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Absitract

Designing average current-mode confrolled
converters is difficult. Many existing models can
miss important high-frequency effects or become
too cumbersome for practical control design.

This paper presents a small-signal frequency-
domain model for average current-mode control,
developed using the Describing Function method,
which captures how the control signal, input
voltage, and outfput voltage each influence
inductor-current dynamics. Validated in SIMPLIS
and verified on Flex Power Modules” BMR473,

the resulting multi-input multi-output (MIMO)
model gives engineers a more reliable basis

for accurately predicting control-loop stability,
audio susceptibility, input/output impedance
characteristics, and the onset of sub-harmonic
oscillation before hardware is built.

Infroduction

Average current-mode control is widely used in
switching converters, but modeling its behavior
across the full frequency range is not commmon or
straightforward. For design engineers, that gap in
behavior modeling maftters because the missing
behavior is often where stability problems, noise
sensitivity, and sub-harmonic oscillation begin to
show up. Earlier approaches each solved part of
the problem, but none were comprehensive. In
one of the earliest approaches [1], peak current-
mode control is represented by modeling the
inductor current as a controlled current source,

offering intuitive physical insight. However, this
approach lacks the fidelity needed to predict
sub-harmonic oscillations. Ridley’s model [2]
addresses this limitation by capturing the sample-
and-hold behavior of the inductor current, which
becomes critical when the duty cycle exceeds
50%. Despite its accuracy, Ridley’s method is not
easily extendable to modern control schemes.

To overcome these limitations, the Describing
Function method [3] was infroduced as a versatile
modeling approach. It has been successfully
applied to constant-frequency peak current-mode
control, constant on/off-time controls, and was
extended to V2 control [4].

The first application of the Describing Function
method to average current-mode control was
presented soon affter [5], along with its equivalent
circuit representation [6]. While these works
provided a thorough analysis of the control loop,
they did not fully address other critical tfransfer
functions.

This paper proposes a multi-input mulfi-output
(MIMO) model for average current-mode control.
The model enables comprehensive analysis and
synthesis of both the inner current loop and the
outer voltage loop, while also capturing key system
characteristics including loop stability, audio
susceptibility, and impedance behavior up to

the switching frequency. This facilitates accurate
prediction and mitigation of sub-harmonic
oscillations, contributing to more robust designs.




Modeling of the current loop in average current mode control

Fig. Ta shows a typical average current-mode control implemented using an Operational
Transconductance Amplifier (OTA) where v___is expressed by the first part of (1) utilizing the method
described in [6], i.e., rewrite the control signal into two parts: one without dynamics and one with
dynamics, as is shown in the last part of (1).

1 . . 1 .
Vecom = (RZ + E) gm(vc —Rji) = —R;gm Rl + Egm[_RilL +(1+ SRZCZ)UC] (1)

This is illustrated in Fig. Tb, where we have an inner peak current feedback loop with the sense
resistance R =R g R, and the outer loop with the sense resistance R.. The OTA’s input current, (with
transconductance g.), feeds the capacitor C, yielding an infegrator, H=g_/sC, and the control signal v_
is filtered with H.=1+sR C.

O
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Figure 1: (a) Average Current-Mode Control with OTA, (b) Separation into two current feedback loops.

The control fo inductor fransfer function H_ =1, (s)/v (s)I,.,, Was previously derived in [3], here we substitute
the sense resistance R, with the ampilified R . The full frequency and the simplified fransfer functions yields:

TG _ Vi 1-e=Tsw UE ) B 2
P pu(s) " sTewl —STew  Rgs2+5221¢)2" @)
el peak SWis (sp+se)+(sp—se)e S sw s 0, T¥2
Wy = Q=
Using the definitions from [3], ™ |
sing the definitions from [3], 7|y 05
— Vin—Vout — Vout
where T_ is the switch period . The inductors’ rising and falling current slopes are, =~ Ry =775 and sy = R, =7

, respectively. The compensation ramp slope is denoted s_, which can be used to design the Q, value
in (2). The simplified model, which is accurate up to the Nyquist frequency, is obtained using a Pade
approximation of the fime delay, ,—sTsw [3].

The peak current control fo inductor transfer function, i (s)/v_ (s) | beak in (2), is fed-back with the outer
current loop, as illustrated in Fig. 1b, via the sense resistor R, and integrator H, which yields the control fo
inductor current transfer function for average current-mode control:

ir(s) _ HI(iL(S)/vc(SNpeak)
ve®@lgpg — 1+RiHI(iL(5)/vc()lpear) " ©

3)
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Through algebraic manipulation of (3), both the full and simplified models are derived as follows:

Vingm(l—e_STSW)(l+s/nz) m_%

i~

S+ng (4)

i(s)

vels) avg szTSWLSCZ((sn+se)+ (sp—se)e _STSW)+RiVingm(1—e_5Tsw)

@ .
. g3pg292 2 2
Rj s°+s Q2+sw2+nzw2

The outer current loop with the integrator introduces a zero, "z = i , as well as an additional pole. This
configuration also influences the placement of the two poles associated with the inner peak current
control loop. A comprehensive stability analysis of this configuration is provided in [6]. The models in

(4) are verified with SIMPLIS simulations and shown in Fig. 2. The following data was used: Switching
frequency f =300kHz,V, =12V,V_ =6V, L =300 nH, g =0.85mS, s, =0.8s, and f =f /10=30kHz. With R =1kQ,

1
2mRzfz

The correspondence between the full frequency model and the simulation is very good for the gain,
while the phase starts to deviate at 600 kHz. The simplified model has very good agreement up to the

Nyquist frequency.

the capacitor becomes ¢, = = 5.3nF
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Figure 2: Control fo i, transfer function comparison and verification with SIMPLIS simulation.

Input and output voltage to inductor current transfer functions

To be able to analyze all the other transfer functions the input and output voltage to inductor current
fransfer functions are required. Using the structure from [3] for the MIMO model of the inductor current
shown in Fig. 4, where i, (s)/v (s)l,,, serves as a common component across all three transfer functions,

yields ir.(s) ir.(s) and ir(s) ir.(s) Solving for K,, and K,, yields:
vinl gy T e@ gy’ T vour® gy T 2 vels)l gy
K. = iL(s)/vin(s)lavg _ iL(5)/vout(s)lavg (5)
L i) /ve®lavg 2 in()/ve(s)lavg
flex
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The transfer functions i (s) /()] and i (s) /oS, Qe determined by the feedback of the outer current

loop, incorporating the term H R, see Fig. 1b. The following relationships are obtained:

(iL(S)fVout(s) |peak)
1+H[R; (iL(S) /vout(s)| peak}

(iL(S]/Vin(5]|peak)
1+H1Ri(1'1,(5)/"1'n(5)|peak)

» A2 —

K1=

iL(S)/vc(sjlavg iL(SJ/vc(sjlavg

Where i, (8)/v,,(S)],.e ANA1,(8)/V,,, (8) |,..,; Ore found in [3] as
1—e—5Ton fs(l—e_STSW) 1

iL(s) 1
SLs | (sp+5¢)+(sp—se)eTsw SLs/Rs

vaut(s)

i,(s) _ 1 | 1
Vin(Dlpear  SLsTow | (sp+se)+(sp—s.)e=Tsw  SLs/Rs

Vin + Ton » in

peak

Since 1»H R (s)/v,,(9)],., (here af least 20dB smaller), and the DC gains of i, (s)/v (s)I,,, and

i,(s)/v.(s)l., areidentical, one can approximate K, asin (8).

avg

(iL(S]/vin(S)|peak)
1+HIRi(iL(s)/vin(s)|peak)

iL(s)/ve(®lavg

~ iL(S)/vin(S)Ipeak ~ DRLI: 1

_Toff] K, ~ —_Ri
R = ~ , K =
LL(S)/VC(S)lpeak L 1Qw; 2

ky = LQzw;

(6)

- Tsw (7)

)

The same line of reasoning can be applied to K,. The results mafch those observed in the peak current
control mode scenario in [3]. The full (6) and simplified models (8) of K, are compared in Fig. 3a. The

simplified K, model is verified with SIMPLIS simulafion and compared with the calculated

1,(8)/v,, ()1, =K,i,(8)/v.(9)l,,, Whichis shown in Fig. 3b. Both these comparisons show excellent similarities

up to the Nyquist frequency.

Comparison of K1: Fullmodel vs Simplified

Comparison of iL/vin|avg: Simplis vs Model: iLIvc|avg x K1
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Figure 3: a) V, to i fransfer functions, Fullmodel vs Simplified. b) Verification of K, with SIMPLIS
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The average current-mode model

The average current-mode model is applied in Fig. 4b. The MIMO model of the inductor current i in Fig.
4qa, feeds an impedance network, Z_, in series with the inductor’s parasitic resistance DCR. The voltage
af the inductors’ output is fed back via K,. The control to output voltage transfer function for peak
current-mode control was previously derived in [7]. By substituting with the average current-mode control
expression given in equation (4), the equivalent for average current-mode control is obtained as

Vour(s) — Zout(ii’,(s)/vc(s)lavg) )
ve(s) avg 1—K2(DCR+Zout)(iL(3)/vc(5)|avg)

With (9) established, the voltage control loop can now be closed. A PID controller is then designed to
meet the desired stability criteria. Subsequently, all the key system performance metrics can be analyzed.

Vin(3)
K, Vinl3) :::]. . UsLmn VoutlS)
vols) =G iy(s) e iy(s) Virn(S)
Vel S) lavg
Ky PID [+
vals)

() (b)

Figure 4: (o) The MIMO model of the inductor current and (b) its use in the full model of the SMPS.

Implementation and verification

A suitable control circuit implementing the average current control with an OTA is the TPS546A24A from
Texas Instruments [8]. This was successfully infroduced in the 40A non-isolated digital PoL Regulator,
BMR473 [9]. Within the Flex Power Designer Loop Compensation Tool, the verified model supports control-
loop design as well as load-transient analysis for the output decoupling capacitor bank. That gives the
work a practical endpoint. It is not only mathematically consistent, but directly usable in day-to-day
converter design.

Conclusions

A linear time-invariant MIMO small-signal model for average current-mode control has been developed
using the Describing Function method. This approach captures the full frequency content of the highly
nonlinear current loop, enabling accurate analysis up to the switching frequency. As a result, the

model facilitates early detection and mitigation of sub-harmonic oscillations during the design phase.

By combining the inner peak-current loop and the outer average-current loop in one framework,

it provides a more complete account of how the control signal, input voltage, and output voltage
influence inductor-current behavior. This allows stability issues to be identified earlier, gives a better basis
for controller design and reduces the risk of sub-harmonic oscillation reaching hardware. The model

has been validated through SIMPLIS simulations, verified with measurements on the Flex Power Modules
product BMR473, and implemented in the Flex Power Designer Loop Compensation Tool for practical use.
For power designers, the value is straightforward: a model that stays mathematically rigorous while being
more useful in practice.
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