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Figure 2.28. Audio susceptibility comparison for multi-phase buck converters with peak current-

mode control 

 

 

 

 

B. Multi-phase model for constant on-time control 

There are two kinds of implementations for multi-phase buck converters with 

constant on-time control.  One implementation is shown in Figure 2.29.  The current 

information of each phase is fed back to its own modulator.  The interleaving is achieved 

by an additional phase lock loop (PLL). 



Jian Li                                                              Chapter 2. New Modeling Approach for Current-Mode Control 

54 

 

Figure 2.29. A multi-phase buck converter with constant on-time control (1) 

This implementation is similar to previous case with peak current-mode control.  So 

the model can be found as shown in Figure 2.30. 

 

Figure 2.30. Multi-phase model for constant on-time control (1) 

The other implementation is shown in Figure 2.31. 
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Figure 2.31. A multi-phase buck converter with constant on-time control (2) 

The total current information is fed back to the modulator, and the on-time pulses are 

distributed to each phase.  Interleaving can be achieved automatically.  Generally speaking, 

this implementation can be used to the case of no duty cycle overlapping. 

The slopes of the total inductor current ripple can be calculated as: 

s

oin
in L

nVV
Rs

−
= (2.35)

s

o
if L

nV
Rs = (2.36)

Therefore, the multi-phase buck converter is equivalent to a single-phase buck 

converter, as shown in Figure 2.32.  The switching frequency is n times of original fs.  The 

output voltage is n times of original Vo. 
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Figure 2.32. Equivalent single-phase buck converter 

For this case, the model of the multi-phase buck converter with the constant on-time 

control is shown in Figure 2.33. 

 

Figure 2.33. Multi-phase model for constant on-time control (2) 

 

SIMPLIS simulation tool is used to simulate the system with 2 phase interleaving.  

Simulation results are shown in Figure 2.34 and Figure 2.35.  It is clearly shown that the 

model results match with simulation results very well. 
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Figure 2.34. Control-to-output transfer function comparison for multi-phase buck converters with 

constant on-time control 

 

Figure 2.35. Audio susceptibility comparison for multi-phase buck converters with constant on-

time control 
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2.6 Summary 

In this chapter, a new modeling approach is presented for current-mode control.  The 

inductor, the switches and the PWM modulator are treated as a single entity to model 

instead of breaking them into parts to do it.  In the proposed modeling appproach, the DF 

method is applied on the closed-loop time-domain waveform to model the non-linear 

current-mode modulator to obtain the transfer function from the control signal vc to the 

output voltage vo.  To do so, the current-loop sideband effects can be identified because the 

time-domain waveform includes all the effects due to the nonlinearity of the modulator. 

In fact, the effectiveness of the model obtained from the new modeling approach is 

not limited by the switching frequency.  The complete model without approximation can 

accurately predict the system response even beyond the switching frequency.  For the 

practical purpose, the model is simplified and limited by the half of the switching 

frequency.   

The fundamental difference between peak current-mode control and constant on-time 

control is elaborated based on the models obtained from the new modeling approach.  The 

position of the double pole located at the high frequency is different for two cases.  In peak 

current-mode control, there is a double pole located at swT/2 πω = , and it is possible that 

the double pole moves to the right half-plane resulting in subharmonic oscillations in the 

current loop.  However, in constant on-time control, there is a double pole located at 

onT/1 πω = , and the double pole will never move to the right half-plane.  This is why there 

is no subharmonic oscillation in the current loop for constant on-time control. 

The new modeling approach can be applied to other current-mode controls without 

any issue.  The multi-phase extension is also shown in this chapter. 

In sum, the model for current-mode control obtained from the new modeling 

approach is more accurate and effective than the previous models. 
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Chapter 3. Equivalent Circuit Representation of 

Current-Mode Control 

Based on the precise model obtain in the previous chapter, this chapter introduces an 

equivalent circuit representation for current-mode control for the sake of easy 

understanding.  The effect of the current loop is equivalent to controlling the inductor 

current as a current source with certain impedance.  This circuit representation provides 

both the simplicity of the circuit model and the accuracy of the proposed model. 

3.1 Equivalent Circuit Representation of Peak Current-Mode control 

Based on the previous analysis, the complete model for the peak current-mode 

control is shown in Figure 3.1. 

Figure 3.1. Complete model for peak current-mode control 

where, 
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As shown in Figure 3.1, the system model can be expressed by: 
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(3.4)

where, ]/)/(1/[)( 2
222 ωω sQLsZ se +=  and  ]}2/)/(1[/{/ 221 offsivin TQLDRkk −== ω .  For 

the detail derivation and the case of considering the DCR of the inductor, please refer to 

Appendix C. 

Therefore, based on (3.3) and (3.4), the equivalent circuit representation for peak 

current-mode control can be found as shown in Figure 3.2. 

 

Figure 3.2. Equivalent circuit representation (w/ Ze(s)) of peak current-mode control 

The effect of the current loop is equivalent to controlling the inductor current as a 

current source with an impedance Ze(s).  Comparing with the previous “current source” 

concept shown in Figure 1.17, the new model possesses an impedance Ze(s) and an 

additional current source representing the influence of the input voltage.  The new model 

can greatly improve the accuracy without losing simplicity.  Furthermore, the impedance 

Ze(s) can be expressed by a resistor Re and a capacitor Ce, as shown in Figure 3.3. 
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Figure 3.3. Equivalent circuit representation (w/ Re and Ce) of peak current-mode control 

where, 22ωQLR se =  and )/(1 2
2ωse LC = . 

Clear physical meaning can be found based on the new circuit model.  The power 

stage inductor Ls is probably resonant with the output capacitor Co or the equivalent 

capacitor Ce depending on the value of Re.  The Re is relatively large when there is no 

external ramp, so the original double pole related to the power stage filter is split into two 

real poles.  One pole moves to the low-frequency range.  That’ why the system behaves 

like a first order system in the low-frequency range. 

Meanwhile, the other pole moving to the high-frequency range and a high-frequency 

pole result in another double pole at the frequency of ω2 which is formed by the resonance 

between the inductor and the equivalent capacitor Ce.  When the duty cycle is larger than 

0.5, Re becomes negative which makes the double pole move to the right half-plane and 

predicts subharmonic oscillations. 

Adding the external ramp can effectively change the value of Re.  When the external 

ramp is too large, Re becomes very small.  The double pole at the frequency of ω2 is split 

and the power stage double pole comes into being. 

Under certain circumstance, the equivalent circuit model can be simplified to the 

“current-source” model as introduced in Chapter 1.  In the low-frequency range, the 

capacitor Ce can be ignored as shown in Figure 3.4.  Then, if Re is large enough, the circuit 

can be further simplified to the “current-source” model, as shown in Figure 3.5.   
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Figure 3.4. Simplified equivalent circuit (ignoring Ce) 

 

 

Figure 3.5. Simplified equivalent circuit (ignoring Ce and Re) 

 

The SIMPLIS simulation tool is used to verify the circuit model for peak current-

mode control.  The parameters of the buck converter are as follows: Vin = 12V, Vo = 5.4V, 

D = 0.45, fs = 300KHz, Co = 8×560μF, RCo = 6/8mΩ, and Ls = 300nH.  The control-to-

output transfer function, the audio susceptibility and the output impedance comparisons are 

shown in Figure 3.6, Figure 3.7 and Figure 3.8.  There is a little phase discrepancy in the 

audio susceptibility due to the approximation of k1(s). 
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Figure 3.6. Control-to-output transfer function comparison in peak current-mode control 

 

Figure 3.7. Audio susceptibility comparison in peak current-mode control 
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Figure 3.8. Output impedance comparison in peak current-mode control 

Based on the multi-phase model of peak current-mode control in Chapter 2, the 

equivalent circuit model for multi-phase buck converters with peak current-mode control is 

shown in Figure 3.9, 

Figure 3.9. Equivalent circuit representation (w/ Re and Ce) of multi-phase buck converters with 

peak current-mode control 
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3.2 Equivalent Circuit Representation of Constant On-time Control 

Based on the similar methodology, the equivalent circuit representation for constant 

on-time control is shown in Figure 3.10. 

 

Figure 3.10. Equivalent circuit representation (w/ Ze(s)) of constant on-time control 

where, ]/)/(1/[)( 2
111 ωω sQLsZ se +=  and  )2/(/1 sonivin LTRkk == . 

Furthermore, the impedance Ze(s) can be expressed by a resistor Re and a capacitor 

Ce, as shown in Figure 3.11. 

Figure 3.11. Equivalent circuit representation (w/ Re and Ce) of constant on-time control 

In constant on-time control, the situation is much simpler than peak current-mode 

control.  The Re is relatively large, so the original power stage double pole is split into two 
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real poles.  One pole moves to the low-frequency range.  This is why the system behaves 

like a first order system in the low-frequency range. 

Meanwhile, the other pole moving to the high-frequency range and another high-

frequency pole result in another double pole at the frequency of ω1 which is formed by the 

resonance between the inductor and the equivalent capacitor Ce.  However, this double 

pole never move to the right half-plane, which predicts that there is no subharmonic 

oscillation in constant on-time control.  

The SIMPLIS simulation tool is used to verify the circuit model for constant on-time 

control.  The parameters of the buck converter are as follows: Vin = 12V, , fs ≈ 300KHz, Co 

= 8×560μF, RCo = 6/8mΩ, and Ls = 300nH.  The control-to-output transfer function, the 

audio susceptibility and the output impedance comparisons are shown in Figure 3.12, 

Figure 3.13, and Figure 3.14.  There is a little phase discrepancy in the audio susceptibility 

due to the approximation of k1(s). 

 

Figure 3.12. Control-to-output transfer function comparison in constant on-time control 
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Figure 3.13. Audio susceptibility comparison in constant on-time control 

 

Figure 3.14. Output impedance comparison in constant on-time control 
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For the simplicity, the equivalent capacitor Ce can be ignored for practical design.  

Based on the multi-phase model of constant on-time control in Chapter 2, the 

equivalent circuit models for the multi-phase buck converters with constant control are 

shown in Figure 3.15 and Figure 3.16. 

Figure 3.15. Equivalent circuit representation (w/ Re and Ce) of multi-phase buck converters with 

constant on-time control based on the implementation (1) 

 

Figure 3.16. Equivalent circuit representation (w/ Re and Ce) of multi-phase buck converters with 

constant on-time control based on the implementation (2) 
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3.3 Extension to Other Current-Mode Controls 

The equivalent circuit representation can be extended to other current-mode controls. 

For valley current-mode control and constant off-time control, the circuit is the same as the 

one shown in Figure 3.11, and the parameters are shown in as shown in Table 3.1 and 

Table 3.2. 

Table 3.1. Circuit parameters for valley current mode control 
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Table 3.2. Model extension for constant off-time control 
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The circuit representation for charge control is shown in Figure 3.17, and the circuit 

parameters are shown in Table 3.3. 

Figure 3.17. Equivalent circuit representation (w/ Re and Ce) in charge control 

Table 3.3. Model extension for charge control 
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3.4 Summary 

This chapter presented an equivalent circuit representation for current-mode control 

for the sake of easy understanding.  The effect of the current loop is equivalent to 

controlling the inductor current as a current source with certain impedance.  This circuit 

representation can provide both the simplicity of the circuit model and the accuracy of the 

proposed model for practical design.  
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Chapter 4. Modeling for V2 Current-Mode 

Control 

V2 type of constant on-time control has been widely used to improve light-load 

efficiency.  However, the delay due to the capacitor ripple results in subharmonic 

oscillations in V2 constant on-time control.  This chapter presents a new modeling 

approach for V2 constant on-time control.  The power stage, the switches and the PWM 

modulator are treated as a single entity and modeled based the describing function method.  

The model for V2 constant on-time control achieved by the new approach can accurately 

predict subharmonic oscillation.  Two solutions are discussed to solve the instability issue.  

The extension of the model to other types of V2 current-mode controls is also shown in this 

chapter.  Simulation and experimental results are used to verify the proposed model. 

4.1 Subharmonic Oscillations in V2 Current-Mode Control 

Based on different modulation schemes, V2 control architectures consist of constant-

frequency peak voltage control, constant-frequency valley voltage control, constant on-

time control, constant off-time control and hysteretic control.  Among all of these control 

structures, the constant on-time control is the most widely used to improve light-load 

efficiency, since the switching frequency can be lowered to reduce switching-related loss, 

as shown in Figure 4.1.  In the V2 implementation, the nonlinear PWM modulator becomes 

much more complicated, because not only is the inductor current information fed back to 

the modulator, but the capacitor voltage ripple information is fed back to the modulator as 

well.  Generally speaking, there is no subharmonic oscillation in constant on-time control.  

However, the delay due to the capacitor ripple results in subharmonic oscillations in V2 

constant on-time control.   The influence of the capacitor ripple is shown in Figure 4.2.  

For those four cases, the ESR ripple keeps the same while the capacitor ripple becomes 

larger and larger.  When the capacitor ripple is larger than certain amplitude, subharmonic 

oscillations occur. 
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Figure 4.1. V2 constant on-time control 

   

Figure 4.2. The influence of the capacitor ripple in V2 constant on-time control 
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An example with the parameters of the existing capacitors is shown in Figure 4.3. 

The system is stable when used with the OSCON capacitor, because the inductor current 

information dominates the total output voltage ripple; meanwhile subharmonic oscillations 

occur when the ceramic capacitor is used in constant on-time control, since the capacitor 

voltage ripple is too large.  This phenomenon also occurs in peak voltage control. 

 

(a)

 

(b) 

Figure 4.3. Subharmonic oscillation in V2 constant on-time control: (a) OSCON capacitor 

(560μF/6mΩ), and (b) Ceramic capacitor (100μF/1.4mΩ) 
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4.2 Proposed Modeling Approach for V2 Constant On-time Control 

If the influence of the capacitor ripple is ignored, the model for V2 constant on-time 

control can be obtained from the extension of previous results, as shown in Figure 4.4. 

   

Figure 4.4. Simple model for V2 constant on-time control 

The control-to-output transfer function can be calculated as: 

2
1

2

11

1

1
)(
)(

ωω
s

Q
ssv

sv

c

o

++
≈  

(4.1)

This model shows that the control signal can control the output voltage very well in 

the low-frequency range.  However, it is too simple to predict subharmonic oscillations. 

In order to consider the effects of the capacitor ripple, the new modeling approach is 

extended to V2 constant on-time control.  As shown in Figure 4.5, the non-linear constant 

on-time modulator consists of switches, the output voltage, the comparator and the on-time 

generator.  It’s reasonable to treat these components as a single entity to model instead of 

breaking them into parts.  In the proposed modeling approach, the describing function (DF) 

method is used to model the non-linear current-mode modulator to obtain the transfer 

function from the control signal vc to the output voltage vo. 

As shown in Figure 4.5, a sinusoidal perturbation with a small magnitude at the 

frequency fm is injected through the control signal vc; then based on the perturbed output 

voltage waveform, the describing function from the control signal vc to the output voltage 

vo can be found by mathematical derivation. 
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Figure 4.5. Modeling strategy for V2 constant on-time control 

Before applying the DF method, it is necessary to make several assumptions: (i) the 

magnitude of the inductor current slopes during the on-period and the off-period stays 

constant separately; (ii) the magnitude of the perturbation signal is very small; and (iii) the 

perturbation frequency fm and the switching frequency fs are commensurable, which means 

that N×fs = M×fm, where N and M are positive integers.  Following the modulation law of 

constant on-time control, the duty cycle and the output voltage waveforms are shown in 

Figure 4.6. 

Figure 4.6 Perturbed output voltage waveform 

Because the on-time Ton is fixed, the off-time Toff is modulated by the perturbation 

signal vc(t): )2sin(ˆ)( 0 θπ −⋅+= tfrrtv mc , where r0 is the steady-state DC value of the 
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control signal, 0̂r  is the magnitude of the perturbation, and θ  is the initial angle.  Based on 

the modulation law, it is found that: 

)(
]/)()([

)( )()()1(1

)(

)1(1

ioffic
o

Tt

Tt LoL

iofffonnioffic Ttv
C

dtRtvti
TsTsTtv

ioffi

ioffi +=
−

−−++
∫

+

+

−−
−−  (4.2)

where, Toff(i) is the ith cycle off-time, soinCon LVVRs /)( −= , soCof LVRs /= , Ls is the 

inductance of the inductor, RCo is the ESR of the output capacitors, Co is the capacitance of 

the output capacitors, RL is the load resistor, iL(t) is the inductor current, and vo(t) is the 

output voltage.  Assuming )()( ioffoffioff TTT Δ+= , where Toff is the steady state off-time, and 

ΔToff(i) is the ith cycle off-time perturbation, ti can be calculated as: 
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The perturbed duty cycle d(t) and the perturbed inductor current iL(t) can be 

expressed by: 
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where, u(t)=1 when t>0, and iL0 is the initial value of the inductor current. 

Then, the Fourier analysis can be performed on the inductor current: 
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where, cm(iL) is the Fourier coefficient at the perturbation frequency fm for the inductor 

current.  Based on the result in Chapter 2, the coefficient can be calculated as: 
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where, Tsw is the steady-state switching period. 

Next, the Fourier coefficient cm(vo) of the output voltage vo can be calculated based on: 
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The Fourier coefficient at the perturbation frequency fm for the control signal vc(t) is 
θjer −⋅ˆ , so the describing function from the control-to-output can be calculated as: 
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Note that the results are not applicable to frequencies where fm = n×fs, where n is a 

positive integer.  In order to avoid getting too granular, the results at those frequencies are 

not shown here.  The influence from the variation of the inductor current slope is ignored 

since it is much smaller than the influence of the capacitor voltage ripple.  In the s-domain, 

the control-to-output transfer function can be expressed by: 
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This transfer function is effective at frequencies even beyond half of the switching 

frequency if there is no outer loop compensation.  Padé approximation is used to simplify 

the transfer function as: 
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where, onT/1 πω =  , π/21 =Q , swT/2 πω = , ])2//[(3 πonoCosw TCRTQ −= , and RL>>RCo. 

The simplification is valid for up to half of the switching frequency.  Comparing (4.11) 

with (4.1), it is found that the low-frequency response is the same, while the high-

frequency response is different.  When the duty cycle is relatively small, the transfer 

function can be further simplified as: 
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From the transfer function, it is clear that the double pole at half of the switching 

frequency may move to the right half-plane according to different capacitors’ parameters.  

The critical condition for stability is 2/onoCo TCR > , which clearly shows the influence of 

the capacitance ripple. 

The control-to-output voltage transfer function comparison between peak current-

mode control and V2 constant-on time control is shown in Figure 4.7.  In peak current-

mode control, the Q factor of the double pole at half of the switching frequency is 

determined by the duty cycle and the external ramp: if there no external ramp, when the 

duty cycle is larger than 0.5, the double pole will move to the right half-plane and the 

system becomes unstable.  In V2 constant on-time control, the Q factor is not only related 

to the on-time Ton, but also related to capacitor parameters.  The critical condition 

2/onoCo TCR >  reflects the interaction between the ESR and the capacitance of the output 

capacitor, which means that those two parameters must be considered at the same time.    

Different types of capacitors result in different system performance.  When fs = 300 KHz 

and D ≈ 0.1, the parameters of the OSCON capacitors (560μF/6mΩ) meet the critical 

condition, so the system is stable.   However, the parameters of the ceramic capacitors 
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(100μF/1.4mΩ) cannot meet the critical condition, so subharmonic oscillations occur, as 

shown in Figure 4.3. 

 

(a)

 

(b) 

Figure 4.7. Control-to-output transfer function comparison: (a) in peak current-mode control, 

and (b) in V2 constant on-time control 
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The output impedance can be also derived based on the similar methodology.  As 

shown in Figure 4.8, a sinusoidal perturbation with a small magnitude at the frequency fm 

is injected through the output current io, then based on the perturbed output voltage 

waveform, the describing function from the output current io to the output voltage vo can 

be found out by mathematical derivation. 

 

Figure 4.8. Model methodology for output impedance 

In the s-domain, the output impedance is derived as: 
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The simplified output impedance is expressed as: 
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When the duty cycle D is small, the output impedance can be further simplified as: 
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The Bode plot of the output impedance is shown in Figure 4.9.  It is found that the 

output impedance is very low throughout a wide frequency range.  This is why this control 

can deal with the transient response even without the outer loop compensation. 

 

Figure 4.9. Output impedance 

 

 

The SIMPLIS simulation tool is used to verify the proposed model for V2 constant 

on-time control.  The parameters of the buck converter are as follows: Vin = 12V, Vo = 

1.2V, Ton = 0.33μs, fs ≈ 300KHz, and Ls = 300nH.  The control-to-output transfer function 

and the output impedance are plotted using the simulation results.  As shown in Figure 

4.10 and Figure 4.11, the proposed model can accurately predict the system response. 
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(a) (b) 

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 4.10. Control-to-output transfer function comparison: (a) output capacitor (560μF/6mΩ), 

and (b) output capacitor (56μF/6mΩ) 
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(a) (b) 

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 4.11. Output impedance comparison: (a) output capacitor (560μF/6mΩ), and (b) output 

capacitor (56μF/6mΩ) 
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4.3 Solutions to Eliminate Subharmonic Oscillations 

In order to eliminate subharmonic oscillation due to the capacitor ripple in V2 

constant on-time control, two possible solutions are proposed:  the first is adding the 

inductor current ramp; and the second solution is adding an external ramp.  Detailed 

analysis of these two approaches is presented below. 

A. Solution I: Adding the inductor-current ramp 

As discussed above, the capacitor voltage ripple is detrimental to the system stability, 

so an additional current loop can be introduced to enforce the current feedback information 

and reduce the influence of the capacitor voltage ripple, as shown in Figure 4.12. 

 

Figure 4.12. Solution I: adding the inductor-current ramp 

Following the same modeling methodology, the control-to-output transfer function 

can be derived as (4.16) and simplified as (4.17): 
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where, soiCof LVRRs /)( ⋅+=′ , }]2/)/{[(3 πonoiCosw TCRRTQ −+=′ , and Ri is the sensing 

gain of the additional current loop.  By comparing (4.11) and (4.17), we see that adding the 

inductor current ramp equivalently increases the ESR of the output capacitors.  The 

sensing gain of the inductor current Ri can be used as a design parameter to eliminate 

subharmonic oscillation for various output capacitors. 

The output impedance can also be derived as (4.18) and simplified as (4.19): 
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Moreover, when the duty cycle is relatively small, (4.19) can be further simplified as: 
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An example using the ceramic capacitors is shown in Figure 4.13 and Figure 4.14.  

The parameters are: Vin = 12V, Vo = 1.2V, Ls = 300nH, Ton = 0.33μs, and the output 

capacitor consists of eight ceramic capacitors (100μF/1.4mΩ).   
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Figure 4.13. Control-to-output transfer function with different Ri 

 

 

Figure 4.14. Output impedance with different Ri 
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The control-to-output transfer function and the output impedance are plotted to 

show the influence of the inductor-current ramp.  Comparing Figure 4.9 with Figure 4.14, 

it is found that the output impedance stays a constant value Ri at low frequency when there 

is an additional current loop.  In some applications, such as voltage regulators for 

microprocessors where constant output impedance is required, this control structure can be 

used to meet the design target.  For other applications without such a requirement, the 

outer loop compensation can be used to lower the output impedance in the frequency range 

within the control bandwidth. 

Adding the current-ramp approach to eliminate the subharmonic oscillation in V2 

constant on-time control is verified through the SIMPLIS simulation based on the similar 

parameters.  The control-to-output transfer function and the output impedance are shown in 

Figure 4.15 and Figure 4.16. 

 

  

(a) (b) 

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 4.15. Control-to-output transfer function for Solution I (8 output capacitors: 

100μF/1.4mΩ): (a) Ri = 1mΩ, and (b) Ri = 3mΩ 
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(a) (b) 

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 4.16. Output Impedance for Solution I (8 output capacitors: 100μF/1.4mΩ): (a) Ri = 1mΩ, 

and (b) Ri = 3mΩ 
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B. Solution II: Adding the external ramp 

As we know, the external ramp is used to eliminate subharmonic oscillation in peak 

current-mode control.  A similar concept can be used in V2 constant on-time control, as 

shown in Figure 4.17.  The external digital ramp starts to build up at the end of the on-time 

period and resets at the beginning of the on-time period in every switching cycle. 

 

 

Figure 4.17. Solution II: adding the external ramp 

The control-to-output transfer function can be derived as (4.21) and simplified as 

(4.22): 
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where, se the magnitude of the external ramp. 

When the duty cycle and the external ramp are small, (4.22) can be simplified as: 
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where, }]2/)1/2/{[(4 πonoCofesw TCRssTQ −+= .  The Q factor is damped due to the 

external ramp. 

The output impedance can be derived as (4.24) and simplified as (4.25) and (4.26): 
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Based on the parameters used in the previous section, the control-to-output transfer 

function and the output impedance are plotted in Figure 4.18 and Figure 4.19 and to show 

the influence of the external ramp.
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Figure 4.18. Control-to-output transfer function with different external ramps 

 

 

Figure 4.19. Output impedance with different external ramps 
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Adding the external ramp approach to eliminate subharmonic oscillations in V2 

constant on-time control is verified through the SIMPLIS simulation based on the similar 

parameters.  The control-to-output transfer function and the output impedance are shown in 

Figure 4.20 and Figure 4.21. 

 

 

 

  

(a) (b) 

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 4.20. Control-to-output transfer function for Solution II (8 output capacitors: 

100μF/1.4mΩ): (a) se = sf, and (b) se = 2sf 
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(a) (b) 

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 4.21. Output Impedance for Solution II (8 output capacitors: 100μF/1.4mΩ): (a) se = sf, and 

(b) se = 2sf 

 

 

 

To summarize, both of the approaches analyzed above can effectively eliminate 

subharmonic oscillations due to the capacitor ripple. 
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4.4 Extension to Other V2 Current-Mode Controls 

The proposed model strategy can be extend to other types of V2 current-mode control 

structures, including constant off-time, constant-frequency peak voltage control, and 

constant-frequency valley voltage control structures.  When using constant frequency 

modulation, an external ramp is added to help stabilize the system.  The model results for 

V2 constant off-time control are shown in Table 4.1. 

 

 

Table 4.1. Extended model for V2 constant off-time control 
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The model results for peak voltage control are shown in Table 4.2. 

 

 

 

Table 4.2. Extended model for peak voltage control 
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The model results for valley voltage control are shown in Table 4.3. 

 

 

 

Table 4.3. Extended model for valley voltage control 
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Peak voltage control is used as example for further illustration.  The parameters are: 

input voltage Vin = 12V, switching frequency fs = 300KHz, and external ramp se = 0.  The 

control-to-output transfer function is plotted based on different duty cycles and different 

capacitor parameters, as shown in Figure 4.22 and Figure 4.23.  One common 

characteristic of peak voltage control and peak current-mode control is that subharmonic 

oscillations occur when the duty cycle is larger than a critical value.  The difference 

between these two control structures is that this critical duty cycle value is 0.5 for peak 

current-mode control, while this value for peak voltage control is less than 0.5 which is 

related to the capacitor parameters.  As shown in Figure 4.23, different capacitor 

parameters may result in subharmonic oscillation in the peak voltage control even when D 

= 0.1.  It is clear that subharmonic oscillations are more likely occurs when using peak 

voltage control due to the influence of the capacitor ripple. 

Based on the duality principle, the properties of constant off-time control and valley 

voltage control can be easily found based on the previous analysis on constant on-time 

control and peak voltage control. 

 

Figure 4.22. Control-to-output transfer function with different duty cycles: capacitor 

(560μF/6mΩ) 
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Figure 4.23. Control-to-output transfer function with different capacitor parameters: D = 0.1 

 

4.5 Multi-phase Model for V2 Current-Mode Control 

As mentioned before, multi-phase topology is widely used to improve the transient 

response, and distribute power and heat for better thermal performance.  The model for the 

multi-phase converters can be obtained from the extension of the single-phase converter 

model.  V2 constant on-time control is used as an example to illustrate how to derive the 

multi-phase model. 

A multi-phase buck converter with the V2 constant on-time control is shown in 

Figure 4.24.  The total output voltage ripple information is fed back to the modulator, and 

the on-time pulse is distributed to each phase.  Interleaving can be achieved automatically.  

Generally speaking, this implementation can be used to the case of no duty cycle 

overlapping.  Based on the previous analysis in Chapter 2, the multi-phase buck converter 

is equivalent to a single-phase buck converter, as shown in Figure 4.25.  The switching 

frequency is n times of original fs.  The output voltage is n times of original Vo. 
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Figure 4.24. A multi-phase buck converter with V2 constant on-time control 

 

 

Figure 4.25. Equivalent single-phase buck converter 



Jian Li                                                                       Chapter 4. Proposed Model for V2 Current-Mode Control 

100 

Therefore, the control-to-output transfer function and the output impedance can be 

derived as: 
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Based on the control-to-output transfer function, it is found that the position of the 

high frequency double poles is located as half of the equivalent switching frequency.  And 

the critical condition for stability keeps the same.  Following the same methodology, the 

multi-phase models for the cases with different ramps can be easily obtained.  Figure 4.26 

shows the validity of the extended model. 

 

Figure 4.26. Control-to-output transfer function comparison for multi-phase buck converters with 

V2 constant on-time control 
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Following the same methodology, the control-to-output transfer function and the 

output impedance in the case of with the inductor-current ramp can be derived as: 
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The control-to-output transfer function and the output impedance in the case of with 

the external ramp can be derived as: 
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4.6 Experimental Verification 

The experimental verification is done based on the LM34919 evaluation board from 

National Semiconductor.  The experiment setup is shown in Figure 4.27, and the 

parameters are: Vin = 12V, Vo = 5V, Fs = 800kHz, Ls = 15μH, Rx = Ry = 2.49KΩ, and RL = 

10Ω.  Experiment verification for adding the inductor-current ramp is done based on the 

same evaluation board with some modifications as shown in Figure 4.28.  The inductor 

information is sensed using sensing resistor Ri, and the feedback information is the sum of 

the inductor current and the output voltage. 

 

Figure 4.27. Experiment setup (1) 

 

Figure 4.28. Experiment setup (2) 
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Experimental results with different values for Co are shown in Figure 4.29.  The 

proposed model can accurately predict the double pole at half of the switching frequency. 

 

(a) 

 

(b)

Dashed line: proposed model; Solid line: measurement 
Figure 4.29. Control-to-output transfer function comparison: (a) RCo = 0.39Ω, Co = 2×10μF, and 

(b) RCo = 0.39Ω, Co = 2×0.47μF 
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  Experiment results with different values for Ri are shown in Figure 4.30.  The 

experiment results agree with the model results very well. 

 

(a) 

 

(b)

Dashed line: proposed model; Solid line: measurement 
Figure 4.30. Control-to-output transfer function comparison: (a) Ri = 0.15Ω, Co = 2×10μF, and (b) 

Ri = 0.39Ω, Co = 2×10μF 
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4.7 Summary 

This chapter presented a new modeling approach for V2 current-mode control.  The 

power stage, the switches and the PWM modulator were treated as a single entity and 

modeled based the describing function method.  The model for V2 current-mode control 

achieved by the new approach can accurately predict subharmonic oscillations due to the 

capacitor ripple.  Two solutions were discussed to solve the instability issue.  Simulation 

and experimental results verify the proposed model. 
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Chapter 5. Digital Application of Current-Mode Control 

High-resolution digital pulse-width modulator (DPWM) is considered to be 

indispensable for minimizing the possibility of unpredicted limit-cycle oscillations, but 

results in high cost, especially in the application of the voltage regulator (VR) for 

microprocessors.  This chapter firstly introduces several DPWM modulation methods to 

improve the DPWM resolution.  And then, a fully digital current-mode control architecture 

which can effectively limit the oscillation amplitude is presented, thereby greatly reducing 

the design challenge for digital controllers by eliminating the need for the high-resolution 

DPWM.  New modeling strategy is also used to model the proposed digital current-mode 

control in this chapter.  Simulation and experimental results are used to verify the proposed 

concepts. 

5.1 Challenges to Digitally-Controlled DC-DC Converters 

Recently, digital power supplies have become more and more popular in the field of 

power electronics [89].  Power supplies with a digital controller can overcome many 

drawbacks of those with an analog controller, and provide more functions that can improve 

the system performance, such as noise immunity, programmability and communication 

capability. 

However, the design of a low-cost and high-performance digital controller is still a 

challenge.  One of the keys to solving this issue is the selection of suitable digital control 

architecture.  At present, the voltage-mode control architecture is widely used in the design 

of the digital controller [90][91] as shown in Figure 5.1.  The digital voltage-mode control 

architecture evolved directly from its analog form.  The difference between the analog 

structure and the digital structure is that two major quantizers, the analog-to-digital 

converter (ADC) and the digital pulse-width modulator (DPWM), are added into the 

system.  Unfortunately, unpredicted limit-cycle oscillation may occur due to the 

quantization effects of those two quantizers [92].  Hao Peng et al. introduced a modeling 

method mainly for sinusoidal limit-cycle oscillation in the digital voltage-mode control 
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structure [93].  Based on [92] and [93], we found the high-resolution DPWM is 

indispensable for minimizing the possibility of the limit-cycle oscillation.  However, the 

DPWM with high resolution is expensive and introduces more challenges to the digital 

controller design, especially in the application of the voltage regulator (VR) for the 

microprocessor. 

 

(a) 

 

(b)

Figure 5.1. Voltage-mode control architecture: (a) the analog form, and (b) the digital form 
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Different DPWM implementation methods have been proposed to solve this issue 

[94][95][96][97][98][99][100][101][102].  The counter-based DPWM [94] is one of most 

common practices.  In the counter-based DPWM, a counter is used to count the system 

clock cycle to determine the on-time and switching cycle.  In this modulator, the duty cycle 

resolution is determined by: 

clocks ffD /=Δ  (5.1)

where, fs  is the switching frequency of the power stage and fclock is the system clock 

frequency of the controller.  Taking the Buck converter as an example, the output voltage 

resolution ΔVo in the continuous conduction mode (CCM) is determined by: 

DVV ino Δ⋅=Δ  (5.2)

where, Vin is the input voltage. 

Figure 5.2 shows the clock frequency requirement to achieve 3mV output voltage 

resolution under different switching frequencies in the VR application (assuming Vin = 

12V). As shown in the graph, even for a 300-KHz switching frequency VR, the system 

clock frequency has to be 1.2 GHz to meet the resolution requirement.  Over GHz clock 

frequency is not feasible for practical implementation due to the large power consumption.  

When the switching frequency goes higher, the situation becomes worse. 

Figure 5.2. System clock frequency requirement for digital controllers with voltage-mode control

To deal with this problem, the hybrid DPWM [94]~[98] is proposed to lower the 

system clock frequency by adding the delay-line structure, which consists of a series of 
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delay cells.  A delayed clock is generated after each delay cell.  This time delay tdelay is 

much shorter than the system clock cycle Tclock.  Considering the multi-output of the delay-

line, the clock frequency has been equivalently increased by nd times with about nd delay 

cells.  The resolution of the hybrid DPWM, ΔDhybrid, is determined by: 

)/( dclockshybrid nffD ⋅=Δ  (5.3)

Generally speaking, the hybrid DPWM is usually used in the digital controller design 

since the required equivalent clock frequency is too high to be achieved by the oscillator 

along. However, extra silicon area is required by the delay-line, which results higher cost 

than the counter-based DPWM.  Other than those two structures, dithering technique is 

introduced to increase the effective resolution of the DPWM [92][99][100], but the 

additional voltage ripple caused by the dithered duty cycle limits the benefits of this 

technique.  Therefore, it is worth paying more efforts on the resolution improvement of 

DPWM for digital controlled power converters. 

5.2 Proposed High Resolution Digital Duty Cycle Modulation Schemes 

A. Conventional DPWM schemes 

Similar to the analog PWM modulation scheme, digital PWM has several schemes, 

such as trailing-edge modulation, leading-edge modulation and double-edge modulation, as 

shown in Figure 5.3, where vc is the control signal. 

Figure 5.3. DPWM modulation schemes 
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The difference is that digital ramp is used in the digital PWM while the analog ramp 

is used in analog PWM.  The digital ramp is updated every time slot (tslot), which is equal 

to Tclock (in the counter-based DPWM) or tdelay (in the hybrid DPWM). 

All of those DPWM schemes are based on constant frequency modulation. In the 

following analysis, the counter-based DPWM with trailing-edge modulation is used as an 

example.  The digital duty cycle can be express as: 

nmTnTmD clockclock /)/()( =⋅⋅=  (5.4)

where m and n are positive numbers.  Because of constant frequency modulation, n is fixed 

for a given switching frequency, while m is variable for different duty cycle values.  The 

resolution can be easily calculated by: 

nnmnmD /1/)1(/ =−−=Δ  (5.5)

The higher the clock frequency is, the higher the n value, which means the higher the 

duty cycle resolution. 

B. Proposed high resolution DPWM schemes 

Different modulation schemes may give different duty cycle resolution.  In the 

following paragraphs, three different modulation schemes are investigated. 

(a) Proposed method #1 (Constant on-time modulation) 

Method #1 is the constant on-time modulation, as shown in Fig. 6.  In the method #1, 

m is constant and n is variable, and the duty cycle is expressed by (5.4). 

 

Figure 5.4. Method #1: constant on-time modulation 
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The duty cycle resolution is obtained as: 

n
D

nn
m

n
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n
mD 1

)1(11# ⋅≈
+

=
+

−=Δ  (5.6)

Comparing with the constant frequency modulation, the smaller the duty cycle is, the 

higher the resolution of the constant on-time modulation.  For the VR application, the 

steady state duty cycle is around 0.1, which means that about 10 times improvement can be 

achieved by changing the modulation scheme with the same system clock frequency. 

(b) Proposed method #2 (Constant off-time modulation) 

When the duty cycle is small, much higher resolution can be achieved in the method 

#1.  However, when the duty cycle is close to 1, this advantage is not so promising.  In 

order to overcome this problem, the method #2 is proposed.  Method #2 is constant off-

time modulation, as shown in Figure 5.5. 

 

Figure 5.5. Method #2: constant off-time modulation 

In the method #2, p is constant and n is variable, and the duty cycle is expressed as: 

npnD /)( −=  (5.7)

The duty cycle resolution is obtained by: 
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=Δ  (5.8)

Assuming fclock= 150 MHz, fs = 300 KHz, duty cycle resolution comparison is shown 

in Figure 5.6.  Comparing with the constant on-time modulation, constant off-time 
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modulation can achieve higher resolution when the duty cycle is close to 1.  Method #1 

and #2 are complementary with each other. 

Figure 5.6. Duty cycle resolution comparison 

(c) Proposed method #3 (Nearly constant frequency modulation) 

One concern about constant on-time and constant off-time modulation is the 

switching frequency variation.  For different duty cycle value, the switching frequency is 

different.  This situation is severer in the laptop VR application, where the input voltage 

varies from 9V to 19V.  In order to overcome the drawback of variable switching 

frequency, Method #3 is proposed.  Assuming the duty cycle is small, comparing (5.5) 

with (5.6), it is found that changing m results in larger variation of duty cycle, while 

changing n results in achieve smaller variation.  Therefore, the method #3 is proposed 

based on the combination of constant frequency modulation and constant on-time 

modulation.  In this method, the duty cycle is expressed by (5.4), and m & n are both 

variable: changing m for coarse regulation; changing n for fine regulation.  Because there 

is only a small variation on variable n, the switching frequency is almost constant for 

different duty cycle value.  An example with D = 0.2 is shown in Figure 5.7. 
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Figure 5.7. Method #3 (D = 0.2) 

 

Figure 5.7 shows the relationship between the output voltage Vo and the duty cycle.  

Dq and Dq+1 are two adjacent values achieved by coarse regulation, where m is variable. 

Therefore Dq = m/n, Dq+1 = (m+1)/n.  According to (5.6), the resolution can be increased 

about 5 times by changing n, since the duty cycle is about 0.2.  Therefore, fine regulation is 

achieved as shown in Figure 5.7.  The variation of n is only 5, which guarantees the 

smallest switching frequency variation. For different duty cycle values, the variation of n is 

different.  Similarly, when duty cycle is close to 1, the method #3 is based on the 

combination of constant frequency modulation and constant off-time modulation. 

C. The benefits of proposed schemes 

Proposed modulation methods can greatly reduce the design challenge of the DPWM, 

especially for the VR application.  Assuming D is about 0.1, for the counter-based DPWM, 

the duty cycle resolution can be increased about 10 times based on the same system clock 

frequency; for the hybrid DPWM, due to 10 times higher resolution, delay cells can be 

reduced from the cost point view: with the same resolution, about 90% delay cell reduction 

can be achieved, which means significant cost reduction. 
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D. Additional benefits in DCM operation 

Continuous conduction mode (CCM) and discontinuous conduction mode (DCM) are 

two basic operation modes for power supplies.  This section investigates additional 

benefits of the proposed method #3 in DCM operation.  For the Buck converter, Vo can be 

expressed by: 
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where Io is the load current, Ls is the power stage inductor.  And the duty cycle can be 

expressed by: 
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The duty cycle becomes smaller when load decreases at DCM operation.  Assuming 

fs = 300KHz, Vin = 12V, Vo=1.2V, fclcok = 150MHz, Ls = 600nH, Figure 5.8 shows the duty 

cycle resolution comparison between the constant frequency modulation and proposed 

modulation method #3. 

The relationship between output voltage resolution (ΔVo) and duty cycle resolution 

(ΔD) is expressed by: 

ssDDoo DVDV =∂∂⋅Δ=Δ /  (5.11)

where Dss is the steady state duty cycle.  Based on (5.9), it can be obtained as: 
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According to (5.9)~(5.12), ΔVo can be calculated and shown in Figure 5.9. Proposed 

method #3 can achieve identical and much finer ΔVo in both CCM and DCM, which is 

very promising for digital control system design. 



Jian Li                                                                         Chapter 5. Digital Application of Current-Mode Control 

115 

 

 

Figure 5.8. Duty cycle resolution comparison at CCM and DCM 

 

 

Figure 5.9. Output voltage resolution comparison at CCM and DCM 
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5.3 Proposed Digital Current-Mode Control Architecture Eliminating 

the Need for High Resolution DPWM 

The high-resolution DPWM does not change the nonlinearity of the quantizers, and 

so it cannot completely eliminate the unpredicted limit-cycle oscillation.  Once the limit-

cycle oscillation occurs, which is not necessarily the sinusoidal type as shown in Figure 

5.10, it is very hard to predict the oscillation amplitude and frequency in the digital 

voltage-mode control architecture. 

 

Figure 5.10. Unpredicted limit-cycle oscillation 

Current-mode control provides more opportunities for the digital implementation 

[103][104][105][106].  In current-mode control, the equivalent series resistor (ESR) of the 

output capacitor can be used as the sensing resistor, so that the output voltage ripple, which 

includes the current information, can be directly used as the ramp for the duty cycle 

modulation. Later, the control structure can be implemented with an additional 

compensation loop, which is called V2 current-mode control, as introduced in the previous 

chapters. 

Based on the different modulation schemes, these two architectures consist of 

constant-frequency peak voltage control, constant-frequency valley voltage control, V2 

constant on-time control, V2 constant off-time control and hysteretic control.  The common 

characteristic of these control structures is that the instantaneous output voltage is limited 

by the control signal vc, which provides an opportunity for limiting the limit-cycle 
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oscillations in their digital forms.  Among all those control structures, constant on-time 

control is the most widely used to improve the light-load efficiency, since the switching 

frequency can be lowered to reduce switching-related loss.  Therefore, constant on-time 

control is used for further illustration. 

Direct digitization is taken by using the ADC to sample the output voltage vo, 

including the ripple information, as shown in Figure 5.11. 

 

Figure 5.11. Digital constant on-time control 

As shown in Figure 5.12, limit-cycle oscillation occurs due to the sampling of the 

ideal ADC without quantization effects.  However, the pattern of the oscillation is quite 

different from that shown in Figure 5.10, which occurs in the digital voltage-mode control 

structure.  As had been expected, the control signal vc limits the oscillation amplitude cycle 

by cycle through the voltage ripple feedback in the PWM modulator. 
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Figure 5.12. Voltage waveforms in the digital constant on-time control 

In addition, by assuming that the output voltage ripple is dominated by the ESR 

ripple, even the maximum oscillation amplitude Voscillation.max can be easily calculated as: 

fsamplenoscillatio sTV ⋅=max.  (5.13)

where Tsample is the sampling period and sf is the magnitude of down-slope of the voltage 

ripple.  It is found that (1) is also true for a non-ideal ADC with quantization effects and a 

certain conversion time. 

In this group of digital current-mode control structures, the oscillation amplitude is 

easily controllable, and the resolution of the DPWM is no longer critical.  Therefore, it is 

not necessary to follow the usual rules [92][93] in the digital voltage-mode control 

architecture.  A straightforward way to reduce the oscillation amplitude is to increase the 

sampling rate of the ADC.  However, this will increase the design challenge for the ADC.  

Referring to the solution of eliminating the subharmonic oscillation in the analog peak 

current-mode control, the external ramp is used as the compensation ramp.  Although the 

oscillation in the digital current-mode control is quite different from the subharmonic 

oscillation, the concept can be applied here too.  The external digital ramp starts to count at 

the end of the on-time period and resets at the beginning of the on-time period in every 

switching cycle, as shown in Figure 5.13. 
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Figure 5.13. Proposed digital current-mode control architecture 

In the proposed current-mode control architecture, the oscillation amplitude 

calculation is quite different from the previous analysis.  For the case of using the ideal 

ADC, as shown in Figure 5.14, the maximum oscillation amplitude is calculated by: 

fclocknoscillatio sTV ⋅=max.  (5.14)

where, Tclock is the system clock period.  Comparing this with (5.13), it is apparent that 

Tclock is much smaller than Tsample in the digital controller, which means that the oscillation 

amplitude becomes very small due to the effects of the digital external ramp. 

 

(a) 

 

(b)

Figure 5.14. Voltage waveform in the proposed digital current-mode control architecture: (a) the 
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ideal ADC case, and (b) the non-ideal ADC case 

When using the non-ideal ADC, as shown in Figure 5.14, the maximum oscillation 

amplitude is calculated by: 

fTdADCnoscillatio ssVV
clock

⋅Δ= ]/[max.  (5.15)

where, ΔVADC is the resolution of the ADC, and sd is the magnitude of slope of the external 

ramp.  In (5.15), sd is designed according to a given ΔVADC, so that (ΔVADC/sd) is less than 

Tsample.  The expression [ΔVADC/sd ]Tclock means the value of (ΔVADC/sd) is quantized by 

Tclock.  This result is also true when there is a certain time delay due to the conversion time 

of the ADC. 

Based on (5.13)~(5.15), it is found that, with a given ΔVADC, the reduction of 

oscillation amplitude can be achieved only when sd is larger than a certain value, which 

makes ΔVADC/sd < Tsample.  The oscillation amplitude can be further reduced by increasing 

the sd until it reaches the extreme case in which the value [ΔVADC/sd ]Tclock is equal to Tclock. 

In the proposed digital current-mode control architecture, oscillation always happens 

intentionally in order to achieve equivalent high resolution output based on the average 

effects from the power stage low-pass filter.  At the same time, the instantaneous output 

voltage is also limited through the current information feedback in the proposed structure.  

It is different to achieve these two characteristics at the same time through the dithering 

techniques in the voltage-mode control architecture [92][99][100]. 

The MATLAB simulation tool is used to do preliminary simulation.  The simulation 

parameters are: inductor Ls = 300nH, capacitor: 8 OSCON capacitor (560uF/6mΩ), input 

voltage Vin = 12V, load resistor RL = 0.1Ω, on time Ton = 0.33us, sampling frequency 

Fsampe = 1.2MHz (about 4 times the switching frequency), ΔVADC = 3.125mV, and system 

clock Fclcok = 12MHz.  Simulation results are shown in Figure 5.15.  From the simulation 

results, the improvement is obvious: the oscillation amplitude of the output voltage is 

greatly reduced due to the effects of the external ramp. 
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(a) 

 

(b)

Figure 5.15. Steady-state simulation results: (a) no external ramp, and (b) with the external ramp 

(sd = 4sf) 

 

5.4 Modeling of Proposed Digital Current-Mode Control Architecture 

In the previous chapter a new modeling approach has been proposed to model the 

current-mode control and the V2 type current-mode control.  The power stage, the switches 

and the PWM modulator are treated as an entity to model.  The describing function (DF) 

method is used to derive the transfer function from the control signal vc to the output 

voltage vo directly.  A similar modeling concept can also be applied in the proposed digital 

current-mode control architecture.  As shown in Figure 5.16, a small magnitude sinusoidal 
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perturbation at the frequency fm is injected through control signal vc, then based on the 

perturbed output voltage waveform, the describing function from the control signal vc to 

the output voltage vo can be determined by mathematical derivation.  The quantization 

effects of the ADC and the digital ramp are ignored during the derivation, and the ramp is 

assumed to intersect with the sampled output voltage vosample at the kth sampling period in 

each switching cycle.  For the detailed derivation process please refer to previous chapters. 

 

 

 

Figure 5.16. Modeling methodology for the control-to-output transfer function 
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The small-signal transfer function is derived as: 
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where, Tsw is the switching period, fs is the switching frequency, Ls is the inductance of 

inductor, RCo is the ESR of the output capacitors, Co is the capacitance of the output 

capacitors, Vin is the input voltage, RL is the load resistor, and soCof LVRs /⋅= .  The 

result is not applicable to the frequencies when fm = n*fs where n is positive integer.  

Without losing generality, the results at those frequencies will not be shown in this paper.  

This can be further simplified as: 
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where, onT/1 πω =  , π/21 =Q , swT/2 πω = , and π])1(2//[ sampleonoCoswd TkTCRTQ −++= .  

This approximation is valid up to half of the switching frequency. 

When the duty cycle is small, the transfer function can be further simplified as: 
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The Simplis simulation tool is used to verify the model.  The quantization effects of 

the ADC and the digital ramp are ignored.  The model can predict the system response 

very well as shown in Figure 5.17. 
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(a) 

 

(b)

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 5.17. Control-to-output transfer function comparison: (a) sd = sf, and (b) sd = 4sf 
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The stability of the system can be determined by the location of the system poles 

based on (5.18).  The location of the system poles and zeros is shown in Figure 5.18. 

  

(a) (b) 

Figure 5.18. Location of the system poles (x) and zeros (o): (a) sd ≈ 0, and (b) sd = 2sf 

It is found that when sd is very small, there are two poles at the right-half plane which 

means the system is unstable.  When sd is increased, the two poles will move to the left-

half plane.  In a word, the selection of the external ramp is not only related to the amplitude 

of the limit-cycle oscillation, but also very important to the stability of the system. 

The output impedance can be modeled as shown in Figure 5.19.  Following the same 

methodology, a small magnitude sinusoidal perturbation at the frequency fm is injected 

through the output current io, then based on the perturbed output voltage waveform, the 

describing function from the output current io to the output voltage vo can be found out by 

mathematical derivation. 

The output impedance can also be derived as (5.19) and simplified as (5.20): 
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where, ])1(/[4 sampleonsw TkTT −−−= πω  

 

Figure 5.19. Modeling methodology for the output impedance 

The model can accurately predict the output impedance of the system as shown in 

Figure 5.20. 

The control-to-output transfer function and the output impedance are plotted for 

different external ramp cases, as shown in Figure 5.21 and Figure 5.22.   It is clear that the 

control-to-output transfer function can be approximated as a second-order transfer function.  

Furthermore, when the amplitude of the ramp is increased, the output impedance becomes 

larger which means the transient response becomes worse. 
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(a) 

 

(b)

Red curve: proposed model; Blue curve: Simplis simulation (≈ measurement) 
Figure 5.20. Output impedance comparison: (a) sd = 2sf, and (b) sd = 4sf 
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Figure 5.21. Control-to-output transfer function 

 

Figure 5.22. Output impedance 
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Again, the MATLAB simulation tool is used to simulate the transient response, as 

shown in Fig. 18.  As has been predicted, the voltage spike during the load step-up and 

step-down becomes larger with the larger external ramp. 

 

(a) 

 

(b)

Figure 5.23. Transient simulation results: (a) sd = 2sf, and (b) sd = 6sf 

Based on previous analysis, we prefer the external ramp with relatively large 

amplitude in terms of the reduction of the limit-cycle oscillation, but the transient response 

suffers with this condition.  In other words, the single inner loop is unable to compensate 

the steady-state (limit-cycle oscillation) and transient response at the same time.  One way 

to solve this issue is: to design the inner loop to reduce the amplitude of the limit-cycle 

oscillation and to design the outer loop based on (5.17) to improve the transient response.  
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One thing to be aware of is that we need to make sure that outer loop compensator is not 

influenced by the limit-cycle oscillation.  An example is shown in Fig. 19. 

 

 

 

(a) 

 

(b)

Figure 5.24. Transient simulation results (sd=4sf): (a) no compensation, and (b) with outer loop 

compensation 
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5.5 Adaptive Ramp Design and the Extension of Proposed Structure 

A. Adaptive ramp design 

The previous section presents the inner loop and the outer loop designs to deal with 

different aspects separately.  However, with the help of the flexibility of digital control, an 

adaptive ramp design is proposed so that the single inner loop can handle not only the 

steady-state but also the transient response.  As shown in Figure 5.25, in the original 

design of the external ramp, the ramp starts to count at the end of the on-time period, 

which means that the ramp exists for the entire off-time range; in the adaptive design, the 

slope of the external ramp stays the same but the ramp only exists in a very small range of 

time around the steady state off-time ending point (for example, Tramp = 10~20%Tsw). 

 

(a) (b) 

Figure 5.25. External ramp design: (a) original design, and (b) adaptive design 

The benefit of the new design is that the inner loop can reduce the steady-state limit-

cycle oscillation and the voltage spike when the transient occurs at the same time: at the 

steady state when the limit-cycle oscillation is relatively small, the sampled output voltage 

will intersect with the external ramp which is good for the reduction of the limit-cycle 

oscillation; when the transient occurs, the sampled output voltage will directly intersect 

with the control signal instead of the external ramp, which can boost the transient response.  

As shown in Figure 5.26, the steady-state limit-cycle oscillation is similar for both cases, 

but the adaptive ramp design can greatly reduce the voltage spike when the transient occurs. 
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(a) 

 

(b)

Figure 5.26. Transient simulation results (sd = 4sf): (a) original ramp design, and (b) adaptive 

ramp design 

In order to implement the adaptive ramp design, we must know the approximate duty 

cycle value at the steady state.  Therefore, in an application with a large steady-state duty 

cycle range, the additional feed-forward loop is necessary for the digital controller to 

calculate the duty cycle value for a certain input voltage and output voltage. 

B. Extension of proposed structure 

All of the previous analysis in this study is based on the assumption that the output 

voltage ripple is dominated by the ESR ripple.  This assumption is true for the OSCON 

capacitor and the SP capacitor with a low ESR zero.  For some types of capacitors, e.g. the 

ceramic capacitors, the ESR zero is very high, and the current feedback information is 
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diminished by the capacitor ripple.  In order to implement the proposed digital control 

structure, the current information can be obtained from a sensing network other than the 

ESR.  The DCR sensing network is shown as an example in Figure 5.27. 

 

Figure 5.27. Extension of the proposed digital current-mode control architecture 

Multi-phase implementation can be achieved as shown in Figure 5.28.  The 

additional current information is used to guarantee current sharing among different phases 

by adjusting the on-time. 

 

Figure 5.28. Multi-phase implementation 
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5.6 Experimental Verification 

Experimental verification has been done through the buck converter power stage and 

Xilinx Spartan II FPGA board with an additional ADC, as shown in Figure 5.29.  In the 

power stage, inductor L = 300nH, and the capacitor is the10 SP capacitor (390uF/10mΩ).  

The input voltage is 12V, and the output voltage is 1.2V.  The switching frequency is about 

300 KHz.   

Figure 5.29. FPGA-based digital control platform 

In order to verify the proposed high resolution DPWM modulation method, The 

ADC resolution ΔVADC is set to be 8 mV and the system clock frequency is 150 MHz.  For 

the conventional counter-based DPWM: ΔVo = Vin*ΔD = 24mV, which is larger than 

ΔVADC (8mV); Severe limit cycle oscillations occur in this case, as shown in Figure 5.30.  

However, for the proposed DPWM method #1 and #3: ΔVo = 2.4mV, which is less than 

ΔVADC (8mV);  Limit cycle oscillations can be greatly reduced. 
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(a) 

 

(b)

 

(c)

Figure 5.30. Output voltage waveform: (a) conventional DPWM, (b) proposed method #1, and (c) 

proposed method #3 
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The switching frequency variation for different methods is shown in Figure 5.31.  

Proposed method #3 can achieve nearly constant switching frequency operation. 

  

Vin = 8.7V                                                                    Vin = 19V 

(a) 

  

Vin = 8.7V                                                                    Vin = 19V 

(b)

Figure 5.31. Inductor current waveform: (a) proposed mothed #1, and (b) proposed method #3 

 

In order to verify the proposed digital control structure, the ADC resolution ΔVADC is 

3.2 mV, and the sampling rate is about 4 times the switching frequency.  The clock 

frequency is 18MHz.  The steady-state experiment results are shown in Figure 5.32.  The 

oscillation amplitude is reduced due to the effects of the external ramp.  Moreover, the 

steady state is very similar for two different ramp designs with the same sd. 

The transient response is shown in Figure 5.33.  Comparing the two ramp designs, it 

is apparent that the adaptive ramp design can greatly improve the transient response. 
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(a) 

 

(b)

 

(c)

Figure 5.32. Output voltage steady state experiment results: (a) no external ramp, (b) original 

ramp design (sd = 8sf), and (c) adaptive ramp design (sd = 8sf) 
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(a) 

 

(b)

Figure 5.33. Output voltage transient response experiment results(sd = 8sf): (a) original ramp 

design, and (b) adaptive ramp design 
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5.7 Summary 

High-resolution digital pulse-width modulator (DPWM) is considered to be 

indispensable for minimizing the possibility of the unpredicted limit-cycle oscillation, but 

results in high cost, especially in the application of the voltage regulator (VR) for the 

microprocessor.  In order to solve this issue, several DPWM modulation methods are 

proposed to improve the DPWM resolution.  Furthermore, a fully digital current-mode 

control architecture which can effectively limit the oscillation amplitude is presented, 

thereby greatly reducing the design challenge for the digital controller by eliminating the 

need for the high-resolution DPWM.  New modeling strategy is also used to model the 

proposed digital current-mode control in this chapter.  Simulation and experimental results 

are used to verify the proposed concepts. 
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Chapter 6. Conclusion

6.1 Summary 

Due to unique characteristics, current-mode control architectures with different 

implementation approaches has been widely used in power converter design to achieve 

current sharing, AVP control, and light-load efficiency improvement.  Therefore, an 

accurate model for current-mode control is indispensable to system design due to the 

existence of subharmonic oscillations.   The fundamental difference between current-mode 

control and voltage-mode control is the PWM modulation.  The inductor current ramp, one 

of state variables influenced by the input voltage and the output voltage, is used in the 

modulator in current-mode control while an external ramp is used in voltage-mode control.  

The peculiarity of current-mode control results in the difficulty of obtaining the small-

signal model for current-mode control in the frequency domain.  There has been a long 

history of the current-mode control modeling.  Many previous attempts have been made 

especially for constant-frequency peak current-mode control.   However, few models are 

available for variable-frequency constant on-time control and V2 current-mode control.  

It’s hard to directly extend the model for peak current-mode control to those controls.  

Furthermore, there is no simple way of modeling the effects of the capacitor ripple which 

may result in subharmonic oscillations in V2 current-mode control.  In this dissertation, the 

primary objective to investigate a new, general modeling approach for current-mode 

control with different implementation methods. 

First, the fundamental limitation of average models for current-mode control is 

identified.  The sideband components are generated and coupled with the fundamental 

component through the PWM modulator in the current loop.  Moreover, the switching 

frequency harmonics cannot be ignored in the current loop since the current ripple is used 

for the PWM modulation.  Available average models failed to consider the sideband effects 

and high frequency harmonics.  Due to the complexity of the current loop, it is difficult to 

analyze current loop in the frequency domain.  A new modeling approach for current-mode 

control is proposed based on the time-domain analysis.  The inductor, the switches and the 
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PWM modulator are treated as a single entity to model instead of breaking them into parts 

to do it.  Describing function  method is used.  Proposed approach can be applied not only 

to constant-frequency modulation but also to variable-frequency modulation.  The 

fundamental difference between different current-mode controls is elaborated based on the 

models obtained from the new modeling approach.  

Then, an equivalent circuit representation of current-mode control is presented for the 

sake of easy understanding.  The effect of the current loop is equivalent to controlling the 

inductor current as a current source with certain impedance.  This circuit representation 

provides both the simplicity of the circuit model and the accuracy of the proposed model. 

Next, the new modeling approach is extended to V2 current-mode control based on 

similar concept.  The model for V2 current-mode control can accurately predict 

subharmonic oscillations due to the influence of the capacitor ripple.  Two solutions are 

discussed to solve the instability issue. 

After that, a digital application of current-mode control is introduced.  High-

resolution digital pulse-width modulator (DPWM) is considered to be indispensable for 

minimizing the possibility of unpredicted limit-cycle oscillations, but results in high cost, 

especially in the application of voltage regulators for microprocessors.  In order to solve 

this issue, a fully digital current-mode control architecture which can effectively limit the 

oscillation amplitude is presented, thereby greatly reducing the design challenge for digital 

controllers by eliminating the need for the high-resolution DPWM.  The new modeling 

strategy is also used to model the proposed digital current-mode control to help system 

design. 

As a conclusion, a new modeling approach for current-mode control is fully 

investigated.  The describing function is utilized as a tool in this dissertation.  Proposed 

approach is quite general and not limit by implementation methods.  All the modeling 

results are verified through simulation and experiments. 
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6.2 Future Works 

In the dissertation, the new modeling approach is applied to current-mode control and 

V2 current-mode control separately.  The models results are quite different for different 

implementations.  It could be interesting to summarize them and form a unified model for 

all current-mode controls.  Furthermore, the equivalent circuit model could be extended to 

boost converters and buck-boost converters with current-mode control.  Average current-

mode control could be another application of the new modeling approach. 
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Appendix A. Describing Function Derivation

The appendix provides the detail derivations for the describing function used in peak 

current-mode control and constant on-time control. 

A.1 Derivation for Peak-Current-Mode Control 

(a) Control-to-inductor current transfer function 

As shown in Figure A.1, a sinusoidal perturbation with a small magnitude at 

frequency fm is injected through the control signal vc; then, based on the perturbed inductor 

current waveform, the describing function from the control signal vc to the inductor current 

iL can be found by mathematical derivation. 

 

Figure A.1. Modeling for the influence of the control signal vc in peak current-mode control

Because the switching cycle Tsw is fixed, the on-time and the off-time is modulated 

by the perturbation signal vc(t): )2sin(ˆ)( 0 θπ −⋅+= tfrrtv mc , where, r0 is the steady state 

value of the control signal, 0̂r  is the magnitude of the signal, and θ  is the initial angle.  

Based on the modulation law, it is found that:  

)()()1()1()1(1 )()()()( ionenionicionswfioneionic TssTtvTTsTsTtv +−+=−−−+ −−−−  (A.1)

where, Ton(i) is the ith cycle on-time, soinin LVVRs /)( −= , soif LVRs /= , se is the amplitude 

of the external ramp, Ls is the inductance of the inductor, and Ri is the current sensing gain.  
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Assuming )()( iononion TTT Δ+= , where Ton is the steady-state on-time and ΔTon(i) is the ith 

cycle on-time perturbation, ti can be calculated as: swi Tit )1( −= .   

Based on (A.1) , it is found that:  

)()()()( )1(1)()1()( −−− +−+=Δ−+Δ+ ionicionicionefionen TtvTtvTssTss  (A.2)

Hence, ΔTon(i) can be calculated as: 
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The duty cycle d(t) can be expressed by: 
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where u(t)=1, when t>0, and iL0 is the initial value of the inductor current. 

Then, Fourier analysis can be performed on the duty cycle: 
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where cm(d) is the Fourier coefficient of the duty cycle at perturbation frequency fm. 

The inductor current iL(t) can be expressed by: 
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Then, Fourier analysis can be performed on the inductor current: 
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where cm is the Fourier coefficient of the inductor current at perturbation frequency fm. 

Based on (A.3) and (A.7), it is found that: 
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So, cm can be found out as: 
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The Fourier coefficient at perturbation frequency fm for the control signal vc(t) is 
θjer −⋅ˆ , so the describing function from control-to-inductor current can be calculated as: 
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(b) Input voltage to inductor current transfer function 

In order to consider the variation of the inductor current slopes, similar methodology 

is used to derive the feed forward gain that represents the influence from the input voltage 

vin, as shown in Figure A.2. 

 

Figure A.2. Modeling for the influence of the input voltage vin in peak current-mode control

Because the switching cycle Tsw is fixed, the on-time Ton and the off-time Toff is 

modulated by the perturbation signal vin(t): )2sin(ˆ)( θπ −⋅+= tfrVtv minin , where, Vin is 

the steady state value of the input voltage, 0̂r  is the magnitude of the signal, and θ  is the 

initial angle.  Based on the modulation law, it is found that: 
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Then, ΔTon(i) can be calculated as: 
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The perturbed duty cycle d(t) and the perturbed inductor current iL(t) can be 

expressed by: 
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Then, Fourier analysis can be performed on the inductor current: 
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Finally, the transfer function in the s-domain can be expressed as: 
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(c) Output voltage to inductor current transfer function 

Similar methodology is used to derive the feedback gain that represents the influence 

from the output voltage vo, as shown in Figure A.3. 

 

Figure A.3. Modeling for the influence of the output voltage vo in peak current-mode control 

Because the switching cycle Tsw is fixed, the on-time Ton and the off-time Toff is 

modulated by the perturbation signal vo(t): )2sin(ˆ)( θπ −⋅+= tfrVtv moo , where, Vo is the 
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steady state value of the input voltage, 0̂r  is the magnitude of the signal, and θ  is the 

initial angle.  Based on the modulation law, it is found that: 
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Then, ΔTon(i) can be calculated as: 
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The perturbed duty cycle d(t) and the perturbed inductor current iL(t) can be 

expressed by: 
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Then, the Fourier analysis can be performed on the inductor current: 
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Finally, the transfer function in the s-domain can be expressed as: 
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A.2 Derivation for Constant On-time Control 

(a) Control-to-inductor current transfer function 

As shown in Figure A.4, a sinusoidal perturbation with a small magnitude at 

frequency fm is injected through the control signal vc; then, based on the perturbed inductor 

current waveform, the describing function from the control signal vc to the inductor current 

iL can be found by mathematical derivation. 

 

Figure A.4. Modeling for the influence of the control signal vc in constant on-time control

Because the on-time is fixed, the off-time is modulated by the perturbation signal 

vc(t): )2sin(ˆ)( 0 θπ −⋅+= tfrrtv mc .  Based on the modulation law, it is found that: 
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where, Toff(i) is the ith cycle off-time.  Assuming )()( ioffoffioff TTT Δ+= , where Toff is the 

steady-state off-time and ΔToff(i) is the ith cycle off-time perturbation, ti can be calculated as: 

∑−

=
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Hence, ΔToff(i) can be calculated as: 
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The perturbed duty cycle d(t) can be expressed by: 

])()([)(
1

)()(0 )( ∑
=

++≤≤ −−−−−−=
M

i
onioffiioffiTTtt TTttuTttutd

onMoffM
 (A.26)

Then, Fourier analysis can be performed on the duty cycle: 
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The inductor current iL(t) can be expressed by: 
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Then, Fourier analysis can be performed on the inductor current: 
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where cm is the Fourier coefficient of the inductor current at perturbation frequency fm. 
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Based on (A.25) and (A.29), it is found that: 
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Finally, it can be found that: 
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The Fourier coefficient at perturbation frequency fm for the control signal vc(t) is 
θjer −⋅ˆ , so the transfer function from control to inductor current can be calculated as: 
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(b) Input voltage to inductor current transfer function 

Similar methodology is used in the constant on-time control, as shown in Figure A.5. 

 

Figure A.5. Modeling for the influence of the input voltage vin in constant on-time control

Because the on-time Ton is fixed, the off-time Toff is modulated by the perturbation 

signal vin(t): )2sin(ˆ)( θπ −⋅+= tfrVtv minin .  Based on the modulation law, it is found that: 
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Then, ΔTon(i) can be calculated as: 
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The perturbed duty cycle d(t) and the perturbed inductor current iL(t) can be 

expressed by: 
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Then, the Fourier analysis can be performed on the inductor current: 
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Finally, the transfer function in the s-domain can be expressed as: 
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(c) Output voltage to inductor current transfer function 

Similar methodology is used to derive the feedback gain that represents the influence 

from the output voltage vo, as shown in Figure A.6. 
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Figure A.6. Modeling for the influence of the output voltage vo in constant on-time control 

Because the switching cycle Tsw is fixed, the on-time Ton and the off-time Toff is 

modulated by the perturbation signal vo(t): )2sin(ˆ)( θπ −⋅+= tfrVtv moo , where, Vo is the 

steady state value of the input voltage, 0̂r  is the magnitude of the signal, and θ  is the 

initial angle.  Based on the modulation law, it is found that: 
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Then, ΔTon(i) can be calculated as: 
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The perturbed duty cycle d(t) and the perturbed inductor current iL(t) can be 

expressed by: 
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Then, the Fourier analysis can be performed on the inductor current: 
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Finally, the transfer function in the s-domain can be expressed as: 
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Appendix B. Model for Boost and Buck-Boost converters 

with Current-Mode Control

The general model for boost and buck-boost converters with current-mode control is 

shown in Figure B.1, where )(/)( svsiDF cp= , )](/)(/[)](/)([)(1 svsisvsisk cpinp= , 

)](/)(/[)](/)([)(2 svsisvsisk cpop= , and ip is the diode current. 

 

Figure B.1. General model for boost and buck-boost converters with current-mode control 

 

A boost converter with current-mode control is shown in Figure B.3. 

 

Figure B.2. A boost converter with current-mode control 
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The model results are as follows. 

 

 

Table B.1. Model for boost converters with constant on-time control 
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Table B.2. Model for boost converters with constant off-time control 
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Table B.3. Model for boost converters with peak current-mode control 
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Table B.4. Model for boost converters with valley current-mode control 
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A boost converter with current-mode control is shown in Figure B.3. 

 

Figure B.3. A buck-boost converter with current-mode control 
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The model results are as follows. 

 

 

Table B.5. Model for buck-boost converters with constant on-time control 
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Table B.6. Model for buck-boost converters with constant off-time control 
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Table B.7. Model for buck-boost converters with peak current-mode control 
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Table B.8. Model for buck-boost converters with valley current-mode control 
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Appendix C. Derivation of the Equivalent Circuit Model

This appendix presents the process of obtaining the equivalent circuit model for 

current-mode control. 

The complete model for peak current-mode control is shown in Figure B.2. 

Figure C.1. Complete model for peak current-mode control 

where, 
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The control-to-output transfer function can be calculated as: 
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(C.3)

Then, based on the equivalent transform, it is found that: 



Jian Li                                                                          Appendix C. Derivation of the Equivalent Circuit Model 

168 

1)(
)1(

1

1)(
)1(

1
)(
)(

2
2
2

2

22 ++
+−

+++

++
+

=

sCRR
sCRR

R
ks

Q
s

sCRR
sCRR

Rsv
sv

oCoL

oCoL

i

oCoL

oCoL

ic

o

ωω  

(C.4)

1)(
)1(

1

1

1)(
)1(

1
)(
)(

2

2
222

++
+−

+

+

+

++
+

=

sCRR
sCRR

R
k

s
Q

L
sL

sCRR
sCRR

Rsv
sv

oCoL

oCoL

is

s

oCoL

oCoL

ic

o

ωω

 (C.5)

Let ]/)/(1/[)( 2
222 ωω sQLsZ se += , then:  

1)(
)1(

)(
1

1)(
)1(

1
)(
)(

2

++
+−

++

++
+

=

sCRR
sCRR

R
k

sZ
sL

sCRR
sCRR

Rsv
sv

oCoL

oCoL

ie

s

oCoL

oCoL

ic

o

 
(C.6)

1)(
)1(

)/(
)(

)(

1)(
)1(

)(
)(

)(

2 ++
+

−
++

++
+

⋅
=

sCRR
sCRR

kR
sZ

sLsZ

sCRR
sCRR

sZ

R
sv

sv

oCoL

oCoL

i

e
se

oCoL

oCoL
e

i

c
o

 
(C.7)

1)(
)1(

1)(
)1(

)1
)/(

)(
()(

1)(
)1()(

)(
)(

2 ++
+

++
++

+
−

−
+

++
+

⋅
=

sCRR
sCRR

sL
sCRR

sCRR
kR
sZ

sZ

sCRR
sCRRsZ

R
sv

sv

oCoL

oCoL
s

oCoL

oCoL

i

e
e

oCoL

oCoL
e

i

c
o

 
(C.8)

Let 
1)(

)1()1
)/(

)(()(
2 ++

+
−

−
=

sCRR
sCRR

kR
sZsZ

oCoL

oCoL

i

e
x , then 

1)(
)1(

)()(

1)(
)1()(

)(
)(

++
+

+++

++
+

⋅
=

sCRR
sCRR

sLsZsZ

sCRR
sCRRsZ

R
sv

sv

oCoL

oCoL
sxe

oCoL

oCoL
e

i

c
o
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Comparison between Ze(s) and Zx(s) is shown in Figure C.2.  Since the magnitude of 

Zx(s) is much smaller than Ze(s), so Zx(s) can be ignored. 
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Figure C.2. Comparison between Ze(s) and Zx(s) 
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Based on the same concept, it also can be calculated as: 
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where, ]}2/)/(1[/{/ 221 offsivin TQLDRkk −== ω .  The equivalent circuit is shown as in 

Figure C.3. 

 

Figure C.3. Equivalent circuit representation of peak current-mode control 



Jian Li                                                                          Appendix C. Derivation of the Equivalent Circuit Model 

170 

For the case of considering the DCR of the inductor, the control-to-out transfer 

function can be calculated as: 
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Following the similar derivation, it can be found that: 
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The equivalent circuit with the DCR is shown in Figure C.4. 

 

Figure C.4. Equivalent circuit representation (w/ DCR) of peak current-mode control 
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