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Abstract-This paper analyzes the reference tracking behavior of 
Buck converters using several control schemes including voltage-
mode, current-mode and V2-control from both large-signal and 
small-signal domains. Loop gains applicable to reference track-
ing are highlighted, and reference-to-output transfer functions 
are derived for the cases when end-point prediction (EPP) is ap-
plied to enhance the response. A novel V2-controlled Buck con-
verter with EPP is fabricated. The measured reference tracking 
response shows 10 times improvement in speed.  

 

I. INTRODUCTION 
 

 When dynamic voltage scaling (DVS) is becoming widely 
used to reduce the power consumption of VLSI circuits [1], 
power supplies (usually Buck converters) are required to have 
fast reference tracking speed in response to the step change of 
reference voltage. However, with so many different control 
schemes available (especially those with multiple loops from 
different feedback quantities and paths), most literatures focus 
on overall loop stability and load transient response; while 
dynamics of reference tracking are rarely discussed. In fact, in 
some control schemes, the loop gains applicable to reference 
tracking can be different from that to load transient.  

Similar to the step response of an opamp, the tracking re-
sponse of a Buck converter can be divided into large-signal 
(limited by maximum/minimum duty-ratio or output inductor) 
and small-signal (determined by the 3-dB bandwidth of refer-
ence-to-output transfer function) portions. This paper analyzes 
the following 4 types of control schemes shown in Fig. 1 from 
both large-signal and small-signal perspectives: (a) voltage-
mode with dominant pole compensation (VMDP), (b) voltage-
mode with type 3 compensation (VMT3), (c) current-mode 
control (CMC), and (d) V2-control [2]. Identical power stages 
(L=4.7µH, Co=10µF, Rc=0.1Ω and 1MHz switching frequency) 
are used for all control schemes for fair comparison. It is 
found that both VMT3 and CMC can be designed to have fast 
tracking speed; while VMDP and V2-control are inherently 
slow in tracking. Principle of end-point prediction (EPP) [3] is 
reexamined and appropriately applied to a V2-controlled Buck 
converter. The reference-to-output transfer function of the 
prototype is derived and verified by simulation, and the meas-
urement result confirms the significant speed improvement.    

 

II. ANALYSIS OF VOLTAGE- AND CURRENT-MODE CONTROL 
 

A.  Voltage-Mode with Type 3 Compensation 
 

 VMT3 is widely used for its high crossover frequency 
(fc_LG) in loop gain. It is around 150kHz in this design example 
for robust operation. Since there is only 1 feedback loop via 
the error amplifier, the reference-to-output transfer function, 
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Gvr(s), is related to the feedback factor, b = R2/(R1+ R2) and 
loop gain, T(s), as follows [4]:  
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where ov  and refv  are the perturbed output voltage and refer-
ence voltage, respectively. When sufficient phase margin is 
used in the design of loop gain, the resulting 3-dB bandwidth 
of Gvr(s) is close to fc_LG. Fig. 2(a) shows simulated tracking 
response in which the tracking of 480mV is finished in ~15µs.  
It is also fast in the large-signal domain in the sense that the 
inductor current profile is close to a triangular shape (straight-
up and down) as proposed in [5]. It is because the compensa-
tion capacitors are in the pF range, so that error amplifier out-
put, Vc, can move quickly to saturate the duty-ratio.  
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Fig. 1.  Common controls for Buck converter: (a) VMDP. (b) VMT3. (c) 
CMC. (d) V2-control. 
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Fig. 2.  Simulated reference tracking of Buck converter using (a) type 3 com-

pensator, (b) current-mode control. 
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B.  Current-Mode Control 
 

 Despite the need for a current sensor, CMC has good audio 
susceptibility and a simplified control-to-output transfer func-
tion (mainly a low-frequency pole) [6]. A pole-zero cancella-
tion is used to extend fc_LG to around 150kHz in this design 
example. Then, Gvr(s) for CMC is also given by (1) and the 
tracking response should be comparable to that of VMT3. Fig. 
2(b) verifies the deduction. The large-signal portion is also 
limited by output inductor rather than Vc due to the small pF 
range compensation capacitor. It should be noted that loop 
gain used here is obtained by breaking the loop at Vc [6] rather 
than at the output of PWM modulator, since reference injec-
tion point is at the input of error amplifier.  
 
C.  Voltage-Mode with Dominant Pole Compensation 

 

 VMDP has the simplest compensation network but its fc_LG 
has to be much lower than LC pole frequency (23kHz in this 
design) to maintain stability. A large compensation capacitor 
Cc in nF range is often used to achieve this; hence the tracking 
response to a step change in Vref is also slow (in the range of 
100µs for a step >300mV). In [3], an EPP scheme is proposed 
to enhance tracking response (Fig. 3). The idea is to bypass the 
slow compensation network by feed-forwarding Vref to the 
PWM modulator. The gain of feed-forward is determined 
based on the target that error amplifier output, Va, is essen-
tially unchanged in steady state before and after a step change 
of Vref. Hence, the change of PWM control voltage, Vc, is 
mostly contributed by the change of Vref rather than Va. When 
Vm (amplitude of ramp signal Vpwm_rmp) is set to bVg, where Vg 
is the converter input voltage, EPP can be conveniently im-
plemented since the required feed-forward gain is unity.  
 Fig. 4 shows the small-signal block diagram of VMDP 
with EPP path in dotted line. Gvr(s) for VMDP can then be 
derived as:  
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where GBWA(s) is the gain-bandwidth of A(s). The approxima-
tion can be made since A(s) is a first-order low pass function 
with high dc gain. It can be seen that EPP effectively adds an 
LHP zero at GBWA(s) to Gvr(s). Since T(s) should be designed 
to have enough phase margin at fc_LG, T(s)/(1+T(s)) have a 3-
dB bandwidth near fc_LG, which is equal to GBWA(s) under the 
condition of Vm = bVg. Hence, zero introduced by EPP effec-
tively cancels the first pole of T(s)/(1+T(s)), and extends the 
3-dB bandwidth to the later poles, which is around the LC 
pole frequency. The above analytic result expressed in (2) is 
plotted in Fig. 5, in which the simulated Gvr(s) is also plotted 
and it verifies the correctness of analytical result. The simu-
lated Gvr(s) is obtained by using a modified version of the 
CAD tool presented in [7]. Besides ac simulation, HSPICE 
transient simulation is also performed. From Fig. 6, it can be 
seen that the linear settling portion has an envelope of fre-
quency around the LC pole frequency, which is still inferior to 
the case of VMT3 and CMC. Such a ringing phenomenon 
happens when there is abrupt change of Vref (<1µs); but not 

quite noticeable in [3] since the slope of Vref step is gradual 
(~in range of tens of µs).  
 For the large-signal portion, since EPP essentially makes a 
direct jump of duty-ratio from previous steady state to current 
steady state, duty-ratio is not saturated in the process. This can 
be seen in the zoomed portion of inductor current in Fig. 6. 
Inductor current rises up in a seesaw manner rather than a 
straight-up manner as in the case of saturated duty-ratio for 
VMT3 and CMC. This forms another speed bottleneck and 
makes VMDP slower than VMT3 and CMC in tracking speed.  
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Fig. 4.  Small-signal block diagram of VMDP with EPP 
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Fig. 5.  Reference-to-output transfer function of VMDP with EPP.  
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Fig. 6.  Simulated reference tracking of VMDP with EPP.  
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III. PROPOSED V2-CONTROL WITH END-POINT PREDICTION  
 

 V2-control is similar to CMC in the sense that it also uses 
inductor current waveform as ramp (through output capacitor 
equivalent series resistor, ESR, rather than an explicit current 
sensor). However, since output voltage is embedded as the DC 
of ramp signal, it achieves very fast load response due to the 
easily saturated duty-ratio during load transient. Ref. [2] pre-
sents a small-signal model of V2-control. For clarifying defini-
tion of loop gains and relating them to the context of reference 
tracking, a simplified small-signal model is re-derived here.
 Fig. 7 shows the steady state waveform of V2-control. The 
ramp signal is centered at bVo, and an artificial ramp (inverted 
sawtooth signal) is added for slope compensation when duty-
ratio > 0.5 as in CMC. From Fig. 7, the control equation can 
be written as:  

 
2

g os
c o c a s

v vDT
v bv bR m DT

L
− 

= + +  
 

, (3) 

Perturbing (3) gives the following (assuming Vg constant): 
 1 2c ov bK v K d= + , (4) 
where K1 and K2 are given by:  

 1 1
2
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K
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= −    2 2
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v v

K bR T m T
L
−

= + . (5) 
From (4), a small-signal model shown in Fig. 8 can be con-
structed. It is consistent with Fig. 3 in [2], with K1 ≈  1 and 
1/K2 ≈  Fm1. The sampling effect is not included here as it only 
affects high frequency (~half switching frequency) accuracy. 
From Fig. 8, two different loop gains, Tvo(s) and Tvc(s), can be 
obtained by breaking the loop at Vo and Vc, respectively: 
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These 2 loop gains can also be expressed as: 
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where fast voltage loop Tfv(s) and slow voltage loop Tsv(s) are: 
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The difference between Tvo(s) and Tvc(s) can be seen in Fig. 9. 
Tvo(s) has a much wider crossover frequency than Tvc(s). As a 
result, load transient is much faster than reference tracking 
since closed-loop output impedance, Zo,cl(s), and reference-to-
output transfer function are given by: 

 ,
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where Zo,ol(s) is the open-loop output impedance.  
 Even from the large-signal viewpoint, V2-control is also 
slow in tracking speed due to the similar large Cc at the error 
amplifier output. EPP is proposed here to enhance the tracking 
speed of V2 controller. The prediction target is to keep slow 
error amplifier output unchanged before and after tracking; but 
the consideration of choosing the gain of feed-forward is dif-

ferent. The change of PWM ramp signal, Vpwm_rmp, (see Fig. 
1(d)) after tracking would be b∆Vo = ∆Vref. For V2 controller 
in steady state, PWM modulator “regulates” Vpwm_rmp against 
its control signal, Vc, closely (within tens of mV, see Fig. 7). 
Such a small difference is overwhelmed by the large b∆Vo 
during tracking so that the required ∆Vc would also be b∆Vo = 
∆Vref. Hence, the required gain of feed-forward is simply unity 
(same as the case of VMDP). It should be noted that since 
amplitude of artificial ramp is small for V2-control (as it is 
only used for slope compensation), the above “overwhelming 
principle” is valid. Moreover, the overwhelming ∆Vref satu-
rates duty-ratio during tracking, so that the inductor current 
should change in a straight-up-and-down manner during track-
ing (similar to the cases of VMT3 and CMC).  
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Fig. 7.  Steady state waveform of V2-control. 
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Fig. 8.  Small-signal block diagram of V2-control with EPP. 
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Fig. 9. Two loop gains of V2-control  
 

 The small-signal reference-to-output transfer function of 
V2-control with EPP is the same as (10) except that a LHP 
zero at ~GBWA(s) is added as in the case of VMDP. As men-
tioned in [2], the control-to-output transfer function (i.e. eq. (7) 
without the term bA(s)) is flat up to high frequency near half 
switching frequency. Hence, Tvc(s) has crossover frequency 
near GBWA(s); implying that Tvc(s)/(1+ Tvc(s)) has the first 
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pole around GBWA(s), which is again cancelled by the EPP-
introduced zero. Fig. 10 shows how the bandwidth of Gvr(s) is 
extended by EPP.  

 

 
 

Fig. 10.  Reference-to-output transfer function of V2-control. 
 
 

IV. MEASUREMENT RESULTS 
 

The proposed Buck converter was fabricated in AMS 0.35-
µm CMOS process. Fig. 11 shows the die photo of the chip, 
which has a dimension of 1.65µm x 1.1µm, including pads. 
Since large negative inductor current is anticipated for fast 
draining output voltage during reference down-tracking, 
plenty of well-contacts are added to Power PMOS to reduce 
the resistance of body diode when reverse current flows 
through it during the dead-time after Power NMOS is off and 
before Power PMOS is on. Similar precaution is taken on sub-
strate-contacts of Power NMOS for reference up-tracking and 
on the current-handling ability of metals.  

The power stage uses the same setting as mentioned in sec-
tion I, with input voltage as 3V (as used in all control schemes 
analyzed in this paper). Fig. 12 shows the measured reference 
tracking response of the prototype. With feedback factor b = 
2/3, the time needed for tracking a reference step change be-
tween 0.84V and 1.16V (equivalent to 480mV change of out-
put voltage) is around 12µs, which is comparable with the 
simulation results of VMT3 and CMC. It is also noted that the 
duty-ratio is saturated (indicated by the straight-up-and-down 
of inductor current) as expected in section III. The linear set-
tling part near the end of tracking period is also very fast (in 
the order of hundred kHz as expected in section III). Com-
pared with the estimated tracking time of >100µs for conven-
tional V2-control, the proposed end-point predicted V2-control 
achieves a speed improvement of about ten times.  

 

V. CONCLUSION 
 

 In this paper, four common control schemes, namely volt-
age-mode with type 3 compensation, current-mode control, 
voltage-mode with dominant pole compensation, and V2-
control are analyzed in both small-signal and large-signal do-
mains for their reference tracking speed. It is found that the 
former two can be designed with wide loop gain crossover 
frequency to have fast tracking speed; while the latter two are 

inherently slow due to the slow compensation network re-
quired by stability criteria. End-point prediction is applied to 
both cases to enhance the tracking speed. A prototype chip of 
V2-controlled Buck converter with end-point prediction ex-
perimentally proves the ten times tracking speed improvement 
over the conventional V2-control. The small-signal reference-
to-output transfer function is analytically derived and verified 
through a Matlab CAD simulator. Two loop gains that are 
useful in output impedance and tracking consideration, respec-
tively, are highlighted and distinguished from each other.  
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Fig. 11.  Die photo of proposed V2-controlled Buck converter with EPP. 
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Fig. 12.  Measured reference tracking of proposed V2-control with EPP. 
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