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Abstract

This paper studies the bifurcation behaviour of a system of coupled
buck converters under current-mode control. The effects due to the
variation of the reference current are studied. It has been observed
that the system exhibits low-frequency bifurcation behaviour while
period-doubling at switching frequency is suppressed. Extensive
simulations are used to capture the findings. Time-domain wave-
forms, stroboscopic maps and trajectories are shown. The results
show the drastic alteration of bifurcation behavior of dc/dc converter
systems due to subtle coupling.
Index Terms– Bifurcation, parallel-connected dc/dc converters, in-
stability.

1. Introduction

Bifurcation and chaos have been observed in a number of circuits
or systems, e.g., Duffings circuit, Chua circuit and BVP oscillator.
When we couple these nonlinear oscillators together, the system will
exhibit a great variety of nonlinear dynamical phenomena. There-
fore, systems of coupled oscillators have attracted much attention in
recent years.

Nonlinear phenomena in current-mode controlled dc/dc basic
power electronic regulators (e.g. buck converter, boost converter
and buck-boost converter) have been thoroughly studied in the past
decade. It is well known that a single current-mode controlled con-
verter normally exhibits high-frequency nonlinear phenomena such
as period-doubling bifurcation. However, when two or more con-
verters are coupled in a subtle manner through the paralleling ac-
tion, their bifurcation behaviour differs substantially from that when
they are operating in standalone mode. In this paper, we study the
steady-state behaviour of a system of parallel-connected buck con-
verters under a specific current-mode control. Under this control,
interleaving operation can be readily achieved. We will study the
nonlinear phenomena under the variation of the reference current.
We have found that the bifurcation behaviour is completely differ-
ent from the typical current-mode controlled converters, and specif-
ically, period-doubling is no longer the immediate bifurcation route
and the system loses stability into quasi-periodic orbits and periodic
orbits of long periods.

2. Coupled Dc/dc Converters

Figure 1 shows the block diagram of the system under study. It
consists of two dc/dc converters which are connected in parallel
feeding a common load [1]–[2]. In this paper, we consider equal
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Fig. 1: Two parallel-connected buck converters.
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Fig. 2: Steady-state inductor current waveforms showing the switch-
ing sequence in each switching period with interleaving.

current sharing. Also, a peak current-mode control scheme is em-
ployed [5, 6].

Denoting the two converters as Converter 1 and Converter 2 as
shown in Fig. 1, the operation of the system can be described as fol-
lows. The converters are operating in continuous conduction mode.
Both converters are controlled via a simple current-mode control
scheme as shown in Fig. 2, in which the inductor current of Con-
verter 1, i1 and that of Converter 2, i2 are compared with a reference
current Iref (which defines the peak inductor current) to generate the
control signals that drive the switches S1 and S2. Under the current-
mode control, after S1 (S2) is closed, i1 (i2) ramps up until it reaches
Iref , then S1 (S2) will be opened and it ramps down. At the begin-
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Fig. 3: (a) Bifurcation diagram for v with Iref as bifurcation parameter; (b) bifurcation diagram for i1 (here i1 is sampled every 2T ); (c)
bifurcation diagram for i1 + i2.

ning of each switching period T (i.e., t = nT ), only one switch will
be closed, i1 and i2 are sampled and compared. If i1 (i2) is smaller
than i2 (i1), S1 (S2) will be closed.

In the following, we derive the state equations for the system.
Using the state equations, simulation of cycle-by-cycle time-domain
waveforms as well as bifurcation diagrams can be performed. Fig-
ure 1 shows graphically two buck converters connected in parallel.
The presence of four switches (S1, S2, D1 and D2) allows a total of
sixteen possible switch states, and in each switch state the circuit is
a linear third-order circuit.

The system can be regarded as a variable structure that toggles its
topology according to the states of the switches. When the convert-
ers are operating in continuous conduction mode, diode D i is always
in complementary state to switch Si , for i = 1, 2. That is, when Si

is on, Di is off, and vice versa. Hence, only four switch states are
possible during a switching cycle, namely (i) S1 and S2 are on; (ii)
S1 is on and S2 is off; (iii) S1 is off and S2 is on; (iv) S1 and S2

are off. The state equations corresponding to these switch states are
given by

ẋ = A1x + B1E for S1 and S2 on
ẋ = A2x + B2E for S1 on and S2 off
ẋ = A3x + B3E for S1 off and S2 on
ẋ = A4x + B4E for S1 and S2 off,

(1)

where E is the input voltage, x is the state vector defined as

x = [v i1 i2]
T , (2)

and the A’s and B’s are the system matrices.
In general, the system settles itself in an interleaving operation

with i1 and i2 repeating themselves with a period of 2T . It should
be noted that the output current (which is sum of i1 and i2) and the
output voltage v are still in periodic operation with period T . The
sequence of switch states in each 2T period takes the order as shown
in Fig. 2, i.e., starting with “S1 on S2 off”, passing through “S1 and
S2 off” in the first switching period, then passing through “S1 off S2

on” and ending with “S1 and S2 off” in the second switching period.
Figure 2 shows the steady-state inductor currents and the reference
current waveforms.

3. Computer Simulation Study

In this section, we report results from computer simulations based
on the exact state equations derived in Section 2. We will investigate
the effects of the built-in interleaving switching rule on the operation
of the system. Moreover, we will study the effects of varying the ref-
erence current Iref on the stabiltiy of the system. For a large range
of values of a bifurcation parameter, sampled data (i.e., i1, i2 and v)
are collected at t = nT in the steady state. With sufficient number
of sets of steady-state data, we can generate the bifurcation diagrams
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Fig. 4: (a) Trajectory for v vs i1 + i2 (stable, Iref=1.00 A); (b) time-domain waveform for v; (c) time-domain waveforms for the inductor
currents. The upper waveform is the output current. The lower waveforms are i 1 (solid line) and i2 (dash line).
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Fig. 5: (a) Trajectory for v vs i1 + i2 (quasi-periodic orbit, Iref=1.17 A); (b) stroboscopic map for v vs i1 + i2; (c) waveform for v; (d)
current waveforms. The upper waveform is the output current. The lower waveforms are i 1 (solid line) and i2 (dash line).
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Fig. 6: (a) Trajectory for v vs i1 + i2 (higher periodic orbit, Iref=1.24 A); (b) stroboscopic map for v vs i1 + i2; (c) time-domain waveform
for v; (d) time-domain waveforms for the inductor currents. The upper waveform is the output current. The lower waveforms are i 1 (solid
line) and i2 (dash line).

as required. Our computer program automatically organizes bifurca-
tion diagrams from time-domain waveforms. The circuit parameters
used in our simulations: switching period T= 40 µs, input voltage
E= 40 V, inductance L1= 3.0 mH, rL1= 0.05 Ω, inductance L2=
3.0 mH, rL2= 0.05 Ω, capacitance C= 4.7 µF , rC= 0.01 Ω and load
resistance R= 10 Ω. Extensive simulations have been performed and
a large number of simulation figures have been obtained.

We start with a relatively low value of Iref and vary it. For sim-
plicity, we assume it can be adjusted at will. In reality, it is controlled
by the feedback of output voltage. The corresponding bifurcation di-
agrams for v, i1 and the output current are shown in Figs. 3(a)–(c)
respectively. When Iref goes beyond a critical value, instability oc-
curs. When Iref is relatively small, the system operates in stable
periodic condition with interleaving. Both the output voltage and
the output current are in stable operation with period T . Figure 4(a)
shows the trajectory while Figs. 4(b) and (c) show the time-domain
waveforms of the output voltage and the inductor currents.

When Iref is larger than the critical value (when the duty cycle is
too large), the system becomes unstable, a “low-frequency” bifurca-
tion occurs. Both the output voltage and the output current settle in a
quasi-periodic orbit or a higher periodic orbit (which is a multiple of
T ). Figures 5(a) and (b) show the trajectory and stroboscopic map
of the output voltage and the inductor currents for the quasi-periodic
orbit. Figures 5(c) and (d) show their time-domain waveforms. Fig-
ures 6(a)–(d) show the corresponding trajectory, stroboscopic map
and time-domain waveforms for the higher periodic orbit.

4. Conclusion

This paper attempts to probe into the steady-state behaviour of a
parallel system of two buck converters which share current under a
current-mode control scheme. Our findings reveal the fact that sub-
tle coupling may drasically alter the bifurcation behaviour of dc/dc
converter systems.
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