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Abstract—Multiphase constant on-time current-mode control
based on pulse distribution structure is widely used in voltage
regulator application for microprocessor. To minimize ripple can-
cellation effect, external ramp compensation is used in commercial
products. However, external ramp will introduce dynamic to the
system and stability margin will be suffered without considering
its effect. This paper first studies the effect of external ramp by
deriving small-signal transfer function based on describing func-
tion method. It is found that external ramp brings additional dy-
namic, with time constant related with switching period. Then,
a simple equivalent circuit model based on three-terminal switch
concept is proposed, which considers the effect of external ramp
by adding an additional R—L branch. The equivalent circuit model
can be reduced to previous unified three-terminal switch model
when external ramp is zero and can be reduced to model of con-
stant on-time voltage mode control when external ramp is much
larger than inductor current ramp. The proposed three-terminal
switch model is a complete model, which can be used to examine all
transfer functions and is accurate up to half of switching frequency.
The analytical transfer functions are provided for easy reference.
The model is verified by SIMPLIS simulation and experimental
measurement.

Index Terms—Constant on-time current mode, external ramp
compensation, three-terminal switch model.

1. INTRODUCTION

ULTIPHASE constant on-time current-mode control

based on pulse distribution structure is widely used in
Voltage Regulator application for microprocessor [1]-[4]. The
structure is shown in Fig. 1 and the steady-state waveform for
a two-phase constant on-time current-mode control is shown in
Fig. 2. The switch turn-off instant is determined by the on time
and the switch turn-on instant is decided by the comparison of
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Fig. 1. Multiphase constant on-time current-mode structure based on pulse
distribution with external ramp compensation [2], [3].

i[.:

Fig. 2. Steady-state waveform for two-phase constant on-time current-mode
structure based on pulse distribution with external ramp compensation [2], [3].

the total inductor current, the external ramp, and the control sig-
nal from feedback. The pulse distribution scheme sends the first
turn-on instant to the first phase and the second turn-on instant to
the second phase. By this way, the implementation is simple and
it is capable of automatic interleaving between different phases.
Compared with constant on-time voltage mode control, current-
mode control can simplify the feedback design and improve
dynamic performance [5], [6]. Compared with peak current-
mode control structure, constant on-time current-mode control
has better small-signal plant characteristic and, therefore, can
achieve a wider bandwidth with sufficient phase margin [7], [8].

For single phase operation, external ramp compensation is
not necessary as there is no current loop instability problem for
constant on-time current-mode control [7], [8]. However, for
multiphase operation, the structure based on pulse distribution
structure suffers the ripple cancelation effect due to interleaving
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Fig. 3. Impact of external ramp on loop gain bandwidth and phase margin in
a two-phase VR example.

between different phases: When the operation range is close to
ripple cancellation point, the total inductor current ripple is small
and the small amount of current ripple is prone to be disturbed
by noise. As a result, external ramp compensation is utilized in
commercial products [1], [2] to alleviate the jittering problem
caused by the ripple cancellation effect. As shown in Figs. 1 and
2, the external ramp increases the total ramp to compare with
control signal and therefore the immunity of the circuit to the
disturbing noise is improved.

External ramp compensation is a simple solution to alleviate
jittering problem; however, the addition of external ramp affects
the dynamic performance. Without changing the compensator
parameters, it is observed that the introduction of the external
ramp reduces the bandwidth and phase margin of the total loop
gain transfer function. One example is shown here with the fol-
lowing parameters: phase number n,;, = 2; switching frequency
Fy,, = 800 kHz/phase, input voltage V;,, = 5.2 V, output volt-
age V, = 2V, inductor L, = 150 nH/phase, and output current
I, =40 A. As shown in Fig. 3, without external ramps, the
converter is designed with 230 kHz bandwidth and sufficient
phase margin (70°). With the external ramp slope around the
inductor current falling slope (magnitude of 38 mV), the phase
margin reduces to 50° while the bandwidth reduces from 230
to 150 kHz. With external ramp slope around two times the in-
ductor current falling slope, the phase margin further reduces to
38°, which is out of many engineer’s comfort zone of at least
45° phase margin.

For quantitative analysis, an accurate small-signal model is
indispensable. Several papers. which are closely related to this
subject are summarized as follows: In [9], the describing func-
tion method is used to derive the transfer function of constant
on-time modulator. However, the inductor current information
is not included in voltage-mode control structure. For previous
small-signal models for constant on-time current-mode control,
which includes Redl’s analysis based on injected—absorbed cur-
rent method [10], Ridley’s modified average model [11], Vope-
rian’s current-controlled pulsewidth-modulated (PWM) switch
model [12], Li’s equivalent circuit model based on describing
function [7], and Yan’s three-terminal switch model [8], none of
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them includes external ramp compensation as the external ramp
is rarely used at that time. In [13]-[20], small-signal analysis for
constant on-time V? control (or ripple based control) and con-
stant frequency V? control with external ramp compensation are
presented. However, in V2 control or ripple-based control struc-
ture, not only inductor current ramp but also capacitor voltage
ripple participates in modulation. In short, up to now, no good
small-signal model for constant on time current-mode control
with external ramp compensation is proposed in the literature.

This paper tries to provide a simple and accurate three-
terminal switch model for constant on-time current-mode con-
trol with external ramp compensation, which will serve as a
useful tool for understanding the effect of external ramp and
designing feedback control appropriately. The accurate small-
signal model will be derived using the describing function
method, as this method is becoming popular and has already
been successfully applied in PWM buck converters with current-
mode control [7], [8] and V2 control [13]-[20], as well as in
more complicated resonant-type converters, such as series res-
onant converter (SRC) [21]-[23] and LLC resonant converters
[24], [25]. Besides, a simplified equivalent circuit model is also
provided, which is presented in the more preferred circuit form
instead of a mathematical equation form and can provide more
physical meaning, similar to the unified three-terminal switch
model presented in [8] for current-mode control and [18] for V2
control. This paper is an extension of the original conference pa-
per [26]. The remaining paper is organized as follows: First, the
accurate small-signal control-to-output voltage transfer function
is derived using the describing function method in Section II.
The result is infinite order and accurate up to infinite frequency.
In Section III, the infinite-order transfer function is simplified to
a polynomial form in order to derive a simple equivalent circuit
model. A three-terminal switch model is proposed based on the
nonideal current source concept. It is a complete model, which
can be used to examine all transfer functions and is accurate up
to half of switching frequency. Section IV discusses some im-
portant aspects about the proposed three-terminal switch model.
Section V extends the three-terminal switch model to multiphase
converters. Section VI provides SIMPLIS simulation and ex-
perimental results to verify the proposed three-terminal switch
model. Section VII summarizes this chapter.

II. PROPOSED SMALL-SIGNAL MODEL BASED
ON DESCRIBING FUNCTION

To get exact small-signal control to inductor current trans-
fer function, the describing function method is employed. This
method is employed previously to derive transfer function for
current-mode control in [7]. The structure of constant on-time
current-mode control with external ramp compensation when v,.
is under perturbation is shown in Fig. 4. The nonlinear constant
on-time modulator, which consists of the switches, the induc-
tor current, the comparator with external ramp, and the on-time
generator is treated as a single entity. The steady-state waveform
and perturbed waveform are shown in Fig. 5. The assumptions
of the describing method and derivation steps are exactly same
as [7]; therefore, only critical steps are listed in this paper.
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Step 1: Perturbed off-time calculation shown as follows:

Ve (tifl + Toff(ifl)) + SeToff(z'fl) + 8 Ton

= U(:(ti + Toff(z)) + (86 + S,f)TOH<i> (D
where
Vgn - V; _ ‘/0
Sn_Ri'T’ Sf—RZL—b

Step 2: Perturbed duty cycle and perturbed inductor current
calculation, as shown in (2) and (3)

M

= Z [u(t —t; — To(ay)

i=1
7U(t —t; — Toff(i,) - Ton)]
2)

d(t) [o<t<tor +Tors 2+ Ton

L (t) IOStStM + Lot (0 ) +Ton

‘L/(’[ld(t)}}~dt+iLo.
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Step 3: Fourier analysis on inductor current and output voltage
to obtain describing function results, as shown in (4) and (5)

iL (S) _ fs(]' B 678T0n ) ‘/;11 (4)
v.(8)  (se +8f) — sce T Lys

Vo (S) o fs(l — eisTm‘ ) ‘/in RL (RCU COS + 1> (5)
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Fig. 6.  Comparison of control to inductor current transfer function between
approximation (8) and SIMPLIS simulation.

Step 4: Considering the variation of inductor current slopes, the
transfer functions from the input voltage to inductor current
and output voltage to inductor current are derived in a similar
method and the results are shown in (6) and (7)

ir(s) -1 fo(1 — e sTon)
vin(8)  Les | (1 —esTow)[(s5 +8.) — 8.0 Tsv ]
(1 _ eSTon) :
P L;/RZ ‘/1[1 + D
(6)
ir(s) 1 fo(1 — e Ton) 1 Vo 1
U, () T Lgs (Se +57) —sceTsw  s-Ly/R; m
@)

III. PROPOSED THREE-TERMINAL SWITCH MODEL

For small duty cycle application, the effect of the dynamic
term related to on time in (4) is small and can be neglected.
Furthermore, with a first-order polynomial simplification, the
infinite-order control-to-inductor transfer function shown in (4)
is simplified as follows:

iL(S) o 1

ve(s)  Ripy (';—f + %) Ts

1+ (Tsw/2 Vo
+ (Tow/2)s sp=R; =2
L,

The approximation is good up to half of switching frequency
compared with simulation results, as shown in Fig. 6. If there is
no external ramp, the control to inductor current is constant gain,
which reveals the fact that in this case the inductor current is well
controlled by control signal, or equivalently, the circuit can be
regarded as an ideal current source. By adding an external ramp,
the gain of control to inductor current drops at high frequency,
which reveals the fact that the external ramp reduces the ability
of controlling the inductor current, or in other words, the circuit
is a nonideal current source due to the effect of external ramp.
Based on the physical insight of nonideal current source, an
equivalent circuit is derived to represent (8) as Fig. 7.
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Fig.9. Three-terminal switch model of constant on-time current-mode control

with external ramp compensation.

Fig. 8. Equivalent circuit representation of constant on time current-mode
control with external ramp compensation for general case.

The expressions of R.9 and L. is shown as follows:
L L
(se/57)Tew’ 2(se/sy)

For general case, the effect of the dynamic term related with
on time in (4) may need to be considered: as the duty cycle
is large, an additional phase delay is observed. Compared with
D = 0.1 case, there is additional 33° phase delay at half of
the switching frequency for D = 0.5 case. Previous equivalent
circuit model of constant on time control uses an impedance
comprised by R, and C, to represent the additional phase delay
by forming a pair of double pole whose position is related with
on-time [7]. Applying the same concept, the polynomial simpli-
fication of control-to-inductor current and its equivalent circuit
representation is shown in (10) and Fig. 8, respectively

in(s) L 1+ (Toy /2)s
w(s) R 1T ((5e57) + (1/2)) Tows
1

1+ (s/Quwr) + (s/wr)?
2 T

Re? = LeQ = (9)

Q1 =

wp = —.

TOH (10)

The expressions of Res, L2, R., and C, are shown as fol-
lows:

2L 1
R, = : ’ Ce = 7 3
((256/5f) + 1) Ton LSW%
L. L.
Re? = Le? = .

2(se/sp)(1 = D)
(11
Fig. 8 can be used to derive control-to-output voltage transfer
function and output impedance; however, the input property

is lost. To consider the input property and apply the three-
terminal switch model concept, the same strategy as used in

(56/5/')(1 — D)Tyy ’

Fig. 10.
terminal switch model in [8] when S, = 0.

Proposed three-terminal switch model reduced to original three-

[8] is adopted. The three-terminal switch model for a single
phase is shown in Fig. 9.

The expressions of K, for constant on-time current-mode
control is shown as follows:

Toi'f

Ko =220
P TO n

12)

IV. DISCUSSION ON PROPOSED THREE-TERMINAL
SWITCH MODEL

A. Comparison With Previous Three-Terminal Switch

Model [8]

As seen from (9), the impedance comprising R.o and Lo is
infinite when there is no external ramp; therefore, an additional
R.o — L5 branch disappears and the model in Fig. 9(b) reduces
to the previous model proposed in [8], as shown in Fig. 10.
This means the model shown in Fig. 9(b) is more inclusive and
general.

B. Moving Pole and Static Zero Represented
by R.o — L¢o Impedance

When external ramp increases, the impedance R.» and Lo
reduces, and it may shunt part of the current provided by the
ideal current source. To illustrate this point, use S, = Sy as an
example. The values of R.o and L.s can be calculated from
(9), which is L, /(T ) and L /2, respectively. The following
analysis shows how R.o and L.» represent the pole and the zero
of the circuit shown in Fig. 7. When modulation frequency is
low, the impedance of R. is much larger than L., and Ls;
therefore, the R.o — L.» impedance does not shunt current, all
the current flows into L, branch. The gain is flat, as seen from
Fig. 6. When modulation frequency increases, the impedance of
inductor L, branch increases, and the R.o — L. branch starts
to shunt current. The inductor current is determined by an ideal
current source coming through a first-order current divider. Ac-
cording to current divider theory, the boundary frequency, which
is also the pole position, is the point at which the impedance of
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Increasing S,

Fig. 11.  Pole—zero map of control-to-output voltage transfer function with
increasing external ramp.

R, is the same as the sum impedance of L.o and L. For this
example, the value is Fy /(37). Now, if the modulation fre-
quency further increases, then impedance of L. will dominate
the R.o — L.» branch and the ratio between this branch and L
branch is same afterward. This is a zero effect, and the frequency
of zero is at Fy /7. In general, based on the current division
theory, due to the branch of R.o — L.», there is a moving pole
and a static zero: the pole is determined by R.o, L¢o, and Ly,
and the zero is determined by R.o and L.o. The expression of
the zero and the pole is shown as follows:

f o 1 ReQ o F@w
P 27 Lea+ Ly w(2s¢/sp + 1)
1 R(’Q st
= ——— = . 13
f 2T LEQ s ( )

C. Effect of External Ramp on Pole—Zero Movements and
Bode Plots

Previously the effect of R.o — L., impedance with a given
external ramp is discussed: a moving pole and a static zero.
Fig. 11 shows the pole—zero map with different external ramp
and the following circuit parameters: F, = 300 kHz, V;, =
12V,V, =12V, Ly =300 nH, Ry = 100 mS2, eight ceramic
capacitors (1.4 m/100 pF), and R; = 10 m{2. The ESR zero
of the capacitor is far away from the switching frequency and
can be ignored. From Fig. 7, when external ramp is zero, R.o —
L.» impedance is infinite and only the pole caused by output
capacitor and load exists. When external ramp increases, R.o —
L., branch impedance decreases and starts to shunt current in a
certain frequency range. As analyzed in previous section, there is
a stationery zero located at Fy,, /7, which is determined by R.o
and L., and a moving pole, which is determined by R.s, Leo,
and Ly, as shown in (13). Further increase the external ramp,
the impedance of R.o — L.y branch is so small that the current
source is shunt by this branch instead of delivering to the output.
This means that the current loop is killed by the large external
ramp and the control is turned into voltage mode control. The
moving pole combines with the single pole caused by output
capacitor and load and forms a pair of double pole at power
stage LC filter corner frequency.
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Fig. 12.  Bode plots of control to output voltage transfer function with increas-
ing external ramp.

Fig. 12 shows the Bode plots of control to output voltage
transfer function with increasing external ramp. When s, =
0 (red), only one pole caused by output capacitor and load
exists, and it is a first-order circuit as the minimum phase is
around —90°. When s, = 1s; (blue), the pole starts to move
and split with the zero. When s, = 20s; (pink), the moving
pole combines with the low-frequency pole and forms a double
pole at power stage corner frequency; in this case, the current
loop effect is killed by the large external ramp, changing the
current-mode to voltage-mode control.

D. Comparison with Peak Current-Mode Control and
Constant On-Time Voltage-Mode Control

From Figs. 11 and 12, the characteristics of control-to-output
voltage transfer function with different external ramps are simi-
lar as in the case of constant frequency peak current-mode con-
trol. The only difference is caused by the stationery zero, which
shows a high-frequency phase boost, shown in Fig. 13. The
comparison indicates possible bandwidth improvement with
constant on-time current-mode control due to stationery zero.

With a large external ramp, the current loop effect is killed and
the circuit turns into voltage-mode control. For constant on-time
voltage-mode control, the describing function method is utilized
to derive the transfer function of variable-frequency modulation
scheme in [9] and the control-to-output voltage transfer function
is shown as follows:

DV, 1+ R, Cys 1D
Gervon = - g¢ * " ’
Selsw 1+ 8/(Q0w()) + (S/WO)
1 C
_ ~ . 14
= e e \E .

As shown in Fig. 14, under s, = 1000 s; case, control to
output voltage transfer function of constant on-time voltage
mode agrees very well with constant on-time current mode.
There is a slight difference in high-frequency phase due to
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TABLE I
ANALYTICAL EXPRESSIONS OF TRANSFER FUNCTIONS

1+ RcCs 1+ (Tsw/2)s

—
3

Uo(s)
el T H 5]o) A TT (e fsp) + (2 Tows 00)
ir(s) _ K, 1+RiCs 1+ (Tsw /2)s (19)
5c(s)  Ri (L4 s/wy) A 1F ((5:/57) + (1/2) Tons
0y(s) . 1+ RcCs 1+ (Tsw/2)s
Tl T s0) AR 1T (/o) + (2 Tows 20
ir (s) _ K 1+R.Cs 1+ (Tsw /2)s (21)
Oin (5) Ry (14+s/wy) -A(s) 1+ ((se/sf)+(1/2)) Tsw s
0, (s) RN 1 L
W) Rr||(Rco + COS)H(( L+ ROsi1 [[(Rey 4+ sLeo)) (22)
s 52 ™ 2
A(S):I-O-Qlw] +E. LL)|:T0“~, QIZ;
RL - o RL Ton
Ko = Ri-m/m R’ "~ 0—k/R R 2L.
ko = TonRi
2 = *T
" ((1/2) + (se/Dsy)) + (Ton (1/7®) + (1/2D)((1/2) + (5¢/57))))
1+ (Tsw/2)s

(23)

the first-order polynomial approximation when deriving con-
stant on-time current-mode control while the model shown in
(14) use an exponential term to represent the phase boosting
phenomenon.

V. EXTENSION TO MULTIPHASE CONVERTERS

To extend the proposed three-terminal switch model to multi-
phase constant on-time current-mode control case, the summed
inductor current signal should be examined carefully as it is
the feedback signal to determine the duty cycle. The strategy is
to derive an equivalent single-phase converter and then use the
equivalent circuit model of single-phase converter. For n-phase
converter under duty cycle no-overlap case, the rising slope and
falling slope for summed inductor current is shown as (15). From
small-signal point of view, it is equivalent to the single-phase
constant on-time control, as shown in Fig. 15. The equivalent
switching frequency is n times that of single phase, the induc-
tor is reduced to 1/n of the single-phase inductor and the input
voltage is also reduced to 1/n. Therefore, the equivalent circuit
model for multiphase constant on-time current-mode control
with external ramp compensation can be derived, as shown in
Fig. 16. The expressionsof R, ,C., , Rc2,,and L., are shown
in (16), and the expressions of pole and zero caused by exter-
nal ramps are shown in (17). Comparing (16) and (17) with
single-phase equations (11) and (13), the pole and zero posi-
tions are higher as the equivalent switching frequency is n times
the switching frequency of single phase

n?

Vin —nV, o ‘/in/n_vo
Sn_n = Ri Lg — Rz Ls /TL )
nV, Vo
Sf_ R Ls R LS/TL ( )
2L
Re_n = /n C(’ n = “ 5

((256/5.f-n) +1) T ’ e Lswy
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VI. ANALYTICAL EXPRESSIONS OF IMPORTANT TRANSFER
FUNCTIONS FOR BUCK CONVERTERS

For easy reference, the analytical expressions for important
transfer functions for buck converters are listed in Table I. The
transfer functions can be derived easily using circuit analysis
techniques from Fig. 9.

VII. SIMULATION AND EXPERIMENTAL VERIFICATION

The SIMPLIS simulation tool is used to verify the small-
signal analysis. In all the graphs, the “equivalent circuit model”
means the model derived from simplified equivalent circuit
model shown in Figs. 9 and 16, while “SIMPLIS simula-
tion” means the transfer functions from simulation of the real
switching circuit. Fig. 17 shows simulation verification for
a single-phase constant on time current-mode control with
the following parameters: Fy,, = 300 kHz, V;, =12V, V,, =
1.2V, L, = 300 nH, R;, = 100 m(2, eight OSCON capacitors
(6 m$2/560 pF), R; = 10 m€2, and s, = 1s;. All four transfer
functions, including control to output voltage, audio suscepti-
bility, output impedance, and input impedance are compared.
The results from proposed equivalent circuit model shown in
Fig. 9 agrees with simulation results well up to 1/2f;,, for all
transfer functions.

Fig. 18 shows verification of control to output voltage trans-
fer function with different external ramps and 0.1 duty cy-
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Fig. 19. (a) Experimental setup and (b) simplified diagram for RT8859M
Demo Board.

cle. In all cases, the model agrees well with simulation re-
sult up to 1/2f;,,. When the external ramp is large, the circuit
changes from first-order current-mode control to second-order
voltage-mode control, with a high-frequency phase boost due to
the stationery zero.
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Fig. 20.  Experimental verification for case I D = 0.2 (V;, =6 V, V, =

1 V): (a) steady-state waveform and jittering performance and (b) verification
of control to output voltage transfer function.

Figs. 19-21 show the experimental verification based on
demo board of controller RT8859M from Richtek Inc. As shown
in Fig. 19(b), a demo board for RT8859M is a four-phase buck
converter for CPU power supply with constant on-time current-
mode control and external ramp compensation. Two cases are
measured and compared based on the demo board.

A. Casel

Vin =6V, V, =1V,and I, = 4 A; phase number n = 4. For
each phase, D ~ 0.2, T, ~ 315 kHz, L, = 300 nH; effective
current sensing gain R; ~ 10 m{2; output capacitor: 7 OSCON
Caps (560 pF/6 m2). The external ramp is implemented in-
side the controller RT8859M and the magnitude is 133 kV/s, or
around 40 mV per switching cycle, which corresponds to around
1.2 Sy in experiment. From Fig. 20(a), although the operating
point is around cancellation point, jittering performance is good
due to the help of the external ramp. Fig. 20(b) shows verifi-
cation of control to output voltage transfer function. Compared
with measurement data, the equivalent circuit model accurately
predicts the small-signal behavior.

B. Casell

The inductor is changed to around 3.3 pH for each phase,
the number of output capacitors is reduced from 7 to 5. Vi, =
12 V, V, =1 V, which corresponds to a duty cycle around
0.1, all other circuit parameters are same as Case I. As shown
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Fig. 21.  Experimental verification for case II: D = 0.1 (V;,, = 12V, V, =

1 V): (a) steady-state waveform and (b) verification of control to output voltage
transfer function.

in Fig. 21, the equivalent circuit model also agrees very well
with measurement results. As analyzed in previous sessions, the
high-frequency phase boost due to the stationary zero is also
observed in measurement.

VIII. SUMMARY AND CONCLUSION

This paper first analyzed the effect of external ramp on small-
signal model of constant on-time current-mode control. It is
found that external ramp brings additional dynamics by intro-
ducing a moving pole and a static zero. Next, a three-terminal
switch model is proposed based on nonideal current source
concept, where the nonidealness of the current source is pre-
sented by a R.o — Lo branch. The equivalent circuit model is
an extension of previous unified three-terminal switch model
proposed in [8] and can be reduced to constant on time voltage-
mode model [9] when external ramp is extremely large. The
equivalent circuit model is a complete model and can be used
to examine all the transfer functions. Furthermore, the model
is extended to multiphase current-mode control and is verified
with SIMPLIS simulation and experimental results.
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