy and AICS technique is very suitable to be
integrated on a chip to save the printed circuit board area and cost.

Index Terms—Adaptive inrush current suppressing (AICS),
boost converter, predefined voltage, soft-start, variable ramp-slope.

1. INTRODUCTION

WITCHING dc—dc converters have become indispensable
S solutions for power managements due to the good features
of wide input and output ranges, large driving capacity, and
high efficiency. However, large initial inrush current and out-
put overshoot appearing in the start-up period are long thorny
problems, which possibly cause severe damages to the power
systems [1]-[4]. Besides, output voltage-drop [1], settling time
and system stability [5], [6] also need to be concerned in the
start-up process. Soft-start methods with small inrush current
and fast output voltage settling time have attracted widespread
attentions [7], [8].
Soft-start methods based on generating different types of
ramping voltage were presented in previous designs. Fig. 1
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Fig. 1. Voltage-mode boost converter including different soft-start strategies
and AISC technique.

shows the structure of a voltage-mode boost converter includ-
ing different soft-start schemes. The ramping voltage V. 1S
generated by the soft-start circuit to substitute the reference
voltage V¢ in the start-up period. Conventionally, a resistor—
capacitor (RC) circuit is utilized to generate exponential V.
In [9] and [10], the linear ramping voltage was generated to
minimize the output voltage overshoot and reduce the inrush
current, but this method requires additional pads and discrete
capacitor to promote the accuracy of the output voltage [11]. A
nanocurrent has been used to shrink the capacitor to produce a
linear ramping soft-start voltage, but it is difficult to control the
nanoamp grade current because it is easily affected by the fab-
rication process [12], [13]. A clock-based soft-start circuit was
presented in [10] and [ 14] for the buck converter to realize a step-
changed ramping voltage, in which both the output voltage and
the inductor current increase smoothly without any oscillation
or overshoot. Same results were also shown in [15], in which
an on-chip nonlinear clamping soft-start voltage is generated to
reduce the overcurrent. Another nonlinear method to increase
Vot exponentially was designed in a paralleled power system
[16]. A two-stage soft-start circuit is implemented to greatly re-
duce the start-up current in the boost converter, in which it needs
an automatic substrate switching circuit [17], [18]. For digital-
controlled dc—dc converters, digital-based soft-start strategy can
be embedded in the controller [19].

Some other methods are also used to reduce the inrush current
passing through the power stage of the boost converter during
the start-up period. For example, in order to reduce the inductor
inrush current, an additional passing path was provided by using
an MOS transistor parallel connected with the inductor [2],
by using a diode to directly charge the current to the output
capacitor [7], [20], or by using a special circuit to precharge the
output and the flying capacitors [8], [21]. However, the inrush
current passing through the output capacitor is still great for the

See http://www.1eee.org/publications_standards/publications/rights/index.html tor more intformation.
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Fig.2. (a) Charging path. (b) Discharging path when V;,,,; > Vj,. (c) Charg-
ing path when V¢ < Vj;.

above methods. Another way to suppress the inductor inrush
current is to employ a resistor and a switch series connecting in
the power stage [22], which needs additional time control logic.
An active inrush current limiter with the MOSFET connected
in series in the power stage was described in [23]. In order to
eliminate the influence of control accuracy caused by parasitical
gate—drain capacitance of the MOSFET, an additional big value
discrete capacitor is needed to connect in parallel between gate
and drain, which is very hard to be integrated on a chip.

Deep sight in the soft-start process is seldom involved in pre-
vious publications. The purpose of this paper is to present a
soft-start technique which could be easily implemented in the
embedded power managements with better performance than
those of the currently existing soft-start strategies. In Section
I, energy delivering and the inductor inrush current during the
start-up period are discussed for a boost converter. Then, vari-
able ramp-slope with predefined voltage (VRSPV) soft-start
strategy is presented in Section III. In Section IV, adaptive in-
rush current suppressing (AICS) technique is designed to further
reduce the inrush current. Experiment results verify the good
performance of the proposed method in Section V. Finally, the
conclusions are made in Section VI.

II. ENERGY DELIVERING AND INRUSH CURRENT ANALYSIS

The structure of a voltage-mode boost converter is shown in
Fig. 1. Energy is transferred from supply to output by charging
and discharging the inductor L as shown in Fig. 2. The output di-
vider provides a feedback voltage V5 which is fed into an error
amplifier (EA). The difference between Vrp and the reference
voltage V;.; is amplified to obtain the error voltage V., which is
compared to a saw-tooth waveform with a peak-to-peak value
of V), to generate pulse width modulation (PWM) signals. PWM
signals control the ON/OFF of the switching transistor M, to
regulate the output voltage V.-

The charging and discharging paths of the inductor in dif-
ferent states are shown in Fig. 2. When M, is turned ON, the
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Fig. 3. Soft-start process of the proposed VRSPV scheme.

inductor current 77, increases linearly during T, thus energy
is stored in the inductor L, meanwhile the output capacitor C of-
fers the energy needed by load, as shown in Fig. 2(a). When M,,
is turned OFF, if V,,; > Vi, the supply and inductor together
discharge the energy to the output capacitor and load. Assume
that the output voltage constant 7; decreases linearly during
Torr, as shown in Fig. 2(b). However, at the beginning of the
soft-start process Vou¢ < Viy. L, C, and the equivalent series
resistor Rpgr constitute a resistor—inductor—capacitor (RLC)
charging path, as shown in Fig. 2(c), thus i; increases further
until V¢ > Vin. Therefore, the total inrush current of the boost
converter consists of two branches of ¢7, in the start-up period,
as shown in Fig. 2(a) and (c), respectively. Two aspects could be
considered to decrease the inrush current. One is to eliminate the
inductor current shown in Fig. 2(a) by maintaining M,, OFF be-
fore Vot > Vin. Another way is to suppress the inductor current
shown in Fig. 2(c) by designing L, C, and Rpgp reasonably.

III. DESIGN DETAILS OF VRSPV STRATEGY
A. VRSPV Strategy

As shown in Fig. 2(a), the current passing through M, is pro-
portional to the total on-time of M,,. The total on-time is deter-
mined by the duty ratios which are normally controlled by soft-
start strategy. In this paper, VRSPV strategy is proposed. The
diagrammatic sketch of the VRSPV process is shown in Fig. 3.
During Stage 1 (¢ — 1), the soft-start voltage Viop-vrspv (f)
remains zero to keep the duty ratio to be equal to zero to avoid the
current passing through M,,, until the inductor current reaches
its peak value, which means that one branch of the inrush current
mentioned previously is eliminated during Stage 1. In Stage 1,
the peak inductor current Iy, and ¢ are decided by the RLC
charging circuit, as shown in Fig. 2(c), which can be calculated

as
/C Vin e
ILpeak = ‘/in f + ~ Vin Z

Rload -
C T
t1 = v LCarctan | —2R)gaq T R~ §VLC

(TESR = 07 Rigaq >> 0)
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Fig. 4. Waveform variation in one switching period.

According to (1), It,peak decreases with the increase of L or
the decrease of C. Meanwhile, t; increases with the increase of
LC. Thus, the proper design of the power stage is an effective
way to reduce the inrush current.

During Stage 2 (t; — t4) as shown in Fig. 3, Vi, > Viy.
When M,, turns OFF, the inductor begins to discharge energy
to the output and the inductor current decreases during Torr,
as shown in Fig. 2(b). From ¢; to t2, Vior-vrspv (f) remains
zero to ensure the decreasing of iy . After a short-time interval,
a step-up change of the soft-start voltage Vo _initial 1S S€t at
to to immediately increase the duty ratio, which increases the
inductor charging time to prevent the rapid dropping of ;. The
time interval from ¢ to - is called the delay time of V¢ _initials
which is designed as a constant slightly larger than ¢;. After
ta, Viort-vrspv (f) changes with variable ramp slopes. At be-
ginning, Vi,r-vrspv (f) increases gradually to ensure that the
inductor obtains enough energy to avoid the boost converter en-
tering into the discontinuous conduction mode (DCM). At t3,
the inductor current stops decreasing and begins to increase.
Then, Viore-vrspv (f) increases quickly to promote the increas-
ing rate of the output voltage. Finally, Vio¢-vrspv (f) increases
slowly again to ensure a smooth changing of the output voltage
until ¢4 when Vios-vrspv (?) attains the reference voltage and
the soft-start process finishes. After that, the boost converter
reaches its steady state.

1) Initial Duty Ratio and Vot _initial® Vsoft_initial Can be cal-
culated by analyzing the increments of the inductor current A7
and the output voltage AV'. For one switching period of PWM
signals, i.e., from ¢, to ., as shown in Fig. 4, the equations can
be established in each period as follows:

Vin Vin DT
Ity = ttab Tdt =1Ip, + T
c V:)u _Vin %u_wn 1_DT
Tne= [y - tLidt:fu;—( : L)( )
(2
DT
Voo =Voae RloadC 3)
te ILC - ILb V;ut
Voe= [W0 |20 (4 — ) + Iy — dt.
w gyt W e - g
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Thus, the increment expression can be obtained as
in — u 1-D
T 4
1 [(Ipe —1I1p)
A - oc oa - = - 4
14 V, V. c { 5
V;ut
e T (1-D)T+ Vo —Voa (5)
Rload

where V;,; and R),.q are the output voltage and load resistance,
respectively. Since V,,,; almost does not change during a switch-
ing period, V. in (4) could be substituted by V,,. If Al = 0 1is
assumed, the duty ratio D; can be calculated as
V;)a, - ‘/1
D = v (6)

It D > Dy, AI > 0. The inductor current keeps increasing.

Besides, a good soft-start strategy should keep the output
voltage increasing continuously, i.e., AV > 0. If AV =0 is
assumed in (5), the expression of the duty ratio D, can be
obtained as

‘/out

Ir.+1
< Le + Lb_ )(1—D2)T+C(V:)b—‘/;m):0
2 Rlnad (7)

Since V4, almost does not change during a switching period,
Vour in (7) also could be substituted by V,,. Combining with
(2), (7) can be simplified as

(V:)a + Mn)TDg + Q(IL(lL - V:)aT)DQ + (V;)a - ‘/;II)T
2V,. L
+ e 2IL(LL =0. (8)
load

Normally, Ir, is very small and Rj,,q is very large. Thus,
Voo >> I, L, (8) can be further simplified as

(V;)a + Vln)Dg - 2‘/:)0,D2 + (V;)a - Vin) ~ 0. (9)

Thus, the duty ratio D5 can be obtained as

Voa _‘/in
Dy v ———
27 Voa + Vi

If D > Dy, AV > 0, which means the output voltage keeps
on increasing.

From (6) and (10), we can see that because V,, < Vi, in
Stage 1, the values of D; and D, are all smaller than 0. It
means both the inductor current and the output voltage increase
in Stage 1. In Stage 2, V,,; > Viy, thus Dy > Dy > 0. Atty, the
initial duty ratio Djpjtia1 should satisfy Dy > Dipitia1 > Do to
ensure that the output voltage increases, but the inductor current
decreases. From ty to t3, the inductor current decreases slowly
to effectively use the energy stored in the inductor to increase
the output voltage faster. After ¢3, when the inductor current
falls to be a little more than the load current required by the
boost converter, D is increased to be higher than D; to satisfy
that both the output voltage and the inductor current increase
quickly.

If the type-III compensation network shown in Fig. 5 is em-
ployed in the boost converter, the relationship between V. and

another root Dy ~~ 1 isdiscard. (10)
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D satisfies
v.o_ (Z1 + Z2)Viort — Z2Vrp
% (11)
D_ Vea
Y
where
1 1 1
Ri [ R3 + - Ry + - -
jwCs jwCs ) jwCh
Z1 = 5 ZQ = 1 1 )
R R: R
1At ij;), 2t ij’1 ijQ
Vep = Vo, B= ot
FB — out - Ra +Rb

where (3 is the feed-back factor, V), is the peak-to-peak value of
the saw-tooth waveform, Z; and Z, are the input low-pass and
the bypass bandpass impedances of the type-III compensator,
respectively.
Therefore, the relationship between D and V. can be ob-
tained as
Z
V Zl‘/}gD‘i’ZQﬂ‘/out Z‘/])D+6%11t
soft — Zl T ZQ - Zl
Zy

12)
+1

Compared with the start-up period, time constant caused by
RC in the type-III compensator is very small, which means
that the voltage response of V¢ in the time domain is very
fast and the hysteretic response hardly has influence on the
start-up process. Thus, when a step-up change of the soft-start
voltage occurs, the response time in the time domain can be
ignored. In dc analysis, w = 0. Thus, Z; = Ry and Zy — oo. If
Vout = Vin, Vioft can be simplified as

Veott & BVin- 13)
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Therefore, in case of V,,; = Vi, the dc value of V. can
be calculated by (13), which indicates that the initial value of
the soft-start voltage Viof;_initial at o as shown in Fig. 3 can
be obtained by (13), which shows a feed-forward coefficient
from the input voltage by employing the feedback factor of
[ to simply the circuit implementation. The initial voltage is
designed to be a little larger than the theoretical value because
after the inductor current passes the peak value and begins to
decrease, the output voltage is a little higher than the input
voltage.

2) Variation Range of the Duty Ratio: The variation range of
the duty ratio is worthy of discussing. For a good soft-start pro-
cess, the output voltage should always increase and the inductor
current should begin to increase after ¢3, as shown in Fig. 3.
We can obtain Al and AV in (4) and (5) from the ith and the
(i+1)th periods. Therefore, the increment of the duty ratio A D;
versus AT satisfies

(Al 1 — AL)L

ADj = Di — Di ~
‘ o ’ Vour() T

14

If AD; is large enough, the inductor current can be raised
quickly.

The mathematical expression between AD; and V,; is hard
to obtain. But, the conceptional relationship between them is
known. In the steady state of a boost converter, when the duty
ratio increases suddenly, the charging time of the inductor in-
creases while the discharging time decreases. The energy trans-
ferred from the inductor to the output decreases, so Vj,,; reduces.
But, in the start-up process as shown in Fig. 3, after ¢3, the in-
ductor current is little larger than the requirement of load. Thus,
there exists a duty ratio range to keep the energy stored in in-
ductor and output capacitor both increase. With the increase in
the duty ratio, discharging time decreases. However, the energy
transferred from the inductor to the output may increase, so the
output voltage may also increase. Thus, it has a critical A Dp;
in the start-up process. When AD; < A Dp;, both the inductor
current and the output voltage increase. When AD; = ADp;,
the inductor current increases and the output voltage does not
change. When AD; > ADp;, the inductor current increases
quickly, however, the output voltage decreases. In the above
discussion, when the duty ratio increases, the output voltage
should follow the increase. But, the inductor charging time in-
creases. Thus, there has two possibilities: one is that the inductor
current meets the requirement of load, the output voltage first de-
creases, and then increases. Another is that the inductor current
is little larger than the requirement of load, the output voltage
may always increases. Those processes match the influence of
right-half-plane zero of the boost converters.

V(ALL)? + A? + 2ALLB; — (ALL + A;)

2(B; — /B? — C;))ALL

(‘/;)a(z) + ‘/ill)T

A = V BZQ - 07 B; = ILa(i)L + VT
Voa(iy T'L
Rloa‘d

where

Ci = 2(‘/0(1(1') + ‘/m)

Vouti) + Vi) T(V/(ALL + B;)? — C; + (ALL + /B? — ()

5)
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According to (4) and (5), A Dp; is derived from the ith and
the (i + 1)th periods by assuming that Vi, ;) = Voa(iy1)

According to (15) as shown at the bottom of the previous
page, if Al; =0, ADp; = 0. It means that if the duty ratio
remains constant, the inductor current remains unchanged.

Based on the same approximation above, where Rjyaq >>
0,Al ~ 0.Thus, AI; L << B; and C; << B;.Therefore, (15)
can be further simplified as

CzAIzL V:m i L2
ADpi ~ D) = (i) AIZ
2B; (Vou(iy + Vin)T  (Ira(i) L + VinT)? Ricaa
(16)

Therefore, A Dp; is approximately proportional to A;. If the
inductor current increases quickly, A Dp; is large, which means
there is a large available incremental range of the duty ratio to
guarantee that both the inductor current and the output voltage
increase.

3) Comparison of Different Soft-Start Strategies: We make a
comparison among the inductor current in the RLC circuit shown
in Fig. 2(c) and the inductor current in the boost converter by
using RC and VRSPV soft-start schemes, respectively, as shown
in Fig. 6, where the same parameters are used. The peak current
passing through L in the RLC circuit is the same as that of the
VRSPV scheme, which is lower than that of the RC soft-start
scheme. The reason is that the duty ratio keeps zero to turn-off
M, before the inductor current reaches its peak value in the
VRSPV scheme, which results in a smaller inrush current in the
start-up process.

B. Circuit Implementation of Soft-Start Strategy

1) Structure of the Soft-Start Circuit: The proposed circuit
structure to achieve soft-start strategy is shown in Fig. 7, which
includes an 8-bit counter, a 7-bit R-2R DAC, a two-channel
multiplexer, a CLK divider, and seven 1-bit binary switches.
The 8-bit counter produces a series of Q signals with differ-
ent frequencies. These signals control the on/off state of the
binary switches, and the binary switches determine the connec-
tion ways of the 7-bit R-2R DAC to obtain the waveform of
Vsott- The PV node is used to set the initial soft-start voltage.

Atfirst, “Reset” in Fig. 7 is set as “1” to reset circuit. The 8-bit
counter generates digital codes, Q[8:1] = 8’»0000_0000, to con-
trol the binary switches. The binary switches are implemented
by using analog mux2_1. When “EN” is “1,” “OUT” node is
connected to X; when “EN” is “0,” “OUT” node is connected to
Y. The CLK divider is controlled by Q to get different divider

3667

13

CLK o~ £ . :
i |CLK Divider 8-bit Counter
Reset — L
: ]’T Q[7:5] [ [Qr7:1
EN
Vref X . .
PV - 7 Binary Switches ]
UOUT
7-bit R-2R DAC ’
VDACfoutput
: Soft-Start Circuit
Jrrrmene sl
Vsoft
Fig. 7. Structure of the soft-start circuit.
Vi
Vi Vsott-rc(?)
e N S SR AL
TVeal8f ===z Lo
}
Wedd| """ | ! !
Lo
Veer2 ! | |
| | | |
] | | |
] | | |
| | | |
| ! :
! . !

: soft:-RC(’:ll

0 Ts

Quantized waveform of Vy,¢i-rc -

.

2Ts 3T +++ (N-2)Ts (N-1)Ts NTs t

Fig. 8.

ratios. When the soft-start process begins, Q[8:1] is added 1 per
rising edge of CLK. When Q[8:1] = 8’51000_0000, the output
of the two-channel multiplexer changes to V.¢. Then, the soft-
start process ends and the boost converter operates in the normal
conversion stage. According to the circuit structure, V¢ can
be written as

B(Q)
BIII&X

Veott = (Veet — Vov) + Vpv o))

where B(Q) = L=+ % + ...+ L (N =7), Byay is the
biggest value of B(Q), Q; (i=1,2, ... 7)is the ith bit of Q[8:1],
and Vpy presents the node voltage of “PV.”

2) Implementation of Different Soft-Start Strategies: In or-
der to compare the features of different soft-start strategies,
RC, linear, VRS, and VRSPV strategies are all implemented
by employing the same soft-start circuit. The circuit demon-
strates strong compatibility and different shapes of V¢ could
be obtained by reasonable design of the CLK divider.

a) For RC soft-start strategy: the soft-start voltage
Vioft_rC presents an exponential variation. The relationship be-
tween Vop-rc(7) and ¢ is illustrated in Fig. 8, and the equation
can be expressed as

Viofe-nc (£) = Viet (1 — ¢ 575) (18)
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where Rg and Cy are the resistance and capacitance of RC soft-
start circuit, respectively. If 7 is quantized, the discrete Viogi-re
(n) can be written as

Viott-re (1) = Viet (1 — € 7595 )(n=10,1,2,...N)  (19)

where T is the sample period. N is determined by the resolu-
tion of R-2R DAC. In this study, N = 7. If T, = R;Csin2 is
assumed, (19) becomes

2" —1 1
V;oft-RC (TL) = 7‘/mf = <]- - 2") V;cf'

> 0)

For RC soft-start strategy, the frequency of output signals of
the CLK divider fg_gc(n) is expressed as

fs—rc(n) = %

fs-rc(n)is decreased to half of previous frequency every 7.
The initial frequency fso_rc is determined by 7. In this study,
fso_rc = 2N 71 /T, = 64/Ty. The total soft-start time satisfies

oN-1 448

ferk  fork

fso-rc- (21

Teoti-rec = NTy = N

(22)

b) For linear soft-start strategy: The input frequency of
the CLK divider keeps constant, which is equal to the output of
the CLK divider. Thus, the total soft-start time of linear strategy
satisfies

N
2 = 128 . (23)
ferx  fork

c) For VRS and VRSPV soft-start strategies: same CLK
divider is adopted. The difference between them is that there is
a delay time to ensure M,, turned OFF and a predefined voltage
Viott _initial 18 connected to the “PV” node for VRSPV strategy.
The “PV” node is connected to GND for VRS strategy.

The CLK divider is designed to generate different frequency
of fg, which determined the variation rate of Q[8:1], and pro-
duce soft-start voltages in different steps of the soft-start pro-
cess. Fig. 9 shows the structure of the CLK divider. Q[7:5] are
generated by a 8-bit counter, which divides the whole soft-start
process into eight steps. A fixed frequency clock signal, CLK,

Tsoft—linear =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 5, MAY 2016

is used to generate four frequency signals, Q,, Qp, Q., and Q,
which are selected by the sequence from @y to @), and then
from @, to Q4 to form a new clock fg in the eight steps, with
frequency relationship of

fork = 2fga = 4fqp = 8fgc = 16fqa- (24)
The total soft-start time 75—y of VRS and VRSPV strate-

gies is decided by
2N73 2N73 21\773 2N73
Tty = 2 ( + + + >
o fqa fob fae fqa
15 x 2N -1 960
_ 2 - . 25)
fork foLk

According to (22), (23), and (25), same soft-start time could
be obtained if proper fcrk is designed in different soft-start
strategies, which gives a good way to make a comparison among
the different strategies.

C. Brief Summary

In order to avoid large inrush inductor current and output
voltage-drop, the VRSPV method is designed before t,, D keeps
0, thus M, is turned OFF. At to, Vioft_initial 1S S€t to obtain a
stepped increment of the duty ratio to promote energy transfer-
ring from supply to the load. The inductor obtains enough energy
and the inductor current does not decrease much, which avoids
the DCM period. Then, the soft-start voltage increases gradually
to keep the output voltage increasing. After that, the soft-start
voltage increases quickly to promote the increasing rate of the
output voltage. Finally, the soft-start voltage increases slowly
again to ensure a smooth changing of the output voltage without
overshoots or undershoots.

IV. AICS TECHNIQUE TO FURTHER REDUCE
THE INRUSH CURRENT

A. Circuit Implementation

Based on the analysis above, one branch of the inrush current
passing through M,, shown in Fig. 2(a) is eliminated by using
VRSPV strategy, while another branch of the inrush current
flowing through the output filter C, shown in Fig. 2(c), might be
still large. Increasing rggr is an effective way to reduce this part
of the inrush current. When V¢ < Vi, alarge rggg is required
to suppress the peak current. However, when Vv > Vin, rEsr
should be reduced to lower the output ripple. According to
(1), if L =10 pH and C' = 4.7 uF in the power stage of the
boost converter, the calculated time interval between %, and ¢;
shown in Fig. 3 is only 10 s, which means that rgsg should be
regulated in 10 ps. In this study, the AICS circuit is designed,
as shown in Fig. 10. It includes an additional equivalent series
resistor Resr, a switch SW, a Schmitt trigger, a capacitor C/,
and a resistor 2.V is the input of Schmitt trigger to control
the on/off state of SW. The value of Rggg is designed according
to the allowed peak value of the inrush current.

For a capacitor C, the relationship between Vi and i satisfies

dv,
ic =C=%

et (26)
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Fig. 10.  AICS circuit and its signal response.

In this study, dV /dt is detected to observe i by cascading
Cy and Ry, as shown in Fig. 10, which acts a detector. When the
boost converter is powered ON, V,,+ < Viy, the output capacitor
C is charged, the growth rate of Vj is high. At the same time,
ac signals of the output pass the high-pass filter of 'y and
Ry, thus V} increases. When V reaches to the high threshold
voltage of the Schmitt trigger, the trigger flips to turn OFF
SW, and Rpgpr is in series connection with C to suppress the
initial inrush current. When V,,; > Vi,, the growth rate of Vg
becomes slow, V; decreases. When V; descends to the low
threshold voltage of the Schmitt trigger, the trigger flips to turn
ON SW. Rggr is shorted and the AICS circuit stops operating.
The transfer function of the high-pass filter satisfies

Vour 14+ sR;Cy

H(s) = (27)

This function has a zero at dc and a pole at 1/(R;C/). The
pole frequency represents the cutoff frequency of the high-pass
filter, which means that the signals with frequency higher than
the pole can pass the filter in time, while the signals with fre-
quency lower than the pole will be attenuated. The resonance
frequency of LC is equal to 1/vLC. If R;C; ~/LC is de-
signed, the voltage variation slope of the capacitor generated by
the initial inrush current can be sensed in time by the high-pass
filter. The AICS circuit has a very fast transient response to turn
ON or turn OFF rggg to suppress the inrush current in the start-
up period or lower the output voltage ripples in the conversion
operation.

B. Stability Analysis

In the AICS circuit, a zero is generated by Rpsr and C.
If the zero shift is near to the crossover frequency of the boost
converter, the loop bandwidth will increase and additional phase
margin is provided. Thus, the steady and transient features of
the boost converter are both improved. However, if Rpsy is
too big, the zero frequency might be less than the one-tenth of
the loop crossover frequency of the boost converter. Although
the loop bandwidth could be further increased, the phase margin
will decrease by the influence of the high-frequency pole and the
right-half-plan zero, which may lead to instability. Reasonable
Rggr is designed to avoid this problem. By using MATLAB
software, the simulated loop gain of the boost converter is shown
in Fig. 11. When AICS works, the loop bandwidth increases ten
times and the phase margin satisfies the stability requirement of
the boost converter.
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Fig. 11.  Loop gain of the boost converter with different RpsR .

C. Brief Summary

AICS technique is a good solution in the field where the
inrush current passing through C needs to be strictly suppressed.
Compared with the previous current limiter by using MOSFET,
combining VRSPV strategy with AICS technique can not only
suppress the inrush current but also shorten the start-up time
effectively, which is also easily fully integrated on a chip. The
proposed technique is more suitable to be applied in the systems
in which fast transient response is especially required.

V. EXPERIMENTAL RESULTS AND DISCUSSION

VRSPV strategy and AICS technique have been implemented
and verified in a boost converter with 1-MHz switching fre-
quency. The input voltage is 5 V and the output voltage is 18 V
with 120-mA load current. The inductor and the capacitor are
chosen as 10 pH and 4.7 pF, respectively. Rpsg is 2 Q. Ry
and C'y are designed as 100 €2 and 47 nF, respectively. SW is
selected as TI-CSD16301Q1. According to (1) and (13), the cal-
culated time interval ¢; is approximately equal to 10 us and the
predefined initial voltage Vot _initial 1S approximately 0.28 V
in case of V;,; = V4,. Considering the growth rate of the input
voltage when power is ON and parameter errors of the induc-
tor and the capacitor, the delay time ¢, is designed as 16 us.
At 19, the output voltage increases up to nearly 8 V. The cal-
culated Vot _initial 1S 0.44 V. Finally, Vo initial = 0.45 V is
adopted in practical implementation. The boost converter in-
cluding its power stage and controller, AICS circuit, 7-bit R-2R
DAC, and 2-channel multiplexer are implemented on printed
circuit board, the clock generator and 8-bit counter are realized
by using a field-programmable gate array, as shown in Fig. 12.

Figs. 13—15 show the measured waveforms of on-chip RC
soft-start scheme, linear soft-start scheme, and VRS soft-start
scheme, respectively. Soft-start times for all strategies are fixed
to 1.5 ms. Output voltage-drop and DCM operation with large
inrush current and long settling time could be found in these
three test results. Fig. 16 presents the measured results of VR-
SPV strategy. The output voltage continues to increase without
any drop. The peak inrush current is restricted within 2.2 A. The
settling time is 1.7 ms without DCM period.

Fig. 17 presents the measured results of the method combin-
ing VRSPV and AICS techniques. Fig. 18 shows the detailed
inrush current response of the designed method. When power
is ON, V¢ increases rapidly, the high-frequency signal of V
passes the filter and SW is turned OFF by the flipping of the



3670

SAW
DAC |

Fig. 12.  Photo of the boost converter.

On-chip RC sof:t-'start response

i

51 400ps
peS— ool =y
input voltage !
:-— soft-start time _— s o e S g
e 1:5ms ' 31\ PWM@I1MHz
soﬂ-slart voltage t
ot 1
“hpeie=30A oo ——
Wl SO WY GHU /SO Ve 424
"inductor current %
re———— settling time ——— .
: 2.2ms — H [}
V—— i ! 18V
§ T*==yaltage drop ! ¥
) |
output voltage :
W WA E [ SENTUI - MTETS | |— _.—

Fig. 13.  Experiment results of the on-chip RC soft-start scheme.
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Fig. 14.  Experiment results of the linear soft-start scheme.
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Fig. 15.  Experiment results of the VRS soft-start scheme.
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Fig. 18.  Detailed response of VRSPV with AICS scheme.

Schmitt trigger. As the result, the equivalent series resistance of
the capacitor increases to 2 2. The peak initial inrush current is
restricted within 1.2 A after a delay time of 16 us. During the
delay time, the initial soft-start voltage remains 0 V to keep M,
turned OFF. Then, a step-up change of the soft-start voltage is
set to immediately increase the duty ratio. Thus, another peak
inrush current with 1.25 A appears to lift the output voltage.
After several switching periods, the Schmitt trigger flips again
to turn ON SW. The AICS circuit finishes operating. There are
two current peaks in the soft-start period, which ensures the in-
ductor and the capacitor obtain more energy. DCM is avoided.
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The settling time of 1.7 ms is obtained, which is the same as
that of the VRSPV scheme without AICS.

The dynamic responses caused by the variations of the input
voltage and the load current are also measured, as shown in
Figs. 19 and 20. Fig. 19 shows the measured waveforms of line
transient response when the input voltage changes between 5 and
7 V. Fig. 20 shows the measured waveforms of load transient
response when the load current changes between 80 and 240 mA.
The measurement results show good dynamic performance of
the designed boost converter.

To sum up, the output voltage of the boost converter is deter-
mined by the input voltage and the duty ratio. In the steady state,
when load transient occurs (ignoring all parasitical parameters),
the output voltage immediately changes, which causes the varia-
tion in the duty ratio. Then, the output voltage is regulated again
through the feedback loop. In this process, the dc value of the in-
ductor current changes but the ac value remains unchanged. The
measured regulating period is only 20 us as shown in Fig. 20.
If load transient occurs during the soft-start period, it will bond
to an influence to the start-up process. But the start-up period
is usually several milliseconds, which is much longer than the
load transient response time. In addition, the soft-start process
can be approximately considered as a reference tracking pro-
cess. During the start-up period, the reference voltage increases
continuously and the output voltage of the boost converter is
regulated by the close loop control. The proposed VRSPV strat-
egy produces the soft-start voltage to substitute the conventional
soft-start voltage, which does not influence the loop control of
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TABLE I
EXPERIMENTAL RESULT COMPARISON
Soft-Start Strategy DCM Output Drop Inrush Settling time
Process Current (A) (ms)
RC yes yes 3.0 22
linear yes yes 2.4 2.8
VRS yes yes 2.6 2.7
VRSPV without AICS no no 22 1.7
VRSPV with AICS no no 1.25 (160%) 1.7 (140%)

the dc—dc converter. The strategy could also be well applied
in current-mode-controlled dc—dc converters. Besides, for hard-
ware implementation, VRSPV is easy to be implemented be-
cause only several DFFs, binary switches, resistors, and basic
logic are needed. Furthermore, because the peak inrush current
is significantly suppressed by AICS technique, the size of M,
and Dy, could be reduced. From this perspective, the cost of the
integrated boost converter could be decreased. The comparisons
are summarized in Table I. VRSPV strategy with AICS tech-
nique shows the best features among these schemes. VRSPV
strategy with AICS technique shows advantages such as small
size, fully integrated on a chip, no DCM, no output voltage-
drop, the lowest inrush current, and the shortest settling time. It
could be universally utilized in other converters such as buck or
buck-boost converters with asynchronous or synchronous and
voltage-mode or current-mode dc—dc converter architectures.

VI. CONCLUSION

In this paper, the components of the inductor inrush current
and stages of the soft-start process are analyzed. The VRSPV
soft-start strategy combining AICS technique is proposed and
the detailed design is given. Both VRSPV strategy and AICS
circuit are successfully verified in a prototype boost converter.
Experiment results show the rationality, practicability, and ef-
fectiveness of the proposed method, which is a good solution
to improve the soft-start performance of the boost converter.
In addition, because the off-chip resistor and the capacitor are
not needed, I/O pads for external passive components are no
longer required. Therefore, the facility of power managements
is significantly improved.
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