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A stroboscopic map for voltage-controlled single ended primary inductor converter (SEPIC) with pulse width

modulation (PWM) is presented, where low-frequency oscillating phenomena such as quasi-periodic and intermittent

quasi-periodic bifurcations occurring in the system are captured by numerical and experimental methods. According

to bifurcation diagrams and nonlinear dynamical theory, the characteristics of the low-frequency oscillation and the

mechanism for the appearance of the low-frequency oscillation are investigated. It is shown that as the controller

parameter varies, the change in the conduction mode takes place from the continuous conduction mode (CCM) under

the originally stable period one and high periodic orbits to the intermittent changes between CCM and discontinuous

conduction mode (DCM), which may be related to the losing stability of the system and brought the system to exhibiting

low-frequency oscillating behaviour in the time domain. Moreover, the occurrence of the intermittent quasi-periodic

oscillation reflects that the system undergoes a Neimark—Sacker bifurcation.
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1. Introduction

During the past two decades, nonlinear dy-
namics occurring in low-order converters including
Buck, Boost and Buck-Boost, have been widely
reported.[!=8] Tt is well known that such systems may
exhibit high- or low-frequency nonlinear phenomena
such as period-doubling bifurcation, quasi-periodicity,
fractal basins of attraction!®) and chaos, etc. In this
field of research, the more relevant contributions are
due to Hamill and Deane. They first examined first
and second-order voltage-mode controlled pulse width
modulated Buck converters and current-programmed
Boost converter. By means of numerical and exper-
imental methods, the converters have been shown to
bifurcate from a stable state to high-frequency sub-

s.[10-12] Later, low-

harmonic oscillations, then to chao
frequency instabilities, such as Neimark—Sacker bi-
furcation and two-dimensional (2D) torus breakdown
have been shown to occur in a pulse width modula-
tion (PWM) voltage-controlled Boost and Buck con-

(13,14] The occurrence of such ir-

verters, respectively.
regular phenomena may lead to high amplitude elec-
tromagnetic noise, sudden collapse in output voltage,

and feedback oscillation, etc., which will degrade the

system performance.['5) Henceforth, people have rec-
ognized that the research of such irregular behaviours
can motivate requirement for a deeper understanding
of the corresponding dynamical behaviours and fur-
ther exploration of some new operation modes.

More recently, much attention has been given
to SEPIC topology because it has several unique

characteristics[16—18]

which make it suitable for ap-
plications requiring a wide output voltage range. As
is common to all power electronic systems, SEPIC is a
high-order strongly nonlinear system, and may exhibit
a great variety of irregular behaviours with improper
choice of system parameters. So, associated bifurca-
tions in SEPICs must be deeply studied so as to find
the proper parameter space to guarantee the stability
of their performance. Reference [19] showed the route
to chaos via period-doubling in the SEPIC, which is
designed to operate in continuous conduction mode
(CCM) and under peak-current-programmed control,
With a stro-
captured the bifurcation

by means of a discrete-time model.
boscopic map, Liu et al.
phenomena, such as period-doubling, border-collision
and coexistence of different attractors, occurring in
a current-programmed SEPIC under CCM.[??] Based
on the theory of the variable structure system, Wang
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et al. examined the low-frequency instabilities of an
SEPIC with sliding control mode and confirmed the
existence of nonlinear phenomena, i.e., double limit
cycle, quasi-periodicity, and chaos.?!] Being a higher
order nonautonomous system, we recognize that the
voltage-controlled SEPIC, which is widely used in in-
dustrial applications, may exhibit more complicated
nonlinear phenomena. Unfortunately, very few have
ever attempted to properly analyse the nonlinear phe-
nomena of the circuit system as yet.

It is well known that a proper model and an ana-
lytical method are critical to the study on bifurcations
and stabilities in DC-DC converters. In fact, a lot of
effort has been made for studying the stability of the
circuits from different points of view (see Refs. [22]
and [23], and the references therein). By now, the
most popular continuous technique is the small-signal
analysis.425] However, this modeling technique fails
to predict high-frequency nonlinear phenomena due
to the switching behaviour of the regulator. Being a
multi-structural system operating cyclically in time,
the discrete time modeling approach seems to be the
natural way to deal with the DC-DC converters. Fur-
thermore, the discrete-time model would be preferable
in investigation of bifurcations in power electronic sys-
tems because it is more accurate than other modeling
strategies in predicting various nonlinear phenomena.

The purpose of this paper is to offer a perspec-
tive of the study of nonlinear dynamics and bifurca-
tions in voltage-controlled single ended primary induc-
tor DC-DC converters, and to give a useful method
for practical considerations in designing. We demon-
strate that complex dynamic behaviour is possible un-
der a broad range of parameter values. In particu-
lar, we show that the model exhibits not only stable
state and low-frequency oscillations, but also the most
striking behaviour: intermittency. The paper is orga-
nized as follows. Section 2 outlines the operation of
the system and derives a nonlinear discrete map. In
Section 3, the discrete map is used to study and anal-
yse low-frequency instabilities and intermittent quasi-
periodicity through numerical simulations. In Section
4, we analyse these nonlinear phenomena and arrive
at some instructive conclusions, which are useful to
the further research in this field. Finally, we show
some experimental results to verify our findings from

simulations.

2. Modeling of SEPICs

2.1. Operating principle

Figure 1 shows the SEPI DC-DC converter with a
PWM voltage feedback regulation. Here, both switch
and diode are assumed to be ideal, and parasitic el-
ements such as the equivalent-series-resistance (ESR)
of inductors, are included in the circuit. To improve
the quality and for meeting with some regulation re-

[26] ig inserted in

quirements, an active low-pass filter
the controller which is commonly used in industrial
applications. Then, the system in this case is five-
dimensional. The output voltage vy is the final con-
trol target, and the control is achieved by compar-
ing the error signal v, with an independent sawtooth
ramp voltage Viamp. The ramp signal is given by
Viamp = Vi, + (Vu — V1)[(¢/T%) mod 1] , where V1, and
Vi are the lower and upper voltage limits of Viamp,

and Ty is the switching period.

Fig. 1. Schematics of SEPIC with voltage-controlled loop.

In Fig. 1, there are three possible configurations,
depending on the state of the switch S and diode Q.
The third configuration, where both S and Q are at
their off-state (free wheeling stage), appears only when
the sum of two inductor currents iy, (im = i1 + i2)
crosses zero. In this case, the system is said to oper-
ate in a discontinuous current mode (DCM). Other-
wise, if the condition i, > 0 always holds, only the
first two configurations exist in a switching period,
and the system is said to operate in a continuous cur-
rent mode (CCM). Generally, the dynamic behaviour
in each state of the three configurations is given by
a linear time invariant (LTI) equation, which can be
described as follows:

Aix + B E, state 1;
T =4 Asx + ByF, state 2; (1)
Aszx + B3F, state 3;
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where F is the input voltage, & = [i1, iz, v1, V2, ve]T is
the state vector of the system, and constant matrices
are given by

oy 0 0 0
Ly
Ria 1
0o £ - 0 0
Ly Ly
1
A, = 0 o 0 0 7
0 0 0 L 0
RO,
0 0 0 1 L
L Rfo Rfo
R 1 1 T
. Y ., I, V!
0 T 0 o 0
1
A= | & 0 0 0 0 ,
1 1 1
& o ' Tre,
1 1
0 0 0o - -
i R,C; R:C;
[0 0 0 0 0o |
0 0 0 0 0
1
— 00 0 0
ASZ CVl )
1
0 00 —— 0
RO,
0 0 0 L L
i R.Ct R¢Cy
T
3132[ 00 0 a}
1
and

2.2. Derivation of stroboscopic map

Now, we assume that the converter works in DCM
and we begin our research with a suitable discrete-
time model. Let x be the state vector as defined
previously and further let d be the duty radio of the
converter. During each state, the subsystem trajec-
tory can be expressed in closed form and the so-
lution of the subsystem can be written as x(t) =
eAt—t0)x(ty) + ftz eA(=7) By(7)dr. Using the nota-
tions @, = x(nTy), Tn+1 = x((n+1)T), and applying

the technique of successive substitution to the exact
state equations (1), we derive the stroboscopic map of
the system operating in DCM as follows:

Tnt1 = f(@n,tin,ton) = Ps(Ts — tin —ton)
X Po(ton) P1(tin)(@n + Y1(t10)E)
+[DP3(Ts — t1n — ton) Po(tan)Pa(ten)
+@3(Ty — t1, — ton)P3(Ty — tin — tan)|E,
(2)

where subscript n denotes the value at the beginning
of the n-th switching period, ¢; , = dT is the time
duration when the switch is held closed and the diode
is reverse-biased, to , is the time duration when the
switch is turned off and the diode is forward-biased,
B;(&) = Mt i(¢) = [®:(£) — I]Ai_lBiv i=1,2,3.
In order to obtain the solution of the stroboscopic map
(2), t1,, must be obtained.

Thus, our next step is to find the feedback equa-
tion that connects ¢; ,, to . To find the defining equa-
tion for ¢; ,,, we note that the converter switches from
state 1 to 2 whenever v, = Viamp within a pulse clock
period. The error signal v, can be derived from the
corresponding sub-equation in Eq. (1)

—wt

TT1€ TT1

Je 7, (3)

Ve = AT — +(’Ue,n_a7-_

1 —wr 1 —wr
where 7 = RiCt, 71 = v2,,/R;Ct, w = 1/RCs, va,
and v, , indicate the sampling values of vy and v, at
t = nT, respectively. For brevity, we introduce the
notation o = ve — Viamp. So, the switching function

can be written as

TTe wWin
o(@n,t1,n) = aT — —
TT1 _
+(ven —ar — ——— e tin/7
—wT

~ [VL + VA (“T” mod 1)] (4)

s

Hence, we know that the dynamics of the sys-
tem in each period are equivalent to that on a switch-
Note that
the switching instants ¢;, are naturally, the solu-

ing surface which is time-dependent.

tions of transcendental equation (4) and therefore are
usually given numerically, i.e., by Newton—Raphson
method. 7]

3. Simulation results and analysis

Previous studies on voltage-controlled SEPICs
have mainly focused on the steady-state design and

control aspects. The detailed dynamics have seldom
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been investigated. Here, we will show that the val-
ues of the feedback gain K (K = R¢/R,) seriously
influence the dynamics of the SEPIC. The numeri-
cal simulations are performed with the following pa-
E =10V, Ly = Ly = 600 pH,
Rp1 = Rpo = 0.001 Q, C1 = 4.7 uF, Cy = 47 uF,
Vit =35V, Vp, =3V, Vy =8V, Ct = 0.01 uF,
switching frequency fs = 10 kHz, and feedback sensor
gain R,/(R, + R,) = 3/25.

We now begin with a series of computer simula-

rameter values:

tions to make an initial evaluation of the possible bi-
furcation phenomena. To mimic the true behaviours
of the circuit, the exact state equations (1) are used
for simulation. Moreover, we restrict our attention
to the case when K is the control variable, while
the other parameters are treated as circuit parame-
ters. Essentially, for each set of parameters, cycle-by-
cycle time-domain waveforms are generated by solv-
ing the appropriate linear equation in a sub-interval
of time, according to different switching states. Af-
ter the transient process, we capture the steady-state
time-domain waveforms of the system. Since the cur-
rent i, depicts the operating mode of the system, we
will pay more attention to the time-domain waveforms
of iy,. Moreover, the phase portrait is constructed
between i, and vy to explain the stability from the

nonlinear viewpoint.

3.1. Neimark—Sacker bifurcation

With the feedback gain K as the bifurcation pa-
rameter ranging from 0.1 to 0.18, and taking the initial
conditions (0.6, 1, 10, 10, 0), the following bifurcation
diagrams, time domain waveforms, trajectories in the
phase plane (vs, in,), and the corresponding Poincaré
sections!™! illustrate the main results concerning the
steady-state behaviour of the system.

In Fig. 2, typical bifurcation diagrams for the out-
put voltage and duty ratio are illustrated, which ex-
hibit the view of the parameter evolvement process.
The corresponding nonlinear phenomena can be ob-
served from Fig. 3 to Fig. 5, described as follows.
When K is relatively small, i.e., K = 0.1136, the sys-
tem operates in a stable period-1 condition. Figures
3(a) and 3(b) show the time domain waveforms of i,
and the corresponding stroboscopic sampling values,

respectively. Moreover, the trajectory spirals into a

fixed period-1 orbit and its Poincaré section is char-
acterized by one dot, as shown in Figs. 3(c) and 3(d),
respectively. From Fig. 3, we see clearly that the con-
verter works in CCM (i, > 0). When we further
increase K, the system exhibits a high periodic state,
with small amplitude of low-frequency oscillation. As
shown in Fig. 4, when K is adjusted to 0.1250, the low-
frequency oscillation begins to develop with very small
amplitude of iy, (about 0.04 A). Figure 4(a) shows the
time-domain waveforms of 7,. The stroboscopic sam-
pling values of 4y, is presented in Fig. 4(b) from which
we can observe that ¢, > 0 always holds all the time.
Figures 4(c) and 4(d) show the trajectory and its
Poincaré section, which indicate the period-11 state.
It is relevant to point out that the system may ex-
hibit different periodic states, i.e., period-29, period-
13, period-31 and period-14, etc., with different values
of K when K lies in the region (0.125, 0.129). The
occurrence of these high periodic states could not be
explained by period-adding sequence['3] which is well
known to occur in low-order DC-DC converters when
low-frequency instability takes place.
K further, i.e., K=0.1318, the low-frequency oscilla-

tion becomes quite serious. In Figs. 5(a) and 5(b), we

By increasing

can see that the system oscillates with a very large
amplitude. In this case, a quasi-periodic orbit can be
observed; its trajectory is characterized by a 2D torus
as shown in Figs. 5(c) and 5(d). From Fig. 5, we find
that the trajectory of the Poincaré section is an in-
variant closed curve that emerges from the fixed point
of the map; and the conduction mode changes from
CCM under the originally stable period-1 and high
periodic states, to the intermittent changes between
CCM and DCM operation modes. From the nonlinear
viewpoint, the occurrence of the low-frequency quasi-
periodic orbit reflects that the system undergoes a
Neimark-Sacker bifurcation.!*! From a physical point
of view the system behaviour is therefore character-
ized by the existence of two different incommensu-
rate frequencies. One is the switching frequency while
the other is related to the circuit parameters, which
can be derived by computing characteristic multipli-
ers of the system when the Neimark—Sacker bifurca-
tion occurs.[?®! When we increase K yet further, the
system may settle in a quasi-periodic orbit or higher

periodic orbit (phase-locking).
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Fig. 2. Bifurcation diagrams for 0.1 < K < 0.18.
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Fig. 3. Stable period-1 orbit (K = 0.1136). (a) Time domain waveforms of im; (b) stroboscopic sampling values
of im; (c) phase-space trajectory; (d) Poincaré section.
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Fig. 4. Period-11 orbit (K = 0.1250). (a) Time domain waveforms of im; (b) stroboscopic sampling values of

im; (c) phase-space trajectory; (d) Poincaré section.

From the above simulation results, we know that as the feedback gain K increases, the SEPIC under
study undergoes a low-frequency bifurcation (Neimark—Sacker bifurcation) and settles in a quasi-periodic orbit
or higher periodic orbit. It is shown that the conduction mode will change from CCM under the originally
stable period-1 and high periodic states to the intermittent switchings between CCM and DCM. Thus, we
conjecture that the DCM operating mode may be responsible to the formation of the 2D torus. Moreover, since
the trajectory of the Poincaré section at K = 0.1318 exhibits a limit cycle, there exist no other limit cycles.
This fact is ensured by the characteristics of the limit cycle, and can be used to explain the occurrence of the
phase-locking periodic orbits in the neighbourhood of K = 0.1318. Furthermore, the Poincaré section of the 2D
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torus is born with nonnull amplitude, so the Neimark—Sacker bifurcation is called subcritical or abnormal.

(29]

In Ref. [30], the authors reported that in the voltage-controlled Boost the conduction mode border may be

related to the period-1 region bifurcation, which means the change of conduction mode takes place before the

bifurcation of the period-1 region. However, in the SEPIC under study, the conduction mode border is not

inside the period-1 region.
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Fig. 5. Quasi-periodicity orbit (K = 0.1318). (a) Time domain waveforms of im; (b) stroboscopic sampling

values of im; (c) phase-space trajectory; (d) Poincaré section.

3.2. Intermittent quasi-periodic bifurca-
tion

Now, we will show that when the feedback gain
decreases to a relatively small value, the system may
suffer from a new kind of bifurcation.

We start with a relatively low value of K and
vary it. The corresponding bifurcation diagrams for
vy are shown in Fig. 6. Figure 6(a) is the bifurcation
diagram when K is varied in the range (0.03, 0.04).
In order to see the details more clearly, partially en-
larged diagrams in the ranges (0.0332, 0.0345) and
(0.0386, 0.04) are given in Figs. 6(b) and 6(c), respec-
tively. From Fig. 6, we see that a period-1 state bi-
furcates suddenly into a quasi-periodic attractor when
K increases to 0.0332, and the state maintains until
K = 0.0345. Then, the quasi-periodic state vanishes
suddenly, and the system returns to a regular period-
1 state again. It is very interesting that when K in-
creases to 0.0386, the quasi-periodic state comes forth
again. Subsequently, quasi-periodic and period-1 state
occurs alternately (Fig. 6(c)). This suggests that the
behaviour differs from the well-known quasi-periodic
bifurcation. So, we call this phenomenon ‘intermittent
quasi-periodic bifurcation’. The typical time domain
waveforms, trajectories in the phase plane (va, i),

and the corresponding Poincaré sections are shown in

Figs. 7 and 8. As K increases further, the intermittent
quasi-periodic oscallision ends abruptly at a certain
critical value, and the period-1 state occurs and lasts

for a broad range of parameter value.

42| (a) A |@ ;

4.0 IRERE

va /V
o
%

3.6 1

341 .
0.030

0.034
K

0.038

Fig. 6. Bifurcation diagrams for 0.03 < K < 0.04. (a)
Bifurcation diagram for 0.03 < K < 0.04; (b) partially en-
larged bifurcation diagram for 0.0332 < K < 0.0345; (c)
partially enlarged bifurcation diagram for 0.0386 < K <
0.04.

Comparing Fig. 8 with Fig. 5, we see clearly
that the oscillating frequency tends to be considerably
high when the intermittent quasi-periodic bifurcation
emerges. Interestingly, in spite of the instability of
these orbits, the converter still behaves properly and

the output voltage ripple is small.
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Fig. 7. Stable period-1 orbit (K = 0.03864). (a) Time domain waveforms of im; (b) stroboscopic sampling
values of im; (c) phase-space trajectory; (d) Poincaré section.
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Fig. 8. Quasi-periodic orbit (K = 0.03989). (a) Time domain waveforms of im; (b) stroboscopic sampling
values of im; (c) phase-space trajectory; (d) Poincaré section.

4. Analysis of bifurcation behaviours

In this section, we show that the unusual type of quasi-periodic behaviour described above is due to the
occurrence of a Neimark-Sacker bifurcation, rather than the transient chaos described in Ref. [31]. From
Figs. 6-8, we know that the system works in CCM operation mode all the time before the occurence of the

quasi-periodic orbits. Henceforth, we start our theoretical analysis with Jacobian matrix of the stroboscopic
map,

Tpy1 = f(@n,t1n) = Pa(ten) Pi(tin)Tn + [Pa(ton)1(tin) + Ya(ten)]E, (5)

where the converter works in CCM, t3 ,, = Ty —%1 5. The analysis method of Jacobian matrix plays an important
role in the study on dynamical systems, and the essence of using Jacobian matrix in the analysis of the dynamical
systems lies in the capture of the dynamics in the small neighbourhood of the system’s equilibrium point.

The equilibrium point &* of the stroboscopic map (5) can be obtained by enforcing periodicity: x, =
f(xn,t,). By doing so and using Eq. (5) we obtain

a* = (I-Ps(t5,,) B1(11,,) " (Ba(ts,,) [ (11,,) + (85 ,)] E. (6)
From Egs. (4) and (5), we can derive the Jacobian matrix at the equilibrium point a*,
df of  of [ 9o \ ' o
J *) = = —
@) = G e ~ Bz o \O0n) By @
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where
aagi, = Po(t3,0) L1 (1)
(1= 4082005, 8101 + A B, )01 (05, + Ba(05,) 1105, By — B, Bl
% - % - <an —a+ g T1m>e—t1,n/f _ ‘;M

Therefore, the characteristic multipliers of the system satisfy
det[A\I — J(x*)] = 0, (8)

where I is the unit matrix. The equilibrium point A and the periodic orbit are asymptotically stable if and only
if all characteristic multipliers A lie inside the unit circle. Any crossing from the interior of the unit circle to
the exterior indicates a bifurcation. For an n-dimensional discrete-time map, whatever bifurcations occur, we
have |\;| = 1 (i € n) at the bifurcating point. So, we can write \; = ¢'?. For § = 0, saddle node bifurcation
takes place, while for § = 7, period-doubling bifurcation can occur. For other values of 6, a Neimark—Sacker
bifurcation is possible. Essentially, using Eqs. (6)—(8), we can locate the onset of bifurcation in the system
involved.

Here, we are mainly interested in the loci where K varies slowly in the ranges (0.0332, 0.0345) and (0.0386,
0.04). The results are based on the same set of parameter values as those used for generating Fig. 6. To maintain
conciseness, we exemplify here the typical loci graphically in Fig. 9. We find that a complex conjugate pair of
eigenvalues jump continuously out of the unit circle. In Fig. 9(a), A1 2 = 0.4512F10.9470, |\ 2| =~ 1.0490, while
in Fig. 9(b) A1,2 = 0.0981 F10.9959, |A12| ~ 1.0007. As stated in Ref. [32], we can conjecture that the system

undergoes a Neimark—Sacker bifurcation within the two parameter regions, respectively.

a) | I b
0.8 @ 1 0.87 ®)
0.4+ 1 04r
= =
E 0 E
04t 1 —0.4+
_08¢ ] —0.81
—08 —04 0 04 08 —-08 -04 0 04 038
Re (A\) Re (A)

Fig. 9. Loci of characteristic multipliers A1 2 as K varies. (a) Results for K near 0.0332; (b) results for K near
0.0386.

5. PSPICE verifications

Let us consider a PSPICE-based circuit as shown in Fig. 10. Figure 11 shows the waveforms for K = 0.1136,
where the system works in stable operation. Figure 11(a) shows the time-domain waveforms of output voltage
vy (upper) and current iy, (lower), from which we observe that the system works in CCM operation mode.
Figure 11(b) shows trajectories in the phase plane (vs, iy,), which indicates a typical period-1 trajectories.
Figure 12 shows the waveforms for K'=0.1218, where low-frequency instability can be seen clearly. Figure 12(a)

shows the time-domain waveforms of output voltage ve (upper) and current 4,, (lower), from which we can see
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that the system works in CCM operation mode all the time. Figure 12(b) gives trajectories in the phase plane
(v2, im). Figure 13 depicts the waveforms for K=0.1318, where low-frequency instability appears with a larger
oscillation amplitude. Figure 13(a) shows the time-domain waveforms of output voltage vy (upper) and current
im (lower), from which we can see that the system operation begins to fluctuate between CCM and DCM.
Figure 13(b) illustrates trajectories in the phase plane (vq, iy, ), which is really a 2D torus. Moreover, we also

verify the dynamics when K is relatively small, i.e., K = 0.039. The results are shown in Fig. 14, which implies
a low-frequency quasi-periodic behaviour of the system.
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Fig. 10. PSPICE-based circuit.
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Fig. 11. Stable period-1 orbit (K = 0.1136). (a) Time domain waveforms of vy (upper) and im (lower); (b)
phase-space trajectory of (v2, im).
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Fig. 12. Low-frequency oscillation under CCM (K = 0.1218). (a) Time domain waveforms of vy (upper) and
im (lower); (b) phase-space trajectory of (v, im).
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Fig. 13. Quasi-periodic orbit with lower frequency (K = 0.1318). (a) Time domain waveforms of va (upper)
and im (lower); (b) phase-space trajectory of (v, im).
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Fig. 14. Quasi-periodic orbit with higher frequency (K = 0.039). (a) Time domain waveforms of v2 (upper)
and iy (lower); (b) phase-space trajectory of (v, im).

Comparing the results shown in Section 3 and Section 5, we can conclude that they agree very well with

each other qualitatively.

6. Conclusion

In this paper, a detailed study on the stability of the voltage-controlled SEPIC has been made. The circuit
is designed to operate in CCM, which is extensively used in industrial applications. We have reported the
results from exact cycle-by-cycle circuit simulations, theoretical analysis as well as PSPICE verifications, and
revealed a new kind of low-frequency instability. We have demonstrated that the model under a broad range
of parameter space, exhibits not only stable state and low-frequency oscillations, but also the most striking
behaviour: intermittency. Our focus is put on the mechanism of low-frequency oscillations occurring in the
converter. It is shown that the system manifests itself as a Neimark—Sacker bifurcation when the intermittent
quasi-periodic oscillation comes forth. It is further shown that the operating mode DCM may be responsible
for the formation of the 2D torus. Finally, it is necessary to point out that, as the circuit parameters vary, there

exist more complicated and diversiform phenomena in the high-order SEPIC than in the low-order regulators.
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