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Based on the mechanism for the generation of chaos in a buck converter, a pole placement method is proposed

and applied to controlling the chaos in a circuit. The control circuit is designed and tested. Numerical calculation and

circuit implementation demonstrate the validity of this chaos control method.
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1. Introduction

DC-DC converters have been extensively used in
industrial electronics such as communications, mili-
tary equipment, computers, etc., since they have de-
sirable characteristics of high work frequency, high
efficiency, high power density and high power fac-
tor. In recent years, discrete-time iterative-map
approach,l!]  piecewise-linear modelling approach(?
and the averaging approach® have been adopted as
modelling strategies for DC-DC switching convert-
ers. Meanwhile, through nonlinear dynamic the-
ory, numerical calculations and circuit experiments,

[4.5] border-collision bifurcation,[©!

(8] [9—11]

Hopf bifurcation,
Flip bifurcation,”] quasi-periodicity!® and chaos
have been discovered from such converters as those
mentioned in Ref.[12]. Due to the broad spectrum of
applications of buck and boost converters controlled
by voltage or current and due to the fact that when
a circuit works in a chaos state, it can produce high
amplitude noises and unstable behaviours, it is neces-
sary to study how to control the chaos in this kind of
circuit.

In Ref.[13], we studied the mechanism for the gen-
eration of chaos in buck converters!'¥ through three
kinds of typical switching logical diagrams. We find
that when the switch is on, the fast charge of capac-
itor is the main source responsible for the generation
of the chaos in the circuit. Based on the above ob-

servation, in this paper the pole placement method is
used to control the chaos in the system. Theoretical
analysis and numerical simulation both show that the
chaos in the circuit can be successfully controlled and
periodic orbits can also be generated by appropriately
assigning the poles of the system transfer function,
and this control method can be realized by choosing
appropriate parameter values of the feedback gain ma-
trix. The control circuit is also designed and tested.
Both the numerical simulation and circuit implemen-
tation demonstrate the validity of this chaos control
method.

2. Circuit model and analysis

Figure 1 shows the block diagram of a voltage-
controlled buck converter. For convenience in obtain-
ing the circuit state equations, we assume that all the
components in the circuit are idealized. The com-
parator As has an infinite gain, the switches S and S’
have zero on, and infinite off resistances, and they can
switch on or off instantly without time delay. In the
time interval when the switch S is on and the switch
S’ is off, the circuit input provides energy for the load
as well as the inductor. In the time interval when
the switch S is off and the switch S’ is on, the induc-
tor current flows through S’ and transfers part of its
stored energy to the load. The switching period of the
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switch S is often fixed (T = ton +tofr), and the average
output voltage can be adjusted by changing the duty
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Fig.1. Block diagram of the buck converter.
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Fig.2. Bifurcation diagram of v, with Vi, being the
bifurcation parameter.

Considering that the linear amplifier A; has a

gain a, we can write
Veo(t) = a(vo(t) — Uret)- (1)

Then, both veo(t) and vramp, the voltage of the ramp,
are applied to the comparator, and when Viamp > vco,
the output voltage of comparator As is at a high level,
with the switch S being on and S’ being off; when
Viamp < Vo, the output voltage of comparator A, is

at a low level, with the switch S being off and S’ being
on.
Under the above-described ideal conditions, the
state equations of the buck converter are given by
. 1 1.
Vo = = Ve + o
o 2)
=~ T+ Via/L - (5).

where

0, when the switch S is off,
g(S) = (3)

1, when the switch S is on.

As indicated in Ref.[14], the theoretical analysis and
numerical simulations are performed with the follow-

ing parameter values:

L =20mH, C =47uF, R = 22Q,
a = 8.4, Vref = 11.3V, VL = 3.8V,
Va =82V, T =400us. (4)

Figure 2 shows a bifurcation diagram of v,, with Vi,
taken as the bifurcation parameter, which is obtained
through the stroboscope sampling method. It can be
seen from Fig.2 that the double-period bifurcation and
then chaos occur as Vi, increases.

3. Pole method of

chaotic control in the circuit

placement

From the analysis in Ref.[13], we know that the
generation of the chaos in buck converters is at-
tributed to the very large charging current and the
very fast rising rate of the output voltage when the
switch S is on. When the input is a constant voltage,
the rising rate of v, is determined by the locations of
the poles of the system transfer function. If the system
works in an underdamped state, the voltage of capac-
ity C rises fast and has overshoot. On the contrary, if
the system works in an overdamped state, the voltage
of capacity C' rises slowly and has no overshoot.[!?!
So, changing the locations of system poles can change
the rising rate of v,, thereby chaos can be controlled.
Therefore, the pole placement method is a natural op-
tion for chaos control in a circuit.

In the following, we discuss the controllability and
the pole placement method of the circuit shown in
Fig.1. Derived from Eq.(2), the controllability matrix
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of the system is given by

o yLe
Qr = UL o (5)

with rank (Qr)=2. So, the system is completely con-
trollable, and the system’s poles can be relocated at
any location as desired by a suitable design of state
feedback. From an engineering point of view, the feed-
back state variables should be measurable in practice,
and the realization of the feedback should be relatively
easy and cost-effective. If the current of the induc-
tance is chosen as the feedback variable, since none
of the two ends of inductance is connected with the
ground, the realization of feedback variable i1, is not
easy physically. Therefore, we choose the new state
variables as follows:

X = =7, (6)

To obtain a state space description of the system with
these new state variables x; and x2, we first change
the state equation of the system into the controllable
canonical form, by taking the following nonsingular
transformation on state variables v, and iy, in Eq.(2)

% LC 0
1 Vo
N P A (7)
7 _=
2 R 1L
The canonical form is obtained as follows:
X = AX + BViy; y=CX, (8)
where
. 1 . 0 1
X = R 7A = 1 1 )
2 LC RC
. 0 A 1
B = s C = _— 5 == . 9
e=|gol v=un o

Then, we use the following linear transformation:

X = %X (10)
to obtain
. 1 =
X=X
:%(AX + BVi)
:%(A « LC - X) + %va
—AX + %va, (11)

namely,
3 0 1 0
1 Z1
) = 1 1 + L Vin. (12)
" “1c “rod L] LIc

Let the state feedback matrix be K = [k ky], then
the closed-loop controlled system will become

X = (A— BK)X + BV, (13)
in which
0 1
A=|_ 1 1|,
LC RC
0 1
B=| 4 and X = (14)
P T2
LC

The poles of the controlled system transfer function
are the characteristic roots of matrix (A — BK). It
follows from Eq.(14) that

0 1
A—-BK = s 1) 1 1k . (15)
' RC LC™
When the parameter values in Eq.(15) are equal to
those in Eq.(4), the characteristic cubic equation of

the controlled system is given by
|sI — (A— BK)| =0, (16)
that is,

s® + (967.117 + 1063.83 x 10° x k) s
+1063.83 x 10° x (k; +1) = 0. (17)

Before control is applied, k1=0, k3=0, and the buck
converter has a pair of conjugate poles, s;2 =
—483.54+911.06i, and works in an underdamped state.
When the switch S is on (this situation is equivalent to
a step input), the output voltage v, of the system rises
fast and has a large overshoot. According to Eq.(17),
by choosing the values of k1 and k, appropriately, the
poles of the system transfer function can be relocated
on the negative real axis, where the system works in
an overdamped state and the output voltage v, of the
system rises slowly, with no overshoot, so chaos in the
system is suppressed effectively.
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4. Numerical simulation results

The above theoretical analysis is verified and il-
lustrated via numerical simulation in this section. The
proposed control method is applied to the buck con-
verter in simulation using the fourth-order Runge-
Kutta method. In the calculations, the input voltage
Vin=35V, the circuit works in a chaos state.['3] The
control results are shown in Fig.3. In Figs.3(a) and
(b), the feedback matrix is K=[0.001 0.0056], and
the poles of the controlled system are s1=—6767.20 and
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59=-157.36. The controlled system works in a period-
1 state. In Figs.3(c) and (d), K=[0.1 0.0039], and
the poles of the controlled system are s;=-4876.06 and
59=-239.99. The controlled system works in a period-
2 state. Obviously, in the above two situations, the
circuit works in an overdamped state.

As can be seen from Fig.3, the buck converter
can be stabilized to different periodic orbits via the
appropriate choice of the control gain parameters k;
and ks.
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Fig.3. Numerical results: (a) phase diagram of 1 — z2 with k1=0.001 and k2=0.0056; (b) time evaluation
of z1 with k1=0.001 and k2=0.0056; (c) phase diagram of x1 — z2 with k1=0.1 and k2=0.0039; (d) time

evaluation of x1 withk;=0.1 and k2=0.0039.

5. Circuit design and implemen-

tation

To further verify the physical feasibility of the
proposed chaos control method, we design and imple-
ment the control circuit, based on the Pspice software
as shown in Fig.4. In this diagram, S115 is a volt-
age control switch used as a substitute for the switch
S in Fig.1, E1 is a voltage control source, with in-
put control voltage being the capacity branch circuit
voltage v,, and output voltage being k,v,, where k,
is the ride gain of FE7, its output ports connect with
the source Vi, in series. When the ride gain k, of E;

takes a negative value, this branch circuit simulates

the negative feedback of state variable z1 (i.e. wv,)
and the feedback coefficient k; = —k,. In the dia-
gram, H; is a current control voltage source, Rg is a
1 — Q) sampling resistance, connecting with the capac-
ity C' in series, and moreover the input voltage of H;
is equal to the voltage of R (equal to C7, in value),
the input current of H; is k,Cv,, the output voltage
of Hy is kpk.Cvy = k:.Cv,, where k. is the ride gain
of Hy, and the output ports of H; also connect with
the source Vi, in series. When k. takes a negative
value, this branch circuit simulates the negative feed-
back of state variable zo (i.e. ¥,) and the feedback
coefficient k; = —k.C. In the diagram, U; is an on-
delay switch, Us is an off-delay switch. When U is
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close but U, is open, the state feedback control based
on the pole placement method is applied. The results
are shown in Fig.5 and Fig.6, respectively. Figure 5
is the chaotic attractor of the buck converter before

being controlled. Figure 6 is the time evaluation of
v with k,=-0.001 and k.=-106.383. The circuit im-
plementation shows that this chaos control method is
practical and also quite effective.
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Fig.4. Chaos control circuit of buck converter based pole placement feedback.
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Fig.5. The chaotic attractor of buck converter before
being controlled.

6. Conclusions

In this paper, in view of the mechanism for the
generation of the chaos in buck converters, a chaos
control method based on pole placement feedback is
presented. To facilitate engineering applications, fea-
sible state variables are chosen for feedback to realize
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Fig.6. The time evaluation of v, with ky=-0.001 and
kc=-106.383.

the chaos control. One prominent advantage of using
the pole placement method is that the buck converter
can be stabilized to various periodic orbits via appro-
priately choosing the control gains. Both numerical
simulation and circuit implementation have demon-
strated the validity and effectiveness of the proposed
chaos control method.
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