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Small-Signal Modeling of I2 Average Current
Mode Control
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Abstract—I2 average current mode control is a promising con-
trol technique featuring fast dynamic response, cycle-by-cycle cur-
rent limiting and accurate current control. It can be treated as
peak current mode control with no peak-to-average error. By com-
bining direct current feedback and average current feedback, I2

average current mode control is a three-loop control system. Since
it is a new control technique proposed in 2013, few papers exist
which discuss the small-signal model for this control method. In
this paper, a small-signal model for constant frequency I2 average
current mode control is proposed which successfully predicts the
subharmonics oscillation when the duty cycle is close to or greater
than 0.5. The characteristics of I2 average current mode control
are also compared with average current mode control and peak
current mode control to show its advantages.

Index Terms—Average current mode control (ACM), dc–dc con-
verters, frequency response measurement, small-signal modeling.

I. INTRODUCTION

CURRENT mode control for switch-mode power supplies
has been studied for over three decades [1], [2]. The first

proposed current control technique, peak current mode control
(PCM), has been widely used in the low-to-medium power appli-
cations due to simplification of the control loop design, cycle-by-
cycle current limiting, and prevention of transformer/inductor
flux imbalance [3], [4]. Since the inner current loop determines
the duty ratio for the active switch in the converter by using
the peak value of the inductor current, the peak-to-average error
makes PCM lose the ability to control the current precisely [5].
For applications where a current source is preferred, like an LED
driver or a battery charger, PCM can barely have zero dc error in
the inductor current. As a result, average current mode control
(ACM) is used instead of PCM [6], [7]. Compared to PCM, a
PI controller is utilized in the current loop to provide infinite dc
gain. For ACM, a high frequency pole in the current loop con-
troller makes the loop less robust and a pure PI compensator is
recommended [8]. Thus, the ripple in the inductor current still
appears on the output of the current loop compensator while
retaining the shape of the original waveform. However, the PI
controller narrows the bandwidth of the current loop slowing
the transient response.

Engineers have attempted to use PCM and ACM simultane-
ously to obtain both fast dynamic performance and zero DC
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Fig. 1. I2 ACM.

error. A new control technique based on this same idea was pro-
posed in the 2013 [9] and is referred to as I2 ACM control. The
current loop uses the inductor current signal twice—an average
signal calculated by a PI controller and the peak/valley signal
without modification. These two signals determine the duty ratio
of the active switch in the same manner as the voltage signals in
V2 control [10]. As shown by the red line in Fig. 1, the PI com-
pensator produces the average current signal, which is compared
to the current command. This loop with the PI compensator is
designated as a slow loop, which makes the inductor work as a
current source with zero dc error. The peak/valley current signal,
shown by the blue line in Fig. 1, is directly fed back without
delay. As a result, this loop is referred to as the fast loop, which
ensures current limiting and fast dynamic performance. In con-
stant frequency operation, the switch turns on at the beginning
of every switching cycle, it turns off at the moment when the
fast loop waveform reaches the slow loop waveform as shown in
Fig. 2. Therefore, there is no external saw-tooth signal needed
for pulse width modulation (PWM) modulation as that needed
in ACM and voltage mode control. The green line is the outer
voltage loop, which produces the current command to keep the
output voltage constant.

Compared to the traditional current mode control, I2 ACM
control has three loops instead of two. The modeling of this
technique is more complicated than the other current control
methods. The authors of [9] used describing functions to derive
the s-domain transfer function by integrating several circuits into
a functional block. This procedure yields little insight into the
current loop and the cause of subharmonic oscillations. In this
paper, I2 ACM control is analyzed in detail, and a small-signal
model is proposed that is applicable for constant frequency
operation. An explanation for the subharmonic oscillations is
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Fig. 2. Current waveform for I2 ACM control.

Fig. 3. Current waveforms for PCM and ACM control.

developed using this model, which is verified by both simula-
tion and experiment.

II. I2 ACM CONTROL

A constant frequency trailing edge-modulated I2 average cur-
rent mode-controlled buck converter is shown in Fig. 1. The
inductor current is used twice to determine the switch duty ra-
tio. The waveforms for the current loop are shown in Fig. 2. A
pure PI controller is utilized, because its delay is much less than
that of an integral lead-lag compensator. A reference change in
the current propagates through the current loop controller and
appears at the output Vi . The switch is turned on at the be-
ginning of each cycle by the system clock and turns off at the
instance the inductor current reaches Vi ; therefore, the inductor
current works as the modulator slope. In I2 control, both the av-
erage value and peak value of the inductor current are utilized,
which in turn provides accurate current control and cycle-by-
cycle adjustment. As a result, I2 ACM control can be treated as
a mixture of PCM and ACM, which combines the advantages
of the two control methods. To illustrate the characteristics of
I2 ACM control, the current waveforms for ACM and PCM are
also shown in Fig. 3. By comparing the current waveforms in
Figs. 2 and 3, traditional PCM and ACM have a tradeoff be-
tween speed and accuracy; however, I2 ACM control maintains
both fast dynamics and precise control.

Fig. 4. Small-signal model for I2 ACM control.

III. SMALL-SIGNAL MODELING

The circuit in Fig. 1 has three loops: a fast loop shown in
blue line, a slow loop in red, and a voltage loop in green. In
the analysis of the current loop, assume that the voltage loop is
open. Ignoring the slow loop, the fast loop forms a control circuit
that looks like that of PCM. By ignoring the fast loop, the slow
loop is similar to ACM. Hence, I2 ACM control can be taken
as a control system with a current loop having a PCM circuit
and an ACM circuit in parallel. The corresponding small-signal
model is shown in Fig. 4, where Gvd is the duty cycle-to-output
voltage transfer function [11], Gid is duty cycle-to-inductor
current transfer function [12], Gvg is the input-to-output voltage
transfer function, Gig is the input-to-inductor current transfer
function, Zout is the output impedance of the power stage, GiL

is the transfer function from load current to inductor current, Go

is the compensator in the voltage loop, Gci is the controller in the
current loop, Fm is the modulator gain, Ri is the current sense
resistor, He is the sampling gain, Vref is the voltage reference, Vo
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Fig. 5. Current compensator and modulator.

is the output voltage, IL is the inductor current, Vc is the current
reference, Vi is the slow loop current compensator output, and
d is the duty cycle applied to the switch. Normally, the feed-
forward gains kf and kr are small, have little effect on the
current loop gain, and can be ignored in the early stage analysis.

Although there is an integrator in the current loop, the gain
(1 + Gci(s)) in the forward path transmits the change in the
current reference without delay. The current ripple, which is
utilized instead of an external saw-tooth signal to determine the
duty ratio, contains the circuit operating information and makes
the transient response faster.

It should be noted that the modulator gain Fm in this control
technique is different from those of PCM and ACM; an expres-
sion for this gain will be derived later. The gains kr and kf from
the input and output voltage to inductor current are typically
found in PCM and ACM models; however, they are also differ-
ent from those utilized in the traditional control methods due to
the two current loops.

A. Modulator Gain

For the current compensator in Fig. 5, the s-domain transfer
function is

Gci (s) =
kci · (1 + s/ωzci)

s
(1)

where ωzci = 1
C1 ·R2

and kci = 1
C1 ·R1

.
The phase delay introduced by (1) is

delay = tan−1 (2πfsC1R2) − 90◦ (2)

where fs is the frequency of the signal being processed. The
negative value in (2) indicates that the output of the current
compensator is lagging the input. Generally, capacitor C1 and
resistor R2 produce a zero located below the resonant frequency
of the power stage; thus, the first term in (2) is close to 90°. Tak-
ing the inverted input into consideration, the current compen-
sator output is similar to the inverted inductor current. Assume
that the input signal (the inductor current) has a rising slope of
Sn , the corresponding compensated output signal has the falling
slope Snc at the switch turn-on instant and can be calculated as
follows.

The s-domain transfer function for the inductor current while
the switch is turning on, IL (s) = Sn

s2 , the output of the current
compensator is expressed as

Vi (s) = −Gci (s) · IL (s) = −Sn · kci ·
(

1
ωzci · s2 +

1
s3

)

where the minus sign is due to the current feeding back to the
inverted input of the current compensator. By using the inverse

Fig. 6. Current waveforms for modulator.

Laplace transformation, the output can be represented in the
time domain

Vi(t) = −Sn · kci ·
(

t

ωzci
+

t2

2

)
.

Taking the derivative of the previous equation and evaluating
it at time t = DTs yields Snc

Snc = −Sn · kci(DTs + 1/ωzci). (3)

It can be noticed from (3) that Snc varies with the duty ratio
and the current loop compensator design; therefore, the overall
modulator gain varies with operating point.

With the slope of the inductor current and the current com-
pensator output, the waveforms which describe the modulation
are shown in Fig. 6. The variables 〈Vi〉 and 〈R∗

i IL 〉 indicate
the average value in a cycle, which are marked by dashed lines.
Since the angle calculated from (2) is close to zero in most cases,
the delay introduced by the PI controller can be safely approx-
imated as 180°. Therefore, (4) is satisfied during steady-state
operation. Since the waveforms for both the fast loop and slow
loop are changing in a cycle, the absolute slope for modulation
is related to the difference between the slopes of the two current
waveforms

〈Vi〉 = 〈Ri · IL 〉 +
1
2
DTs(Sn − Snc). (4)

Perturb the inductor current while keeping the other pa-
rameters fixed to obtain the modulator gain, Fm1 , of the fast
loop [12]

Fm1 =
d̂

〈RiÎL 〉
= − 2

(Sn − Snc) · Ts
. (5)

The similar methodology can be used to derive the modulator
gain, Fm2 , in the slow loop

Fm2 =
d̂

〈V̂i〉
=

2
(Sn − Snc) · Ts

. (6)

It turns out the modulator gains seen by the fast loop and
slow loop have the same magnitude but are different in sign.
Therefore, a unified modulator gain Fm is used in the model of
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Fig. 4, which is the same as (6)

Fm =
d̂

〈V̂i〉
=

2
(Sn − Snc) · Ts

. (7)

As a common problem of multiple-loop control methods like
PCM [13] and V2 control [14], I2 ACM control also suffers from
“subharmonic oscillation” [15] when the duty ratio is close to or
greater than 0.5. An artificial slope can be used to decrease the
modulator gain to stabilize the current loop. If a ramp of slope
Se is needed, then (7) becomes

Fm =
d̂

〈V̂i〉
=

2
(Sn − Snc + Se) · Ts

. (8)

If slope compensation is added through a voltage divider, the
dividing ratio should also be applied to the current sense resistor
of the fast loop which makes it different from that of the slow
loop.

B. Sampling Gain

I2 ACM control uses the ripple of the inductor current in
the same way as PCM in the fast loop. The current loop for
PCM operates as a sampling system instead of averaged state
feedback. By the same derivation process in [3], the fast loop of
I2 ACM control turns out to have the same sampling gain

He (s) ≈ 1 +
s

ωnQz
+

s2

ω2
n

(9)

where Qz = −2
π , and ωn = π

Ts
.

The phenomenon, “subharmonic oscillation,” is mainly due
to (9), which has two RHP zeroes at half of the switching
frequency. Note that this model is only accurate up to half
the switching frequency due to approximations. It should be
mentioned that (9) is an approximation valid only for constant
frequency operation. However, in variable frequency operation
like constant on-time control, (9) fails to describe the sampling
effect [16].

Due to the PI controller in the slow loop, the output contains
the average signal for the inductor current; therefore, the slow
loop is true state feedback [17] and the sampling gain from (9)
is not shown in the slow loop as depicted in Fig. 4.

C. Feedback and Feed-Forward Gain

The feed-forward gain from the input voltage to the inductor
current and the feedback gain from the output voltage to the
inductor current were fully developed in [3], which is based on
a simplified current cell common to all converters. The corre-
sponding derived gains are shown as follows:

K ′
f f l = −DTsRi

L

(
1 − D

2

)
(10)

K ′
r f l =

D′2TsRi

2L
(11)

where K ′
f f l is the feed-forward gain and K ′

r f l is the feedback
gain for the invariant current cell in PCM. For different converter
topologies, the corresponding feed-forward gain and feedback

gain are the combination of (10) and (11) and related to the
existence of the input and output voltage during the switch turn-
on and turn-off interval.

Since the fast loop in the I2 ACM control works on the same
principle of PCM, the input and output voltages have the equiv-
alent effect on the inductor current through the fast loop.

Although there is a current compensator in the slow loop, the
inductor current ripple still appears at the output, because a PI
controller is used which has less damping than that of a type II
compensator. The feed-forward and feedback effect in the slow
loop will be modified by the current compensator as shown in

K ′
f sl = K ′

f f l · Gci (12)

K ′
r sl = K ′

r f l · Gci. (13)

As discussed in the modulator gain section, a PI controller
contributes a phase delay close to 180°, which can be approxi-
mated as an inverted input signal with magnitude magnification
at the switching frequency

K ′
f sl = K ′

f sl · |Gci |f =fs
(14)

K ′
r sl = K ′

r f l · |Gci |f =fs
. (15)

Based on (12)–(15), the total feed-forward and feedback gains
in I2 ACM control are

K ′
f = K ′

f f l + K ′
f sl

=
(
1 + |Gci |f =fs

)
·
[
−DTsRi

L

(
1 − D

2

)]
(16)

K ′
r = K ′

r f l + K ′
r sl = (1 + |Gci |f =fs

) · D′2TsRi

2L
. (17)

As stated in [3], the expressions of (16) and (17) are derived
from the invariant current cell. The gains K ′

f and K ′
r are the

effects on the inductor current from on-time voltage and off-
time voltage across the inductor, respectively. Since the on-time
voltage and off-time voltage are linear combinations of the input
voltage and the output voltage, the feedforward gain Kf from
the input voltage and feedback gain Kr from output voltage
can be also represented as linear combinations of K ′

f and K ′
r .

Take the buck converter as an example, the on-time voltage is
Vg − Vo , the input voltage Vg and output voltage−Vo affects the
inductor current through the transfer function K ′

f . The off-time
voltage is Vo , which affects the inductor current through the gain
K ′

r . As a result, the feedforward gain Kf from the input voltage
is K ′

f , and the feedback gain Kr from the output voltage is
−K ′

f + K ′
r . The feedforward gain and feedback gain in terms

of K ′
f and K ′

r for three basic dc–dc converters are collected in
Table I.

IV. TRANSFER FUNCTION CHARACTERISTICS

The small-signal model developed in the previous section
introduces insight into the advantages of I2 ACM control. To
illustrate the characteristics of fast dynamics and accuracy, the
I2 ACM control is compared with traditional ACM control and
PCM control.
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TABLE I
FEEDFORWARD GAIN AND FEEDBACK GAIN AS AN REPRESENTATION

OF K ′
f AND K ′

r

Buck Boost Buck–Boost

Kf K ′
f K ′

f − K ′
r K ′

f

Kr −K ′
f + K ′

r K ′
r K ′

r

TABLE II
CIRCUIT PARAMETERS FOR THE PROTOTYPE CONVERTER

Para. Value Para. Value Para. Value Para. Value

Vg 5 V Vo (V) 3 V Ts 10 μs fs 100 kHz
L 20.78 μH RL 0.353 Ω C 318 μF Rc 0.169 Ω
Rs 0.065 Ω Acl 10 Ri = R∗

s Acl 0.65 Ω R 2.8 Ω
Se 0.1 V/μs Fm_av 1/1.8 iso_gain 1/3 R1 15 kΩ
R2 15 kΩ C1 5500 pF

A buck converter was used to perform this comparison. The
frequency responses of the control-to-output voltage, the cur-
rent loop, audio-susceptibility, and the output impedance were
checked. Stability analysis was also performed. The circuit pa-
rameters for the converter prototype are collected in Table II.
The prototype used here is to investigate the characteristics of
I2 ACM control and is not designed for any specific application
nor representative of a typical commercial switch-mode power
supply. In Table II, Rs is the resistor inserted in series with the
inductor to sample the current, Acl is the current sense gain,
Ri is the equivalent sense resistor in the model and Rl is the
equivalent resistance of the inductor.

Since the steady-state duty ratio is greater than 0.5, a slope
compensation Se is added into the modulation in I2 control
and PCM. This value is used throughout this section except for
Figs. 11 and 12. The modulator gain used for ACM is Fm_av,
which is a common value for most PWM control chips. The
iso_gain indicates the dividing ratio from the current controller
to the comparator, which can be multiplied into (1) or (8). The
parameters R1 , R2 , and C1 are the components used to form the
current controller in Fig. 5, and are used for both I2 control and
ACM.

A. Current Loop Gain

The current loop gain is the transfer function with the voltage
loop open and can be expressed by the following for I2 control:

Tii = Gid · Fm · Ri(Gci + He). (18)

The transfer function is compared with that of PCM and ACM
in Fig. 7. With the voltage loop open, I2 control and ACM behave
as an ideal current source at low frequencies. In comparison,
PCM has much less low frequency gain which results in dc
current error. It is shown that I2 ACM control increases both the
current loop gain and the phase margin. As a result, I2 control
has both fast tracking speed and little overshoot.

Fig. 7. Current loop transfer functions.

Fig. 8. Control-to-output transfer functions.

B. Control-to-Output Voltage

When the voltage loop is closed, the transfer function from
the voltage controller output-to-output voltage for I2 control can
be calculated by Mason’s gain rule from Fig. 4

Gvc =
(1 + Gci) · Fm · Gvd

1 + Tii − Kr · Fm · Gvd
. (19)

Fig. 8 shows a comparison of the three current control meth-
ods. As can be seen, I2 control behaves like ACM in the low
frequency range and PCM in the mid-range frequency. The peak-
ing at half of the switching frequency indicates a pair of double
poles which needs to be damped by an artificial ramp.

C. Audio Susceptibility

The closed-loop audio susceptibility is defined as the transfer
function of the input-to-output voltage with closed current loops
and an open voltage loop. Because of the different frequency
responses of the current loops for I2 ACM control, PCM and
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Fig. 9. Comparison of audio susceptibility.

Fig. 10. Comparison of output impedance.

ACM, the effect of the voltage loop compensators are ignored to
reveal the effect of the current loops. The audio-susceptibility
of I2 ACM control can be solved by a set of equations [18]
developed from Fig. 4. Due to the open voltage loop, the current
command Îc is zero here

V̂o = V̂gGvg + d̂Gvd − ÎoZout

d̂ = Fm [V̂g kf + V̂okr − ÎL (He + Gci)Ri ]

ÎL = V̂gGig + d̂Gid + ÎoGiL . (20)

For the derivation of the audio-susceptibility transfer function,
the output current is assumed to be constant. Therefore, the
small-signal variable Îo = 0. The resulting transfer function is

V̂o

V̂g

=
Gvg (1 + Tii) + Fm · Gvd [Kf − Gig (He + Gci) Ri ]

1 + Tii − Kr · Fm · Gvd
.

(21)

Fig. 11. Control-to-output voltage for different mc for a 3 V output.

Fig. 12. Control-to-output voltage for different mc for a 2 V output.

The comparison of the audio-susceptibilities under these control
techniques is shown in Fig. 9. It is obvious that the audio-
susceptibility is improved significantly with I2 control, which
has the lowest magnitude in the low frequency range. PCM is
the most sensitive control method in this case because of the
higher magnitude at low frequencies. To include the effect of
the voltage loop compensator, which is not discussed here, the
variation from the voltage loop can be written into the duty
ratio expression in (20), and the desired transfer function can be
derived.

D. Output Impedance

The output impedance indicates the output voltage drop dur-
ing load change, which is also modified by the control method.
To reveal the characteristics of I2 control in this comparison, the
output impedance developed here is calculated with the current
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Fig. 13. Model prediction and simulation result of (24) with 5 V input.

Fig. 14. Model prediction and simulation result of (19) with 5 V input.

loops closed and the voltage loop open; thus, the voltage com-
pensator is ignored here. Using the set of (20) and with the
variable V̂g = 0, the output impedance can be represented as

V̂o

−Î0
=

Zout (1 + Tii) + GvdFm GiL (He + Gci)Ri

1 + Tii − Kr · Fm · Gvd
. (22)

It can be seen in Fig. 10 that the output impedance for the
three control methods has similar curvature and almost the same
values above half of the switching frequency. Since the current
loops have fairly low gain at high frequency, the characteristics
of the power stage output impedance will be the dominant factor.
Below half of the switching frequency, I2 ACM has the lowest
output impedance, which makes it an excellent solution for
applications having frequent load change.

However, the voltage loop is always closed in the real applica-
tions. In this circumstance, the output impedance for I2 control

Fig. 15. Model prediction and simulation result of (24) with 6 V input.

Fig. 16. Model prediction and simulation result of (19) with 6 V input.

is modified by the voltage loop compensator Gc

Zout cl =
Zout (1 + Tii) + GvdFm GiL (He + Gci)Ri

1 + Tii − Fm Gvd [Kr + Gc (1 + Gci)]
.

E. Stability

It is of great interest to know whether I2 control is stable
and if slope compensation is needed. Adding an external slope
decreases the loop gain, reduces the bandwidth, and slows down
the transient speed. Let us define a parameter

mc =
Se

Sn
. (23)

Fig. 11 shows the control-to-output voltage transfer function
with mc as a variable. When mc = 0, the magnitude peak and
phase increase at half of the switching frequency indicating a
pair of right half-plane poles, which is the reason for the system
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Fig. 17. Schematic of the buck converter prototype.

being unstable. For I2 ACM control, the control loop still suffers
oscillation without slope compensation even when the duty ratio
is down to 0.4. Fig. 12 shows the results when the nominal output
voltage was decreased to 2 V. The magnitude peak at half the
switching frequency goes through 0 dB and causes a second
crossover as commonly seen in PCM. This same phenomenon
happens when mc = 1 in Fig. 11. Slope compensation can help
dampen this peaking and move the RHP poles into the left half
plane.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

The same buck converter with a 2 V output in Section IV was
used as an example to compare the frequency response of the
model as plotted with MATLAB versus simulation results from
Simplis and measurements using an AP300 network analyzer
from Ridley Engineering. With a 5 V input and a 2 V output,
the circuit still suffered from the subharmonic oscillation as
illustrated in Fig. 12. Therefore, the input voltage was selected
to vary from 3.3 to 6 V, and the steady-state duty cycle varies
from 0.33 to 0.606.

A. Simulation Results

The first simulation was performed to verify the validation
of the fast loop model shown in Fig. 13, in which both the
voltage loop and the slow current loop were open. Instead of
measuring inductor current response due to the perturbation in
control signal V̂i , the response on the output voltage is measured.

The corresponding transfer function is given as

Gi f l =
Fm · Gvd

1 + Ti − Kr f l · Fm · Gvd
(24)

where Ti = Fm · Gid · Ri · He is the open-loop transfer func-
tion of the most inner current loop. Since the slow loop is open,
the feedback gain Kr sl is not taken into consideration. With
only the fast loop closed, the circuit behaves in the same way
as PCM which determines the duty ratio using only the slope of
the inductor current. Therefore, (24) is the same as the control-
to-output transfer function for PCM. As seen from Figs. 13 and
15, the model prediction matches very well with the simulation
results from Simplis.

The second test was to verify the accuracy of (19) with
Se = 0.75 V/Ts , which is illustrated in Fig. 14. The difference
in the mid-range is mainly due to the nonideal operational am-
plifier of the current controller used in the simulations [9]. The
reason behind picking (19) and (24) is that these two transfer
functions can be measured with a network analyzer; therefore,
the simulation results can be verified with measurements. With
the model confirmation of the I2 control operating with slope
compensation, it is also of interest to check the control technique
without the external slope. To stabilize the circuit without the
help of slope compensation, the input voltage was increased to
6 V to decrease the duty ratio. The same comparison between
the model prediction and simulation results is shown in Figs. 15
and 16.
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Fig. 18. Measurement of closed inner current loop with input voltage: (a) 3.3 V, (b) 5 V, (c) 6 V, and (d) 6 V without slope.

Fig. 19. Measurement of control-to-output voltage with input voltage: (a) 3.3 V, (b) 5 V, (c) 6 V, and (d) 6 V without slope compensation.

B. Experimental Results

To further verify the modeling discussed, a prototype buck
converter was constructed using a TI UCC38C40 and an LF347
quad operational amplifier. The schematic of the overall system
is shown in Fig. 17. Since there are three control loops, the volt-
age loop and slow loop were implemented using op amps 1 and
2 of the LF347, respectively. Op amp 3 was programmed as a
current sense amplifier with gain of 10. Finally, op amp 4 was
connected as a voltage follower and utilized in the slope com-
pensation circuit. The slope compensation is generated from the
switch gate driver signal [19], which maintains circuit opera-
tion in the constant frequency mode. The slope compensated
inductor current signal was fed into the negative input of the
comparator on the UCC38C40. It should be noted that there
is a gain of 1/3 between the comp pin and the positive input
of the comparator. Thus, the output of op amp 2 was scaled
and compared with the inductor current peak signal. The volt-
age compensator was designed using the K factor method [20]
based on the frequency response of (19).

The frequency responses were measured using the AP300
network analyzer. To measure the transfer function of (24), the
voltage loop and slow loop were open, a voltage source is con-
nected at point b to provide the dc-bias voltage. The responses
are collected in Fig. 18. The measurements from point a to point
c in Fig. 19 corresponds to the results of (19).

In experimental tests, the input voltage was selected as 3.3,
5, and 6 V as shown in Figs. 18 and 19. For the 6 V input,
the frequency response was measured with and without slope
compensation. Since the signal beyond half of the switching
frequency was noisy and distorted, the comparison of the model

and measurement was conducted in the range from 10 Hz to half
of the switching frequency. As can be seen from Figs. 18 and
19, the proposed model matches the measurement very well. It
should be noted that the magnitude dip in Fig. 19 is smaller than
2 dB, which was also reported in [7].

VI. CONCLUSION

I2 ACM control is a promising technique which provides the
advantages of fast dynamic speed and precise current control.
The current loop uses the both the average current signal and
the peak current value to determine the PWM output; therefore,
an ideal current source with cycle-by-cycle current limiting is
achieved.

Because of the existence of three control loops, the analysis
of I2 ACM control is more complicated than the traditional
current mode control methods. In this paper, I2 ACM control
is taken as a combination of average current control and peak
current control and analyzed loop by loop. The small-signal
characteristics of such control technique were compared with
ACM and PCM, which revealed the advantages of I2 control.
The large low-frequency gain and bandwidth confirm that I2

ACM control is fast and accurate. The complex poles at half
of the switching frequency will move into the right half-plane
when the duty ratio is close to or greater than 0.5. The resonant
peak produced by these poles would cause a second crossover
even with duty ratio down to 0.4. An external slope can be added
to the sensed inductor peak current to move the poles into the
left half-plane and damp the resonant peak.

The model proposed in this paper for I2 ACM control was con-
firmed with simulation results from Simplis and measurements
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with an AP300 network analyzer. The frequency responses pre-
dicted by the proposed model for the inner current loop and
control-to-output voltage matched those obtained from simu-
lation and measurements. As a result, the proposed model is
useful in the design of the current loop and voltage loop com-
pensators for I2 ACM controllers operating at constant switching
frequency.
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