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Abstract—Subharmonic oscillation is widely studied in switch-
ing converters under current mode control (CMC). Its boundary
of occurrence in the design parameter space is well known in
the case of an infinite bandwidth current sensor. However, in
a practical implementation, either a limited bandwidth current
sensor or an additional filter is used. This could have an
effect on the system dynamics especially for relatively high
switching frequencies. This paper discusses the effect of the
additional dynamics due to finite bandwidth current sensor or
additional filter on the stability and subharmonic oscillation
boundaries in switching converters under CMC. It is shown that a
simplified model taking into account the dynamics of the inductor
current and the sensor/filter is enough to obtain accurate results
concerning the prediction of the occurrence of subharmonic
instabilities in switched converters. Design-oriented equations
describing the occurrence of subharmonic oscillations are used
to show some problems related to the additional dynamics on
the ramp compensator design in single-switch dc-dc converter
working in continuous conduction mode. Some proposed solu-
tions are also discussed. Numerical simulations and experimental
measurements corroborate the theoretical predictions.

I. INTRODUCTION

SWITCHING power converters are widely used in many
applications due to their high efficiency, small size and

light weight [1]–[4]. Two main control modes exist for these
converters, namely Voltage Mode Control (VMC) and Current
Mode Control (CMC) [1]. The last one has been considered the
best choice for high performance switched mode power sup-
plies due to significant advantages over the more conventional
VMC strategy. For instance, since instantaneous changes in the
input voltage are immediately reflected in the inductor current,
CMC provides excellent line transient response. In addition,
the current mode operation also eases loop stabilization, cycle-
by-cycle current limitation and thermal shutdown protection
[5].
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On the other hand, it is well-known in the power electronics
community that without ramp compensation, constant fre-
quency converters under CMC exhibit subharmonic oscillation
for half of the range of the duty cycle. Switching converters
may present a variety of complex dynamics that linear analysis
tools from averaging theory generally fail to describe even
when the control loop is considered ideal (See for example
[6]–[12]).

For peak CMC, it is believed that the system is stable for
low duty cycles range (D < 50%) and that the stability
range is inverted when changing between peak CMC and
valley CMC [4], [13], [14]. The use of slope compensation
ramp can increase the stability range of the desired periodic
behavior, but as a penalty, it reduces some of the benefits
of CMC by lengthening the closed loop system response
since a ramp slope increase makes it approaching to that of
complex conjugate poles characterizing converters under VMC
[15], [16]. The ramp compensator can either be added to the
sensed current or subtracted from the reference signal. Another
drawback with traditional compensation schemes is that the
inductor current deviates from its desired reference introducing
harmonic distortion in the current waveforms near the zero
crossing area [14], [17], [18].

There are many applications where the duty ratio changes
from cycle to cycle and the stability must be ensured for its
entire range. For instance in power factor correction (PFC)
ac-dc applications, the input voltage is sinusoidal while the
output voltage is regulated to a practically constant value and
therefore the duty ratio varies between 1 and a minimum value
depending on the relation between the peak input voltage
and the averaged value of the output voltage [13]. In grid
connected dc-ac inverters, the opposite occurs, i.e., the average
value of the input voltage is constant while the output voltage
is a time varying sinusoidal signal making the duty ratio
also time varying [19]. In particular, there exists a significant
degradation of the performance for low conversion gain buck
converters [20] and high conversion gain boost converters
[21]–[23]. Low conversion gains are needed in dc-dc buck
converter applications such as in Voltage Regulator Modules
(VRMs) [24] and high conversion gains are required in dc-
dc boost converters applications such as in fuel cell and
photovoltaic energy processing. The difficulty of design for
low values of duty cycles prompted many researchers to seek
for alternative variable frequency CMC such as ripple-based
control [24] and constant ON time control [25] or by using
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TABLE I
THE EXPRESSIONS OF m1 AND m2 FOR THE DIFFERENT ELEMENTARY

SWITCHING CONVERTERS [1].
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some converter topologies avoiding very small and very large
duty ratio operation [21], [22], [26].

Based on the analysis of the perturbed waveform of the
inductor current, a slope-based criterion can be obtained
establishing that a switching converter under a peak CMC will
be stable provided that the following inequality holds [1]:

−1 < −m2 −ma

m1 +ma
, (1)

where m1 and −m2 are the positive and negative slopes of the
inductor current during a switching period and ma is the slope
of the T -periodic artificial ramp compensator. If the input and
the output voltages are well regulated or slowly varying, the
above slopes will be practically constant. Using the fact that
in steady-state one has m1D = m2(1−D), the following four
different but equivalent stability conditions are obtained:

m2

D
(D − 1

2
) < ma, (2a)

m1

1−D (D − 1

2
) < ma, (2b)

ms(D −
1

2
) < ma, (2c)

md

2
< ma, (2d)

where ms = m1 +m2 and md = m1 −m2. Table I gives the
expressions of the slopes m1 and m2 for the three different
elementary switching converters buck, boost and buck-boost.

The expressions in (2a)-(2d) establish that the converter is
stable if the ramp compensator slope must be greater than
a certain critical value that depends on the operating duty
cycle D. The criteria in (1) and (2a)-(2d) are obtained by
assuming that a perfect sensing of the inductor current can
be performed. If either a limited bandwidth current sensor is
used or an additional filter is added to the feedback loop, the
waveforms and the harmonics content of the signal obtained
at the output of the current sensor/filter will be different from
those of the real inductor current without any filtering effects
[27], [28]. In some industrial applications, the current sensor
bandwidth ranges from few tens [29], [30] to several hundreds
of kHz [28], which can pose some problems if the switching
frequency is in the same range or higher. In such cases the
criteria in (1) or (2a)-(2d) cannot be applied as the shape
of the control signal is no more triangular and its slope is
not constant within a complete switching cycle. It should be
noted that even when the bandwidth is supposed to be infinite,
there are also other control strategies which uses CMC with a
suitable filtering of the current signal such as type II average
CMC [31].

A procedure has been presented in [32] to theoretically
study the effects of current sensor bandwidth limitation. The
results have been validated by numerical simulations in a
boost converter. There, it has been shown that this critical
non-ideality influences significantly the dynamic behavior of
the system and leads to subharmonic oscillation for parameter
values different than those of the ideal case. In this paper,
we thoroughly study and expand the results presented in [32]
and we validate the reported phenomena using experimental
measurements. Some problems due to the influence of the lim-
ited bandwidth of the current sensor on the ramp compensator
design and system dynamics are discussed along with some
proposed solutions.

The outline of the paper is as follows. A motivating example
of switched converter that can work in both buck-mode and
boost-mode from [13] is presented in Section II and studied
with a limited bandwidth current sensor or with an equivalent
filtering effect in the feedback loop. In Section III, a simplified
model is proposed for the elementary switching converters:
buck, boost and buck-boost under CMC with current filtering
or finite bandwidth limitation. From this model, an accurate
expression for predicting subharmonic oscillation occurrence
is presented in Section IV for the three elementary switching
converters. The expression takes into account the above men-
tioned current sensor bandwidth limitation. In Section V, it
is shown by numerical simulations using different examples
that this phenomenon still occurs even in cases where the
expression given in (1) predicts a stable behavior. Some
new design-oriented expressions for subharmonic oscillation
boundaries are proposed in the same section. Experimental
validation of the theoretical predictions and the numerical
simulations are presented in Section VI. Finally, discussions,
conclusions and contributions of this study are summarized in
the last section.

II. A MOTIVATING EXAMPLE

A two-switch cascaded buck-boost rectifier shown in Fig. 1
for single-phase PFC applications is selected for study in
this section. The used parameter values are the same of
[13] and are as follows: inductance L = 600 µH, input
voltage vg(t) = 230

√
2| sin(2π50t)| V, switching frequency

fs = 1/T = 28 kHz, desired output voltage Vref = 250 V,
output capacitance C = 400 µF, load resistance R = 100 Ω,
input filter parameters Lf =400 µH and Cf = 4 µF. The
converter has two operating modes: a buck mode and a boost
mode. Buck mode takes place when the rectified input voltage
vg is higher than the output voltage vo, and boost mode occurs
when the rectified voltage is lower than the output voltage.
The boost switch (Sboost) is turned OFF permanently in buck
mode, and only the buck switch (Sbuck) is switched. The buck
switch is constantly in the ON state in the boost mode and only
the boost switch is commutating. For details on the system
operation, see [13]. In [13] no ramp compensation was used
and the sensor was supposed to be ideal. Theoretically, the
system should exhibit subharmonic oscillation during a certain
interval within the line period in the boost mode when the duty
cycle is greater than 0.5. Such behavior cannot be observed



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 3

Lf

Cfvg
iL

R

Sbuck

vo
+

−

L

C
Dbuck

Sboost

Dboost

ia

−
+

QR

S Q

×

1
2

2

−
+

ubuck

uboost

vg

vo

−

−
+

+g

Hs(s)uboostubuckrd

Cd

×

PI+LPF

−
+

Vref

AND

OR

iref
is

PI
ic

k

∫

T
2kL

− +

−
+

+

Reset

Clock

Fig. 1. Circuit diagram of the two-switch cascaded buck-boost switching converter for PFC applications [13].

(a) Ideal sensor (b) Limited sensor bandwidth

Fig. 2. Time-domain waveforms of the two-switch cascaded buck-boost converter under CMC.

in [13] because the control strategy used and the choice of
the parameter values correspond to discontinuous conduction
mode (DCM) in the boost mode when D > 0.5 (see Figs.
4 and 7 in [13]). Ideally, ramp compensation is not needed
for stabilization in DCM because the current loop is naturally
stable. In order to force the system to operate in CCM, we
make the current reference proportional to the input voltage
(iref = gvg) as it is the case in PFC applications, where g is
a conductance dictated by the outer voltage loop. In [13], the
system is operated under peak CMC in the boost mode and
in the buck mode it works under valley CMC. Controlling
the peak value in the boost mode and the valley value in the
buck mode may decrease the system power factor. To avoid
this effect, the reference current is shifted up in the boost
mode under peak CMC and shifted down in the buck mode
under valley CMC by using a PI controller in the current
loop and a hybrid dynamic compensation scheme [18]. This

strategy can ensure that the average inductor current tracks
the desired sinusoidal reference without steady-state error and
without input current distortion near the zero crossing. With
the used scheme, the ramp compensator slope in the boost
mode is time varying according to the following expression:

ma =
kvo
T
− vg

2L
, (3)

where k is a feedback gain to be chosen to avoid subharmonic
oscillation (see [18] for more details). In the buck mode under
valley current control, a constant ramp slope ma = 28 kA/s
is used guaranteeing a stable response for all the duty cycles.
The pulse width modulation is carried out as follows: the error
between the reference current iref and the sensed current is
is processed by a PI controller whose input ic is compared
with a ramp compensator ia. In the boost mode under peak
CMC, the switch is turned ON periodically every switching
(ramp) period while it is turned OFF whenever ic = ia, where
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ia = mat mod T . In the buck mode under valley CMC,
the contrary occurs, i.e., the switch is turned OFF periodically
every switching period while it is turned ON whenever ic = ia.
The scheme in Fig. 1 includes the logic circuit for transition
from peak CMC to valley CMC [13]. Ideally, in the boost
mode under peak CMC, according to (1) or (2a)-(2d), the
minimum value of k for avoiding subharmonic oscillation is:

kmin =
T

L
(D − 1

2
) +

Tvg
2Lvo

, (4)

which becomes kmin,1 = T/(2L) = 0.0298 s/H for D = 1
[18]. The outer voltage loop is closed to regulate the output
voltage vo. For this purpose, a compensator, in the form of
a PI corrector and an additional first order low pass filter
(LPF), is used with a proportional gain κp = 0.001. The
corner frequencies of the LPF real pole and the PI real
zero are 10 rad/s and 1 rad/s respectively. The output of
this controller gives the conductance g for the inner current
loop. For completeness, a passive damping is also inserted in
the input filter by adding a capacitor Cd = 44 µF with an
equivalent series resistance rd = 5 Ω. Numerical simulations
are performed using PSIM to show the effect of the current
sensor bandwidth limitation on the dynamical behavior of the
system. Fig. 2 shows the waveforms of the system under two
different conditions. In the first case, an ideal current sensor
is used. In the second case, the current sensor is selected to
have a limited bandwidth equal to the switching frequency.
To show the effect of this limited bandwidth, a low pass
filter is deliberately inserted in the current loop. Note that this
filter is also added in practice to remove the switching noise
and it is also present in average CMC [31] and in sensorless
predictive CMC [33]. While the system with ideal current
sensor exhibits stable behavior during the entire line cycle, it
exhibits subharmonic oscillation within a large window inside
the line period when a limited bandwidth sensor is used. In the
following sections a study of this phenomenon is performed
and an analytical expression for its occurrence is presented.

III. A GENERAL SIMPLIFIED MODEL FOR THE
ELEMENTARY SWITCHING CONVERTERS UNDER CMC

WITH FINITE BANDWIDTH

A. Unified modeling of the converter power stage

The tendency in many emerging fields such as in the
example of the previous section, in microgrids [34] or dis-
tributed power system applications [5] is to interconnect many
converters to form high dimensional networked systems more
complex than the one considered in the previous section [35].
However, the appropriate operation of the whole network can
only be assured by a well design of each individual part. More-
over, under practical conditions, complex networked systems
can still be represented by simple models [34]. Although a full-
order model can be used, the output voltage of the switching
converter is supposed constant for simplicity. This is a practical
assumption where the switching period is sufficiently smaller
than the time constant corresponding to the load and the
filtering capacitor. It is also a representative case in battery
charging/discharging and photovoltaic applications [36], [37].

Subharmonic oscillation has been widely addressed in elemen-
tary switching converters under current mode control by using
the previous approach and considering a first order model
representing the dynamics of the inductor current [1]. This
approach has also been used for other high order converters
such as the current mode controlled single-phase cascaded
two-switch buck-boost power factor correction circuit with a
time varying input considered in Section II [13]. The equation
describing the dynamics of the inductor current is:

diL
dt

= m(t), (5)

where m(t) = vL/L, vL being the inductor voltage supposed
to be piecewise constant and L is its inductance. The signal
m(t) can be expressed for any switching converter as follows:

m(t) = msδ(t)−m2, (6)

where δ is the driving binary signal, with duty cycle D applied
to the switch, which is generated by the PWM process. In
practice, the control reference iref is very slowly varying and
can be assumed constant within a switching cycle. Also, the
inductor current can be considered as a triangular signal and
accordingly, the signal m is a square-wave signal with upper
value Lm1 and lower value Lm2. This square-wave signal is
generated by the PWM process.

B. Modeling the current sensor or filter

Consider a current sensor/filter with first order dynamics
whose iL-to-is transfer function Hs(s) can be expressed as
follows:

Hs(s) =
is(s)

iL(s)
=

ωb
s+ ωb

. (7)

For simplicity, we have selected a sensor static gain equal
to 1. If this sensor has a certain amplifying or attenuating
factor, it can be easily included in the analysis. Other non-ideal
effects, such as propagation delay, can also be included without
a significant difficulty. Let ρ = ωb/ωs be the ratio between the
current sensor bandwidth and the angular switching frequency.
Therefore, (7) can be expressed by the following differential
equation:

dis(t)

dt
= ρωs(iL(t)− is(t)). (8)

C. A simplified model with finite bandwidth current sensor

Putting together (5) and (8) and taking into account the
above mentioned switching decision, the dynamical behavior
of the system can be described by a state-space model that
can be expressed as follows:

ẋ(t) = Ax(t) + Bm(t) (9)
is(t) = Cx(t), (10)

where x(t) = (iL(t), is(t))
ᵀ is the vector of the state variables

and > stands for vector transpose. If the output voltage is
supposed to be constant or slowly varying, the expressions
of matrices A, B and C are the same for all elementary
converters and only the signal m must be specified for each
converter.
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IV. PREDICTION OF SUBHARMONIC OSCILLATION TAKING
INTO ACCOUNT LIMITED CURRENT SENSING BANDWIDTH

A. Critical condition for subharmonic instability

It has been shown in [32] that the critical compensating
slope at which subharmonic oscillation takes place in elemen-
tary switching converters is given by:

ma,cri(D) = msρm(D), (11)

where the function ρm(D) is given by the following expres-
sion:

ρm(D) = C[(I−eADT )(I−eAT )−1−(I+eAT ))−1]B (12)

and the system will be stable if the following condition holds:

ρm(D) < ρa(D), (13)

where ρa(D) = ma/ms. Note that without ramp compensator,
ρa(D) = 0 ∀ D ∈ (0, 1) and the system will be stable if
ρm(D) is negative. The same result is valid for valley CMC
by replacing D by D = 1 − D. The inequality (13) can be
considered as a generalized expression of (1) when a finite
bandwidth of the current sensor is taken into account. It is
interesting to remark that (13) becomes (1) when ρ = ωb/ωs
becomes infinite as it will be shown later.

B. Design-oriented criteria for prediction of subharmonic
oscillation occurrence

With CMC and limited-bandwidth current sensor, the dy-
namics of the inductor current and the limited bandwidth
sensor can be described by the following state matrix A and
input and feedback vectors B and C respectively:

A = ρ

(
0 0
ωs −ωs

)
, B =

(
1
0

)
, C = (0 1). (14)

The matrix exponential eAt can be written as follows:

eAt =

(
1 0

1− e−tρωs e−tρωs

)
. (15)

By substituting the expression of the involved matrices in (12),
one obtains:

ρm(D) = D − 1

2
+
e−2πρD(e2πρ + e4πρ)− 2e2πρ

e4πρ − 1
. (16)

From (16), the extremal critical slopes at D = 0 and D = 1 are
given by ma,0 = msρm(0) and ma,1 = msρm(1) respectively,
where, according to (16), ρm(0) and ρm(1) can be expressed
as follows:

ρm(0) = ρm(1) =
1

2

e2πρ − 1

e2πρ + 1
=

1

2
tanh(πρ). (17)

The function ρm(D) presents a single minimum at a certain
duty cycle Dm that can be obtained by taking its derivative
with respect to D, equating the result to zero and solving for
D. This gives:

Dm = 1 +
1

2πρ
ln

(
2πρ

e2πρ − 1

)
. (18)

A careful examination of the expression of Dm reveals that it
is a monotonically decreasing function of ρ and that:

lim
ρ→∞

Dm = 0, lim
ρ→0

Dm =
1

2
. (19)

The second derivative of ρm(D) is:

d2ρm
d2D

=
4π2ρ2e−2πρD(e2πρ − e4πρ)

e2πρ − 1
. (20)

It can be observed that this second derivative is positive and
therefore ρm(D) is a convex function and its maximum is
located at D = 0 and D = 1. Moreover, one has that:

ρm(0) = ρm(1) =
1

2
tanh(πρ) ≤ 1

2
. (21)

Therefore one concludes that ρm(D) ≤ 1/2 ∀D ∈ (0, 1)
and hence, from (13), by choosing the ramp compensator as
follows:

ma =
ms

2
=
m1 +m2

2
, (22)

the stability of the system will be ensured within all the
interval D ∈ (0, 1) and it will not present subharmonic
oscillation.

The ideal case of an infinite bandwidth current sensor and
without additional filtering effect in the feedback loop can be
recovered from the limit of ρm(D) when ρ→∞, i.e.,

lim
ρ→∞

ρm(D) = D − 1

2
. (23)

It should be noted that in this case as shown in [1], the critical
value of the ramp compensator slope for avoiding subharmonic
oscillation for all duty cycles is m2/2 6= ms/2. If no slope
compensation is used (ρa = 0), (11) becomes ρm(D) = 0.
By solving this equation in terms of the duty cycle D, the
stability limits in terms of this variable can be obtained. By
doing so, two different critical values of the duty cycle D can
be obtained in general. Both solutions can be expressed by the
following expression.

Dc =
1

2

L(ρ)ρ(4π − 1) + ρπ(e4ρπ + 4e2ρπ − 1)

ρπ(e4ρπ − 1)
(24)

where L(ρ) is given by:

L(ρ) =W


 2ρπms

1− e2ρπ e
ρπ(e4ρπ − 4e2ρπ)

e4ρπ − 1


 (25)

andW is the Lambert-w function [38]. In the ideal case (ρ→
∞) only one critical value exists which is Dc = 1/2 for ma =
0. A similar expression can be derived in the presence of a
ramp compensator (ma > 0) and in this case the upper critical
value of Dc increases with ma. In Table II, the expressions
for the stability boundary are summarized for different cases.

Fig.3 shows a mesh plot of the function ρm in terms of
the parameters D and ρ together with the function D − 0.5
which corresponds to the ideal case. It can be noticed that the
error increases as the parameter ρ decreases. In the low duty
cycle range, which has been considered always a safe region
for peak CMC, the discrepancies between the ideal case and
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Fig. 3. Mesh plot of the function ρm and D − 1
2

in terms of D and ρ.

Fig. 4. Contour plot of the function ρm in terms of D and ρ showing the
values of the contour levels. Within the dashed area the system is unstable
for all values of D if no ramp compensator is used.

the case corresponding to a limited bandwidth current sensor
are apparent.

Fig. 4 shows a contour plot of the function ρm in terms of
the parameters D and ρ. It should be noted that in this study
we deliberately consider low values of ρ (less than 2) to clearly
show the effect of the current sensor bandwidth limitation or
filtering in the current loop on the dynamics of the system. The
window where the system is free from subharmonic oscillation
can be obtained from Fig. 4 by drawing a horizontal line
corresponding to a value of ρ and determining its intersections
with the contour level numbered by 0. This figure shows that

TABLE II
THE CRITICAL STABILITY CONDITIONS FOR DIFFERENT CASES.

Compensation Ideal sensor (ρ =∞) Filtering effect (ρ <∞)
ma = 0 D = 1

2
ρm(D) = 0

ma 6= 0 D = 1
2
+ ma

m1+m2
ρm(D) = ρa, ρa = ma

ms

the length of such a window decreases with ρ and becomes
zero at ρ = 0.82 and the system will be unstable for all values
of the duty cycle if no slope compensation is used. For ρ = 1,
the intersection occurs at the two values of D, Dmin = 0.18
and Dmax = 0.44 (shown as vertical lines in Fig. 4). As ρ
increases, the minimum value of the duty cycle Dmin goes to
zero while the maximum value Dmax tends to 0.5. The contour
plot of Fig. 4 is also useful for selecting the minimum ramp
slope to avoid subharmonic oscillation for specific values of
D and ρ by using the expression given in (11). According to
this expression, the minimum ramp compensator for avoiding
subharmonic oscillation for a particular point (Dp, ρp) can be
obtained by multiplying the value of ρm(Dp, ρp) (the value
numbering the contour) by the value of ms corresponding to
the converter under consideration.

Fig. 5. Time-domain waveforms of the two-switch cascaded buck-boost
converter under a CMC and limited bandwidth current sensor showing stable
behavior during the entire line period.

V. EXAMPLES

In order to validate the previous theoretical results, different
examples of switching converters under CMC are considered
in this section.
Example 1: Let us consider the cascaded buck-boost converter
in Section II. In the boost mode, the system will exhibit
subharmonic oscillation with duty cycle values for which
ma < voρm(D)/L. Using the expression of ma in (3) and
according to the analysis in the previous section, the minimum
value of the parameter k for avoiding subharmonic oscillation
is:

kmin =
msT

vo
ρm(D) +

Tvg
2Lvo

. (26)

To guarantee stability at low duty cycle range in the presence
of current sensor bandwidth limitation or due to the existence
of additional filtering in the feedback loop, the minimum
required value of kmin must be derived by imposing ρm(D) =
1/2 and D = 0 (input voltage = output voltage in (26) hence
obtaining:

kmin,0 = kmin|D=0 =
T

L
= 2kmin,1. (27)
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(a) Ideal case: ρ =∞ (b) ρ = 1

(c) ρ = 1
2

Fig. 6. Bifurcation diagrams for a boost converter under a CMC in terms of D with (a) an ideal current sensor (ρ =∞), (b) with a finite-bandwidth current
sensor (ρ = 1) and (c) with a finite-bandwidth current sensor with ρ = 1/2.

Because the used value of kmin in Section II was kmin,1 <
kmin,0, the system presents subharmonic oscillation near D =
0. In the buck mode under valley CMC without ramp compen-
sator and with current sensor bandwidth limited to the switch-
ing frequency, the system will present subharmonic oscillation
for values of D ∈ (0.18, 0.44), i.e., D ∈ (0.56, 0.82). In our
example, D in the buck mode is varying in the range (0.77, 1)
whose subset (0.77, 0.82) corresponds to an instability interval
and therefore we observe subharmonic oscillation in the range
of the duty cycle D ∈ (0.77, 0.82) in the buck mode when the
current sensor has a limited bandwidth (Fig. 2-b). In order to
avoid subharmonic oscillation, the critical ramp compensator
slope must be re-calculated by using (11) which for D = 1
becomes ma,cri = vo/(2L). To validate the previous analysis,
time-domain numerical simulations using PSIM are performed
for the same system of Section II but with the values of

ma,cri and kmin calculated taking into account current sensor
bandwidth limitation. The value of the compensator slope ma

used in the buck mode is ma,cri = vo/(2L) = 208 kA/s and
the gain k used in the boost mode is kmin = T/L = 0.0595
s/H. The resulting waveforms are shown in Fig. 5. It can be ob-
served that the subharmonic oscillation have been successfully
avoided and that the system exhibits stable behavior within the
entire line cycle.

Example 2: Consider a boost converter under CMC with the
following parameter values: inductance L = 500 µH, input
voltage vg = 10 V, switching frequency fs = 20 kHz, peak
reference current iref = 5 A and ramp compensator slope
ma = 4 kA/s. The duty cycle is varied in the range (0.1,
0.75) by changing the output voltage in the range (11, 40) V
and the bifurcation diagrams of the system are obtained for an
ideal current sensor and for a system with a limited bandwidth
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Fig. 7. The function ρm(D) in terms of the duty cycle D for different values
of ρ together with ρa(D) and some critical points from Example 1.

current sensor. The results are shown in Fig. 6 for ρ = ∞,
ρ = 1 and ρ = 1/2. For the above values of parameters, the
system with an ideal current sensor (ρ =∞) is stable within
the range (0, 0.583) of the duty cycle as it is depicted in Fig. 6-
a which is in perfect agreement with (1) and (2a)-(2d) or Table
II. Note that in this case a ramp compensator is used and the
upper limit of the duty cycle for stability is greater than 0.5.
However, with a limited bandwidth (finite ρ), this upper limit
of the duty cycle decreases with ρ as shown in Fig. 6-b and
Fig. 6-c. For instance, for vo = 22 V (D ≈ 0.55), the system
with an ideal current sensor would be stable according to (1).
However, for ρ = 1/2 the bifurcation diagram of Fig. 6-c
shows that the system is free from subharmonic oscillation
only within the interval D ∈ (0.24, 0.43) whose limits are
indicated as vertical dashed lines and that at D = 0.55 it
already exhibits subharmonic oscillation in agreement with
the previous analysis. In conclusion, the required ramp for
stabilizing the system is different from that predicted by (1).

Fig. 7 shows the function ρm(D) in terms of the duty cycle
D for different values of ρ together with ρa(D). The vertical
dashed lines in this figure indicate the stable interval of the
duty cycle for ρ = 1/2. For very large values of ρ (ρ = 50 for
example), the critical value of the duty cycle is D = 0.583 in
good agreement with the bifurcation diagram of Fig. 6-a. A
remarkable matching can be observed comparing Fig. 7 and
Fig. 6 in all the cases.

Let us now fix ρ = 1/2 and check the stability of the
system in terms of the compensating slope. According to
(13), for vo = 15 V (D = 0.33), subharmonic oscillation
can be avoided by selecting ma > 3 · 104ρm(0.33), i.e.,
ma > 3.42 kA/s. Fig. 8 shows the time-domain waveforms
of the system before and after the occurrence of subharmonic
instability for ma = 3.6 kA/s and ma = 3.4 kA/s respectively.

For vo = 12 V (D ≈ 0.17), subharmonic oscillation
can be avoided by selecting a compensating slope ma >
24 · 103ρm(0.17) = 4.77 kA/s which is larger than the
one needed for the larger duty cycle D = 0.33. For the
boost converter ms = vo/L. The system will not present

subharmonic oscillation if the ramp slope is selected to be
ma > vo/(2L). For instance for vo = 22 V, ms = 44 kA/s so
that the slope of the artificial ramp should be selected larger
than 22 kA/s.

Finally, it should be noted that an independent small-signal
analysis for ρ = 0.5 based on Floquet theory shows that the
system has one stable discrete-time eigenvalue for the entire
range of the duty cycle and another one which is stable only
within the window D ∈ (0.222, 0.423). This is in perfect
agreement with the results shown in Fig. 6-c and Fig. 7.
Example 3: Now, consider a buck converter under CMC with
the following parameter values: peak current reference ic = 5
A, inductance L = 3.3 µH, input voltage vg = 15 V, switching
frequency fs = 100 kHz and ma = 60 kA/s. The duty cycle is
varied in the range (0.1, 0.6) by varying the output voltage in
the range (2.5, 9) V. The function ρm(D) is plotted for three
different values of current sensor bandwidth corresponding to
ρ = 1/2, ρ = 1 and ρ = 2. The resulting curves are shown in
Fig. 9. In this figure, the horizontal lines stand for the values
of ρa with and without ramp compensation. Similar effects of
the finite bandwidth as in the previous examples of the boost
converter can be observed. In particular, the system will only
be stable within an interval of duty cycles whose minimum
value Dcm and maximum value DcM are given by the crossing
points between ρm and ρa and the following remarks can be
drawn:
• With finite bandwidth of the current sensor, the lower

stability limit of the duty cycle D decreases when the
bandwidth of the sensor increases and Dcm → 0 when
ρ → ∞. Concerning the upper limit DcM it increases
when the bandwidth of the sensor increases and DcM →
0.5 when ρ→∞.

• The stability window in terms of the duty cycle D gets
wider by increasing the compensator slope ma for a fixed
value of ρ. Note however that while in the ideal case no
slope compensation is needed for D < 0.5, with current
sensor bandwidth limitation, a slope compensation is
needed even for D < 0.5 and that a good design
using a traditional approach could be damaged by an
inappropriate current sensor or by inserting filters in the
current loop.

VI. EXPERIMENTAL VALIDATION

In order to verify the theoretical and simulation results
presented previously, a laboratory prototype of a buck con-
verter has been built and several experimental tests have been
performed on this converter. Fig. 10 shows the circuit diagram
of the implemented system. The parameter values are those
of Example 3 in the previous section and the used output
capacitance is C = 500 µF and the load resistance is R = 1
Ω. The output voltage loop is closed by using a typical type
II controller Hv(s) = Wv(s + ωz)/(s(s + ωp)). The corner
frequencies of the pole and the zero are ωp = 21.27 krad/s
and ωz = 10 krad/s respectively and the gain of the controller
is Wv = ωp. The duty cycle is varied by changing the
reference voltage of the outer voltage loop. The current sensor
used is the IC commercial chip AD8210 whose bandwidth is
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(a) ma = 3.6 kA/s. (b) ma = 3.4 kA/s.

Fig. 8. Time-domain waveforms of a boost converter under a CMC with a finite-bandwidth current sensor (ρ = 1/2) and D = 0.33 for different values
ramp compensator slopes.

Fig. 9. The function ρm(D) together with ρa(D) corresponding to Example
3 in terms of the duty cycle D for three different values of ρ.

ωbw =450 kHz. To study the effect of the current sensor on
the system dynamics, we can use a switching frequency close
ωbw or to place a filter at the output of the current sensor. In
order to avoid switching noise and to have clean waveforms,
the second option was preferred. A first order RC filter is
added at the output of this sensor. The resistance Rb of this
filter is fixed at Rb = 16.5 kΩ while the capacitor Cb is
changed to provide three different values of sensor bandwidth
corresponding to ρ = 1/2, ρ = 1, and ρ = 2 by choosing
Cb = 200 pF, Cb = 100 pF, and Cb = 50 pF respectively.
The ramp compensator has been implemented by using the
UCC3803 device and the switching frequency has been fixed
to fs = 100 kHz by choosing RT = 100 kΩ and CT = 100 pF.
The ramp can either be subtracted from the reference current
iref or added to the sensed current is. In the first case, the
inductor current is is compared with iref − ia. In the second
case the signal iref − is is compared with ia. Since in our
implementation all the controller signals must be between 0
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Fig. 10. Schematic circuit diagram of the implemented buck converter
prototype under CMC.

and 5 V we have selected the second option.
Several tests were made with the three different values of

the sensor bandwidth. To detect the occurrence of the first
subharmonic appearance, the ratio of the harmonic at ωs/2
and that at ωs was used. The threshold value for this ratio
used for the experimental detection of subharmonic occurrence
has been selected to 5%. It is worth mentioning that in the
time-domain this detection is more inaccurate because noise
would significantly affect the measurements. Our tests proved
that the results from the FFT measurements provided by a
Tektronix oscilloscope allow more easily to discriminate the
previously established threshold amplitude. The duty cycle
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(a) ma = 39 kA/s (b) ma = 31 kA/s

(c) ma = 39 kA/s (d) ma = 31 kA/s

Fig. 11. Experimental time-domain waveforms (a,b) and the corresponding FFT spectra (c,d) just when the established harmonics threshold is reached (a,c)
and just after the subharmonic oscillations is visible in the time-domain waveforms (b,d). ρ = 1. vo=6.82 V (D ≈ 0.455).

corresponding to these figures is D ≈ 0.455. From Fig. 9,
the minimum ramp slope needed for this value of the duty
cycle is ma ≈ 36 kA/s. Fig. 11 shows the time-domain
waveforms and the corresponding FFT spectra just when the
established harmonics threshold is reached and just after when
the subharmonic oscillations are visible in the time-domain
waveforms. The boundaries of subharmonic oscillation have
been detected by decreasing the ramp compensator amplitude
till the threshold value of the harmonics ratio is reached.
Fig. 12 shows the experimentally obtained values of ρm(D) in
terms of some values of the duty cycle and for the three values
of ρ. The theoretical curves are also plotted for comparison.
Although a good matching can be observed if the shape of the
curves are compared, there are many other parasitic elements
that cause the results to mismatch. This mismatching can
mainly be attributed to the losses in the components, small
delays in the MOSFETs response and non modeled dynamics
of the current sensor. Another source of error could be the
curved shape of the compensator ramp but its effect has been
taken into account for plotting Fig. 12 by multiplying the func-
tion ρm(D) obtained experimentally by a term proportional
to e−D. The values of ρm(D) obtained by considering the

dynamics of the output voltage and its controller [39] are also
shown in the same figure for values of output capacitance
C = 47 µF, 100 µF and 500 µF showing a remarkable
agreement with the results obtained from the simplified model.
As the output capacitance is increased, the results from the
full-order model approaches the ones corresponding to the
reduced-order model. In particular, when C = 500 µF, the
results are almost coincident.

VII. CONCLUSIONS

Subharmonic oscillation in switching converters is investi-
gated in this paper by taking into account current sensor band-
width limitation. An extended expression for predicting this
phenomenon is proposed. After introducing the imperfection
due to the current sensor bandwidth limitation, a simplified
reduced-order model is proposed for the three elementary
switching converters. Despite the apparent simplicity of the
model, the theoretical results show a satisfactory agreement
with the bifurcation diagrams obtained from time-domain
numerical simulations. The current sensor bandwidth limi-
tation is included in the study and its effects on stability
boundary are examined. Although, the study was focused on
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Fig. 12. The function ρm(D) in terms of the duty cycle D obtained from
theoretical analysis and experimentally (? for ρ = 1/2, � for ρ = 1 and ×
for ρ = 2). Dashed lines correspond to the values of ρm(D) obtained by
considering the dynamics of the output voltage and its controller for different
values of output capacitance.

peak and valley current mode control, the results are also
useful for the case of average current mode control where
a filter is placed near the switching frequency to limit noise
injection. This is also the case of buck converters under PID
voltage mode control where the ideal derivative action is
modified by inserting in the loop a low-pass filter and that
of sensorless CMC where the estimation of the current also
involves a bandwidth limitation. The proposed expression for
the stability boundary is able to catch properly and accurately
the subharmonic oscillation occurrence in switching converters
both at high and low values of the duty cycle in peak, valley
and average current mode control. While it is broadly believed
that subharmonic oscillation can be avoided by a limited
bandwidth filtering in the practical circuit, it is demonstrated
in this study that these filtering effects could be responsible
for this phenomenon. Experimental results obtained from a
laboratory prototype corroborate the theoretical predictions
and the numerical simulations. Further studies will also deal
with the effect of more complex models of the current sensor
on the stability boundaries of switching converters.
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