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ABSTRACT-The effects of switching frequency ripple on the 
behavior of average current mode PWM DC/DC converters 
are studied. Ripple estimation and superposition methods are 
applied to derive new frequency-dependent averaged models 
that take into account these effects. Small-signal analysis of 
the new model reveals several important characteristics of 
average current mode control, especially under large ripple 
conditions, that previous models are unable to predict. 
Discussions on the small-signal models for PWM D O C  
converters are demonstrated 

1. INTRODUCTION 
Average current mode control (ACMC)[ 13 has several 
advantages over peak current mode control including 1) 
elimination of the external compensation ramp to stabilize 
the current loop, 2) increased DC and low frequency 
current loop gain because of the use of integrator in the 
current loop, and 3) improved noise immunity due to the 
low-pass prediction. Recently, the ripple component of the 
controller was found to have important effects on both the 
DC gain and high-frequency phase shift of the current loop 
[2]. Previous averaged models using conventional 
averaging techniques were shown to be either unable to 
predict these ripple effects or become complicated when 
they are considered. 

This paper presents a systematic modeling method for 
average current mode control that takes into account ripple 
effects. This method attempts to determine the real duty 
ratio (termed switching time in this paper) of the average 
current mode converter. It decomposes output and state 
variables of the power stage into averaged values plus 
ripples and then applies superposition on the control loop 
to estimate the compensator output ripple. This paper will 
emphasize small-signal analysis of average current mode 
PWM converters 

Almost all-previous work on the modeling of average 
current mode control is based on conventional averaging 
techniques that ignore switching ripples [ l ,  21. The 
resulting models work well when the current compensator 
output has low ripple. However, as has been demonstrated 
in [2], there are discrepancies between averaged models 
and measured current loop gain and phase. As this paper 
shows, for other small signal characteristics such as output 
impedance, the conventional models may differ drastically 
than actual values. New, more accurate models are 
proposed to account for these discrepancies. The results of 
this work generalize small signal modeling methods of 
[3,4], which were applied to the specific class of ACMC of 
buck converters. 

In Section 11, sample simulation and experimental results 
are presented that demonstrate inaccuracies in 
conventional modeling methods. The new modeling 
method using superposition method is shown to more 
accurately reflect experiments. Section I11 resolves 
conventional small signal inaccuracies by introducing 
revised small signal models. Section IV gives brief 
technical details to the derivation of the new models. 
Section V shows simulation and experimental results of an 
ACMC boost converter. Section VI presents conclusions. 

11.  SAMPLE EXAMPLES 

A. Incorrect Duty Ratio Prediction 
Fig. 1 shows a typical ACMC boost converter. In this 
topology, there is an inner current loop, K, (s) , that senses 
the inductor current and uses the output of the outer 
voltage control loop, K, ( s )  as the reference. The output 
of the inner loop is then compared to an externally 
provided ramp to generate PWM waveform. 

In average current mode control, there is large flexibility in 
selecting the control schemes for both the inner current 
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Fig. 1 A Typical Average Current 

loop and the outer voltage loop. The difficulty of modeling 
the average current mode control lies in the fact that the 
control output of the DCIDC converter may have large, 
non-triangular ripple as shown in Fig. 1. The duty ratio 
generated by average control output ( ) is no longer 
equal to the real duty ratio. Here in this paper, we term the 
real duty ratio switching time rs 3 d o n ,  since the switching 
behavior takes place at that instant. The relationship 
between switching time and averaged control output is 
described by a nonlinear equation as will be shown in 
Section IV. 

B. Small Signal Experiments: Output Impedance 
Input and output impedance are the basis for stability 
analysis of systems involving switching power converters. 
Such a system may be as simple as a single converter with 
an input EM1 filter, or as a large distributed power system 
that uses tens or even hundreds of converters. Accurate 
prediction of impedance characteristics for each converter 
is essential for correct assessment of system stability and 
design optimization [9,11]. Fig. 2 shows the output 
impedance of an ACMC boost converter with two PI 
controllers for both inner current and outer voltage loop. In 
Fig. 2, we can see that output impedance predicted by new, 
superposition models match the measurement result well, 
while large magnitude and phase discrepancies are 
detected between conventional models and measurement. 

The errors in conventional models are drastic and could 
lead to instabilities. Typical impedance matching stability 
criteria [ 1 11 requires that lZo I < 12,I, where 2, is the input 
impedance of the load subsystem. Notice that conventional 
models predict that lZo = OdB , when in fact, it has been 
measured to be approximately 20 dB. The new models 
predict / Z o  I na. = 18dB, which is a clear improvement. 
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Fig. 2 Output Impedance of Average Current Mode Boost Converter 
( f : = 2 5 k H ~ ,  Vu=IO.OYR, L = 7 0 / r H ,  C = ~ I , U H H ,  R=10.3R, 

K,(s) = 4.84 + 100.3/s 9 K V ( s )  = 0.01 + 10.4/s 9 D = 0.31 9 K, = 0.2) 

Ill. Small Signal Models 
Figure 3 illustrates the newly proposed block diagram 
representation of small signal transfer functions for ACMC 
PWM DC/DC converters. In this figure M ,  , M , ,  
M ,  represent the open loop audio susceptibility, control to 
output transfer fimction and output impedance 
respectively; N , ,  N , ,  N ,  represents the open loop input 
admittance, control to inductor current transfer function, 
and current sensitivity respectively. K ,  (s) and K ,  (s) are 
current loop and voltage loop controllers, and Ks 
represents current sensing gain. 

The structure of Fig. 3 is similar to that proposed in [4] for 
peak current mode control, with the important exception 
that the influence of transfer functions A(s ,T ) ,  
H ,  (s, T )  and H ,  (s, T )  have been included to provide gain 
adjustment and phase shift due to ripples. In fact, in [3, 41, 
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* is referred to be the modulator gain that reflecting 

the ripple effect on frequency domain responses. As T 4 ,  
the ripples become negligible and A(s,T) = 1 , 
H, (s, 7‘) = H, (s, T )  = 0 .  Then the conventional models are 
recovered. However, for non-negligible ripple, these 
transfer functions can not be ignored, as the experiments in 
Section 2 show. (Derivation of A ( s , T ) ,  H , ( s , T )  and 
H ,  (s, T )  are given in the next section). Table 1 compares 
the closed loop expressions of important small signal 
models for both conventional modeling methods and our 
new approach. In order to derive the results in Table 1, one 
would apply block diagram algebra in Fig. 3. For example, 
to obtain output impedance, set = O  in Fig.3, and solve 

for 

A(& T )  

/< . This will lead to the results given in the table. 

Before giving technical details on how to derive A(s ,T)  , 
H ,  (s, T )  and H ,  (s, T )  , it is possible to present an intuitive 
explanation of the important physical interaction 
occurring. It has already been established that d f I,, i.e. 
the ideal conventional duty ratio is not the switching time. 
In fact, I, and d are related trough a nonlinear 
relationship. When this relationship is linearized, it is seen 
that A(s, T)?, = 2 . To understand H ,  (s, T )  and H ,  (s, T )  , 
it is important to realize that disturbances. at 
io and V n  affect the size of the ripple on power stage state 
variables. Most important though, is the effect on the peak 
inductor current values. At the switching time I ~ ,  the 
inductor current is at its maximum value. Any perturbation 
of this peak value will change the switching time. As a 
result, H ,  (s, T )  and H ,  (s, T )  are needed to describe the 
influence on small signal behaviors due to these changes 
reflected through the ripple for perturbations in input 
voltage and inductor current, respectively. 

IV Derivation of H, , HI  and A Using 
Superposition Methods 

In [7], a method of “superposition” is presented for more 
accurate large signal modeling of average current mode 
control. In this section, we demonstrate how the methods 
can be used to derive H , ,  H I  and A utilized for the 
small signal models in Section 111. The overall idea for the 
new, so-called superposition method is like this: the power 
stage variables, inductor currents and capacitor voltages 
are decomposed into a one-cycle averaged value 
component, < x > ,  plus a zero average, fast, periodic 
ripple Y , ~ .  Algorithms to solve for the ripples are well 
known, e.g. [5, 6, 71. Next a “superposition” principle is 

t 
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Fig. 3 New Block Diagram of Small Signal Models for Average Current 

Mode Control 

applied to the control circuitry. In fact, we can not apply 
exact superposition since the system is nonlinear. 
However, the controller is linear and the nonlinearities in 
the input signals to the controller all are contained in Y, . 
Furthermore, averaged variables are slow compared to the 
fast dynamics of the ripple. Hence, on a cycle to cycle 
basis a> can be assumed constant, leading to the 
conclusion that Y, approximately equals a function of 
time, with no dependence on <x>. Hence, we apply 
superposition for this nonlinear system, holding a> 
constant when solving for the ripple on the controller 
output, denoted as Yd(t,*). The output <d>  represents the 
duty ratio found using in conventional methods. The 
switching time t = I, T is given as 

where r, = don in Fig. 1, V, represents the height of the 
ramp, and V‘nnrepresents the offset of the ramp. The 

procedure to solve for Yd is as follows. Using the methods 
of [6], Y!, , the ripple on power stage variables is first 
found. This can easily be related to the ripple on the output 
voltage [8]. That is, we derive the output voltage as 
Vo =<Vo> +“‘,and the inductor current as i, =<i,> +Y,, . 
vo and i, are then sent to the controller with transfer 
function G ( s )  = C, (SI - A < ) - ’  B ,  + K ,  . Then using the 
variation of constant formula, it is possible to explicitly 
solve for Yd as: 
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TABLE 1. LOOP GAWS AND CLOSED LOOP TRANSFER FUNCTIONS 

Transfer functions Conventional Models Superposition Models 

Current Loop Gain T, = K , K , N ?  Fl = T l / A  

Voltage Loop Gain =K, ( I + K , ) M ,  Fv = T " / A  

Total Loop Gain r, +T +I; 
- M,? 

M , ( l + T , ) - - N $  +a M,T,N,  M , ( 1 +  T , )  -___ 
N ,  N ,  A 

Audio Susceptibility 
1+T, + T  I + ?  +f ,  

M,T,N,  M , ( I + T , - - N ,  - M2? +% M ,  (1 + T, ) - __ 
N I  N ,  A Output Impedance 

I + T ,  + T ,  I + ?  + I ;  
- N 2 T .  N , ( I + T , ) - - M ,  M .  += A 

I + ?  +r; 
- NT" N,H N , ( I + T ) - - M ,  +---L 

N,(l +Tv)-- MJ,T 
M, Mi A Current Sensitivity 

1+T,  +T I + ?  +I; 

ul, =cc ~ek( ' - r )4r%o (4  'yy, (4lr'd~+KcK0 (.I 'yy, I' (2) 
Here Y, =K,Y, , where K s  is the current sensing gain. 
The reader is referred to [7] and the Appendix to view the 
specific details of the solution of this equation. 

In essence, the proposed method performs averaging for 
the important dynamics below one third of the switching 
frequency and explicitly solves for the important faster 
dynamics that contribute to system behavior. Once Yd is 
solved for, we find the switching time z, by solving the 
nonlinear algebraic equation (1). It is important to note that 
the ripple Y, is dependent on many variables, i.e., 
Y, = Yd(t,Vn,T,< i, >,< v, >,z,). In order to obtain small 
signal transfer functions, we linearize (1) with t = zsT to 
obtain 

Open loop small signal transfer hnctions give 

Taking Laplace transform, and substituting (4) and (5) into 
(3), we see that 

Where 

H,(s,T) = i3Y,/aP'n + N, aY,/ai, + M ,  aY,/i7vo 
H ,  (s, T )  = aY, /aia + NsdY', /ai, + M ,  aYd /avo 

Hence, the small signal models of Section 111 and Fig. 6 
are now directly derived. Notice that the steady state 
values are used in calculating these partial derivatives such 
as aY,/aq , aW,/ai, , aYd/i3v0 and i3Y,/aio, e.g. 

ay" 1% = / ~ i ~ l < " > = ~ , ' = ~ ~ , < , ~ > ~ " ~  or we can see that these 
are constant coefficients. Again it is important for us to 
notice that l/A(s, T )  is actually the modulator gain looked 
for by [3] and [4]. 

(7) 
(8) 

A@, T )  = v, - ay, /ar, - N, ay, /aiL - M ,  aY,/&, (9) 

V. Small Signal Simulation and Experiments 
Simulation and experimentation is performed on a ACMC 
boost converter shown in Fig. 1 with PI controllers for both 
current loop and voltage loop. The parameters used in the 
simulation and experimentation are as following: 
v, =lO.ov, L = 1 7 2 f l ,  c=21,&, R=10.3R. The output 
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voltage is 12.6 V. The switching frequency is 25kHz. The 
current sensing gain is K ,  = 0.2. The controllers are 
chosen as ~ , ( ~ ) = 2 . 4 2 + 2 2 ~ 3 / ~  for current loop and 
K,,(s) = 0.1 + i1.46/~ for voltage loop for simulation. The 

results obtained in Fig.6 apply K,(s) = 0.05 + 11.46/s for 
voltage loop. 

d I  . 
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Fig. 4 Current Loop gain 

In Fig. 4, the phase margin estimated by conventional 
models is 66.78 degree at 4.4kHz, different from that of 
the superposition models giving 55 degree of phase margin 
at 4.2kHz. Larger phase and magnitude discrepancy may 
occur using other control parameters. It is always possible 
that conventional models always predict phase margin in 
the desired range (2  45" ), while the real phase margin 
falls below the desired range. This is also true for voltage 
loop gain and total loop gain. 

Magnitude and phase discrepancy also occur in close loop 
performance transfer functions such as output impedance, 
input admittance and current sensitivity. Fig. 5 shows the 
simulation results of the input impedance. Large 
magnitude and phase discrepancy occur around resonant 
frequency between these two models. 

Fig. 6 shows the lab measurement for inner loop gain 
E /(I + yv ) derived by breaking the loop at negative input 
of the current loop controller. It can be seen that the 
prediction by conventional models give up to 5dB 
difference in magnitude with that of the lab measurement, 
while only 0.5dB difference is observed by superposition 
models. 

, l o 2  1 o3 10' 

1 o2 1 o3 
Frequency in Hz 

Fig.5 Input Impedance 
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Fig. 6 Lab Measurement for Inner Loop Gain 

10' 

VI CONCLUSIONS 
Average current mode is known for its tendency of having 
large ripple on control loop. The ripple effect the 
frequency domain response has been observed, which can 
not be predicted by conventional models. Superposition 
models are verified to be more accurate than conventional 
models in small signal prediction. Both theoretical 
justification and experimental results are provided to 
demonstrate the ripple effect of average current mode 
control. Overall, method proposed in this paper for the 
derivation of small signal models provides a general 
approach to accurately predict behaviors of average current 
mode PWM DCIDC converters. 
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APPENDIX: Derivation of Ripple on Control Output at 
Switching Time for ACMC Boost Converter with PI 

Controllers 

Generally, power stage switching models for an ACMC DC/DC converter 
operating in continuous conduction mode can be written as [6]: 

x=Aax+BoV,~  +Eoio +Go +(A,x+B,V,“ +E,i,+G,)h(d-tri(t,T)) 
y = Cox+ Hoio + F, + ( C , x +  H,is + F,)h(d -tri(t,T)) @.I) 

where h is the heavy-side function taking value 1 when the control output 
d is greater then the ramp represented by tri(t,T) , and 0 vice versus. 
The control circuitry can be represented by linear differential equations 
with periodic inputs: output voltage vo and inductor current i i ,  shown in 

(A.21, 

xc = A , x ,  + B,U + G,V,# 
d = C,x ,  +K,U + EcVd 

For a boost converter shown in Fig. I with parasitic considered above, we 
have the matrices: 

aR, +R,  +Ro a RP -R ,  +aR, 

-~ 
A<, = 

C,! =[aR, a ] ,  C, =[-aR, 01, H ,  = a R , ,  H ,  =-2aR,,  

and F, = F, = O  for power stage in 

(A.I), where x = [i, v,]’ and y = v.. A typical two-loop PI control 

circuitry takes form of K,(s)=K, +- for current loop and 

K ,  (s) = K,, + - for voltage loop. The state space expression is given 

K 
S 

K 
S 

c, = [-(I + K , )  -11, Kc = [-U + K ,  )Kp, -KJ, I 9 

E, = K,, (1 + Kp, )y .  where y is used to balance the reference voltage in 
voltage loop. 

The ripple on the power stage state variables are obtained by using the 
formula in [6]: 

(A.3) 

(A.4) 

where 

a 
C 

n, =--<i, > ( l - r , )  and n, = - n , r , / ( l - r , ) .  

The ripple on the output of power stage is given as [ 81 

1 a”, -aRc( l - r . )< iL >, O < t < r , T  
aR<Y,, + aY, + aRc r, < i ,  >, r, T I t < T 

Substituting (A.3), (A.4) and (AS) into (2), we have the following 
equation giving the value of the control output at switching time. 

Y,,(r,T) = J . < i, > r: + J,,  < ic > r,’ + ( J z :  < i, > +J,, < va >)r,’ + 
( J z ,  <i, >-J,, <ve >)r, + J , ,  <i, > 

(A.6) 

where 
K k a R  T K,,K,,aR<T‘ 

J z ,  = - J,. +U - K!, K,, a’T’ 
2L 2 ’  J z .  = 12c 9 

It can be seen from (A.6) that the control output ripple at the switching 
time is the function of switching time, power stage averaged state 
variable < i ,  > and output voltage < va > . Since averaged variables 

finally will be described in term of input voltage y~ , load current i~ and 

switching time r, , the output ripple at switching time as given in (A.6) is 

actually a function of P’“ , io and r, . Therefore, it is plausible to write the 
control output ripple at switching time in either of these two forms: 
Y,((r ,T,< i, >,< vo >) and Y, , ( r ,T , io , y , , ) .  This recognition has been 
very helpful in deriving small signal models. 
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