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Abstract: To prevent sub-harmonic oscillation and improve the stability and load capacity of the system,a piecewise linear

slope compensation circuit is designed. Compared with the traditional design, this circuit provides a compensation signal

whose slope varies from different duty cycles at —40~85C ,and reduces the negative effect of slope compensation on the

system’s load capacity and transient response. A current mode PWM Boost DC-DC converter employing this slope com-

pensation circuit is implemented in a UMC 0. 6,m-BCD process. The results indicate that the circuit works well and effec-

tively,and the load capacity is increased by 20%. The chip area of the piecewise linear slope compensation circuit is

0. 01lmm? , which consumes only 8:A quiescent current,and the efficiency ranges up to 93%.
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1 Introduction

In medium and small power DC/DC switched
power supplies''’, the peak current-mode controlling
technique in constant frequency PWM closed loop
feedback controlling system is widely used to achieve
better dynamic performance, higher precision, larger
gain bandwidth, and protection from transient large
current.

For the duty cycle D>50% ,there is an inherent
open-loop instability and sub-harmonic oscillation in

2l control-

the constant frequency peak current-mode
ling system. If the conventional compensation that is
stable under all duty cycles including the maximum
di/dt (the worst condition) promised with the con-
stant compensation rate is used, then it will lead to a
large slope compensation and damage the transient
response characteristic and peak inductor current of
the switched power supply. Especially in the unload
conditions,the excessive compensation may make the
peak current-mode control change into the voltage-
mode control, which is unexpected. Therefore, new
circuits are required that can produce a compensation
rate that varies in different duty cycles to solve these
issues. In this paper,a piecewise linear slope compen-
sation is introduced to prevent sub-harmonic oscilla-
tion and stabilize the constant frequency configura-
tion'*%

The design we propose can decrease the negative
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effects of the slope compensation to system’s load ca-
pacity. The duty cycle is divided into three parts,and,
in each part, there is a linear compensation signal,
which achieves a large peak current and the system’s
load capacity,and is stable under high duty cycle. The
design is suitable to boost DC/DC converters as well
as buck DC/DC converters by adjusting the feedback
voltage.

2 Principle of slope compensation

Figure 1 shows the principle of slope compensa-
tion™* ,where m,m,,and m, >0,and Al, is a little
distortion.

From Fig.1,we have:

m, — m
m, + m
It is evident that the condition of the system is

Al =— Al X (D

stable,which satisfies:
m. = m (2)
m, + m
Moreover,

Dm] - (1_D>m2 (3)

Fig.1

Slope compensation
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Fig.2 Slope of compensation versus duty cycle

Thus,from Egs. (2) and (3),we have
2D—1 1
» = (1 — 5= |m,
n > 5p M ( 2D>m_ 4)
Figure 2 shows the function of compensation rate
of the duty cycle according to Eq. (4) ,where m, satis-
fies:

m= ()= (YY) o

m, is the maximum falling slope of the inductor cur-
rent, which is determined by the maximum output
voltage and minimum inductance. The compensation
rate m is proportional to every increase of duty cycle
D .For D=100%.i.e.,m>0.5m,,the system is sta-
ble under all conditions™®" .

3 Circuit design

3.1 Piecewise linear slope compensation design

Figure 3 presents the boost DC/DC block dia-
gram, which consists of such blocks as reference, oscil-
lator,start up and fault control (including soft-start,
under-voltage lock,over-current protection,over-tem-
perature protection and over-voltage protection),
error amplifier, PWM comparator, and driving cir-
cuit’? . The reference block can provide five kinds of
voltages, which are 1.2,0.8,0.35,0.3, and 0.15V.
The chip has a peak current threshold of 3A and an
oscillation frequency of 1MHz. The under voltage
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Fig.4 Current of slope compensation

lock block acts when the power supply is lower than
2.0V and makes the chip cut down to prevent unsta-
ble operation. The slope compensation block can pro-
duce a slope compensation signal. This signal will be
added to the inductor current sampling signal, which
will be further compared with the signal produced by
the error amplifier to secure the inductor current peak
testing signal.

For the whole chip,the duty cycle can be divided
into three parts to make piecewise linear compensa-
tion. By Eq. (4),for D << 50%,, the system is stable
without slope compensation (i.e.,m = 0). In addi-
tion,considering a certain margin,a slope compensa-
tion signal is added to the inductor current sampling
signal when the duty cycle is larger than 30%. Since
the slope m is proportional to the increase of the duty
cycle, the compensating slope is determined by the
maximum duty cycle in its own part. Hence, the com-
pensation slope can be inferred from Eq. (4) at the
maximum duty cycle. Therefore, we can obtain the
current of the piecewise linear compensation denoted
by the solid line shown in Fig.4.

If the constant slope compensation is used, the
compensation slope m must make the system stable
under the worst conditions. Provided the maximum
compensation slope is k., the current of slope com-
pensation is the dotted line shown in Fig. 4.
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Fig.3 Function block diagram of boost DC-DC converter
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Fig.5 Circuit of slope compensation
When the duty cycle equals D, the system is sta- output OSC of the comparator is high “1”, which

ble under both the conditions (see Fig. 4).Comparing
the two lines,we find that the slope current amplitude
is A, with constant slope compensation and A, with
piccewise linear compensation. The difference AA =
Ao -
the transient response of the system worse, degrades

A, is the excessive current range, which makes

the inductor peak current,and reduces the load capac-
ity. Thus, piecewise linear compensation can deter-
mine the current amplitude in terms of the duty cycle
and improve the system performance.

3.2 Realization of piecewise linear slope compensation
circuit

The piecewise linear slope compensation signal is
produced by the oscillator'”*) and the piecewise linear
function circuit in the slope compensation block, as
shown in Fig. 5. The left side of the dotted line is the
slope current generation circuit and the right oscilla-
tor,which can produce a chip clock signal of 1IMHz.

We make a slope transformation and an [-V
transformation to the sawtooth wave signal Vigawe
from the oscillator to obtain the slope compensation
current. The slope compensation of the circuit can be
captured by the piecewise linear current. The im-
proved slope compensation technique can complete
the current loop compensation much better and de-
grade the effect of the compensation current on the
system peak current targets. The oscillator in Fig. 5 is
composed of four parts: the bias current generation
circuit, the folded cascade comparator, the charging
and discharging circuit, and the control logic. V., is
the reference produced by the reference block, and
Vu and V, are parts of V.. When the capacitor CAP
begins charging, the control logic turns M22 off.
When the capacitor voltage Vcap is charged to Vi, the

turns M12 on. When the capacitor CAP discharges to
V1 ,and the output of the comparator is low “0”,then
M12 is off and the capacitor is charged again. So, this
circulation provides a sawtooth signal Viawe . The fre-
quency of the clock signal produced by OSC is IMHz.
The current flowing through Q1 and Q2 is I4 and
I s tespectively. (W/ L)y, * (W/L)y, =1 K.

By charging and discharging to the capacitor,the
Veawp varies from V. to V. F(Q1) and F(Q2) are
functions of Q1 and Q2 when they turn on individual-
ly.

FQD = Virawe + Vieos = Ve = la R: = Vi
(6)

Vi
(D

According to the iterative theorem, the voltages

of N1 and N2 are expressed as:

F(Q2) = Vrawe + Viros — IeR; -

VBEQZ -

Va = M 7R4 T R5

Ve = Vu D)

For F(Q1)<C0 and F(Q2)<C0,both Q1 and Q2

are off. Here,the voltage of N1 is Vy;, and N2 is Vi,

and V<< Vygaww<Vu. The duty cycle of the OSC sig-

nal is Dosc. We divided the Vigawe signal into three

parts,which are [V, V, + AV, ], [V,  +AV,,V +

AV,]land [V, + AV,, Vi ]. When Viawr = Vi +

AV, ,the duty cycle of corresponding system is as fol-
lows:

(8

AV
Dy = Dosc + ﬁ(l = Dosc)
VMR, (1 — Dosc)
= o +
Do ¥ RV ROV - VD (o

During the first part of the duty cycle,there is no
slope compensation and the slope current is zero. In
the clock cycle n .

Lioa [T snT + D, T] = 0, an

Myoper = 0
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By the current loop stability principle,it will be B M vrRAMP
. mslopuZ -
unstable when the duty cycle is larger than 50% . But, R. + R; // (R, + Rour)
in order to have a certain margin, the slope compensa- ~ g VLR + R+ VR, 16

tion is added when D,>30% in the design.

For F(Q1)>0 and F(Q2)<(0,Q1 is on while Q2
is off. It enters the second part D, ~ D, ,that is, V| +
AV < Vipawr < Vi + AV,. Under this condition, the
slope current [ is provided by Q1 and equals K/q .
By the iterative theorem, the voltage of N1 and N2
are expressed as follows:

_ R,
Vo = Vg iw
174 R; / (R, + Rour)
(Vieamr + Vieos — Vieor) s // A ouT

Rs // (R, + Rour) + R,

_ R, R: // (Ri + Rour)
= VM R4 T R3+VRAMP R5//(R4+R0le-)+R2 (12)
Ve = Vi (13)

Thus,for Viawe = VL + AV, ,the duty cycle D, of
corresponding system is:

AV,
D, =~ Dgs + ﬁ(l — Dosc)
VM(I - DOS(‘)
= + —
D osc AT (14)

Veamwr (T + D, T)
R.+R; // (R, + Rour)
VL(R,1 + Rs) + VMR1

Isluch[nT’ nT+D2 T]Q\ = K

R,(R, + Rs)(D, — D)T

For F(Q1)>0 and F(QZ2)>0,both Q1 and Q2
are on. It enters the third part D, ~100% ,that is, V'
+ AV, < Viamr<< V. + AVy. Under this condition,the
slope current [, is provided by both Q1 and Q2.
Islopefﬂl:nT’ nT + (1 - DOSC)T]QI.QZ
K{Islopc:s[nTv”T + (1 - DOSC)T]QI +
Tyopes LT snT + (1 = Doser) Tz}
VR/\MP[(:[_DOSC>]_ VTH+ VR/\MP[(l_DOSC)] }

R3 R2+R5 // R4+ROUT
%K[VH - Vu N 2Vy — VM]
R3 2R,

zg

a7

M yramMP

+
R, + R; // (R, + Rour // R3)

M yramp

R3+ROUT //(Rl + R // Rs)
K VH - VM 2 VH - VM
A~ +
The slope compensation voltage signal is pro-

m slope3 =

duced by making the slope current in the terminal
SLOPE flow through the resistance R, v and Rsgnce s
which is the inductor current sampling resistance.
Then,the compensation slope and current in the arbi-

~ 15
K R,(R, + R (15 trary period of the ultimate system are as follows:
Jmslopcl = 09 O<D<Dl
_ Vi(R, + Rs) + VuR,
m, =M = KRR v RO(D, - Dy PP =D (19
— K VH_VM_ZVH_VM o
mslopc3 - 1 _ DOSC _ Dz [ Rg ZRZ ]7 Dz < D < 100%}
0, nT <<t<<nT+ DT
Mape[ [t = (n+ DOT], nT+ D, T<t<nT+D,T (20)

Islopc[nT,nT-F [] = 1

VMR4(1 - Dosc)

Dl - DOSC_’_(R4+R5)(VH_ V]_)
D; = Dosc + —V(M‘El : ?/OS)C)
H L

Figure 6 is the equivalent configuration of the
slope compensation circuit, where the feedback volt-
age Vi, is compared to the reference voltage V. to
obtain the differential amplified signal V gs. The in-
ductor current peak sampling signal is added to the
slope signal to get the signal V.. Then, the peak
current monitoring signal is found by comparing V g,
and Vgm in order to monitor each periodic signal.
Given the peak value of the inductor current Iy .the
on resistance of the main switch transistor Rpsonsand
the limitation of the inductor current /., when the
inductor current reaches the peak value,we have:

ms]opcB[t - (n + DZ)T]9

nT + D, T < t<100%

I SENCE

RSI‘,NCI‘,

ISI,()I’I',

AN

Fig.6 Function block diagram of slope compensation
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Fig.7 Linear versus piecewise linear slope current

V,EA = vsigma = IswRpson + M gope DT(RLV + Rsense) s
0<C Isw << Iuu 2D

The maximum load current of the Boost DC-DC

is:
AIL VDD
Towax = (Tuw - ALY
OMAX ( LIM 2 ) VOUT
VD]_) D VOU'I‘ VDD
Al = X =.D = (22)
- L fs VOUT

From Eq. (21), we can see that when V p, re-
mains constant,the greater m gope (Lgope) 15sthe less gy
(the maximum [Isw equals I;;y) is.In order to guaran-
tee current loop stability, the piecewise linear slope
compensation greatly reduced the negative effects on
the system’s load capacity from Eqgs. (21) and (22).
The simulation results are shown in Fig.7.

4 Experimental results

4.1 Entire circuit simulation results

Based on the UMC 0. 6pm-BCD process, the cir-
cuit is simulated using H-spice. Figure 7 shows the
simulation results, which indicate better transient
characteristics of the piecewise linear slope compen-
sation current. When the duty cycle is D and the sys-
tem is stable, the current of piecewise linear slope
compensation is less than that of linear slope compen-
sation. We can derive that the adoption of piccewise
linear slope compensation degrades the effect of the
peak value of the inductor current greatly and raises
the load capacity by 20% from Eqs. (21) and (22)
(see Table 1).

The value of the slope current is calculated at dif-
ferent duty cycles according to Eqs. (15) and (16).
Table 1 shows the electrical characteristics of the chip
with the proposed piecewise slope compensation cir-
cuit, which gives the slope current value in the three
duty cycle parts at — 40, 25, and 85C respectively.
Figure 8 is the current slope of compensation under

Table 1 Electrical characteristics of the chip with the proposed
piecewise slope compensation circuit
Power supply/V 2.5 3.6 5.5
Frequency/MHz 1 1 1
Peak current/A 1.5 2.1 3
Efficiency/ % 90 92 93
Rpson/Q 0.18 0.16 0.14
D Slope (A/S)
Temp <30% 30% ~60% >60%
-40C 0 4.29 9.63
25C 0 5.32 11.2
85C 0 6.08 11.9
Vob =5V, Vour =9V Linear slope Piecewise linear slope
Tomax 860mA 1036mA

2t oo
J’L}C/ﬂ)
e/a/a

Fig.8 Current slope of compensation versus duty cycle at dif-
ferent temperatures

the duty cycle between 0 and Dyax <<100% and at
temperature between —40 and 85C .

4.2 Testing results and layout

To test and verify the chip,the transient response
is tested taking the output wave filtering capacitor of
47, F and the 300mA square load current,whose rising
and falling time are 1ps. We find that the output volt-
age pulse is in the range of 100mV at the terminal
Vour and there is no ringing. Figures 9 and 10 show
the testing results. The testing conditions in Fig. 9 are

L33 e
v
|

ch1 ik
524mA

Ch2 45
7.81V

200mAC Ch2 2.00V  M4.00us| A Chi /—4.00mA

W+ -500.000ns

Fig.9 Output and inductor current of DC-DC converter
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Fig.10 Experimental results-output of load response

Voo =3V and Vour =7.81V ( Vour can reach the de-
sign value of 8V by trimming) and in Fig.10 are Vpp
=2.5V, Vour =5V with load current skipping from 0
to 300mA. The results show that the piecewise linear
slope compensation diminishes the negative effects of
slope compensation on load capacity and the transient
response of the system. Therefore, while satisfying
system stability, the piecewise linear slope compensa-
tion improved the load transient response characteris-
tics and load capacity.

Figure 11 is the boost DC-DC layout of the chip
with the proposed piecewise linear slope compensa-
tion circuit. It is the piecewise linear slope compensa-
tion circuit within the block, whose area is 0. 01mm*
and the quiescent current is only 8uA.

Piecewise linear slope compenstion

Fig.11

compensation circuit

Layout of the chip with the proposed piecewise slope

slope compensation signal by employing the oscillator
and piecewise linear function circuit in the design and
layout. The test results show that, while system stabili-
ty is satisfied, the circuit has a better transient re-
sponse characteristic and load capacity, and realizes
the piecewise linear slope compensation according to
different duty cycles accurately. The proposed design
is suitable for the current-mode boost DC/DC con-
verters of constant frequency as well as buck DC/DC
converters by adjusting the feedback voltage.
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