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Abstract— This paper studies bifurcation phenomena of boost
converters with photovoltaic input and the average power. In the
system, the photovoltaic input is simplified into a piecewise linear
current-controlled voltage source (CCVS). The switching rule
has nonlinear cycle. The system dynamics is described by simple
piecewise linear equation and the 1D return map can be derived.
The map describes switching phase and makes precise analysis
possible. Typical periodic/chaotic phenomena related bifurcation
phenomena are demonstrated and circuit experiment. Also, we
will study about parallel converter.

I. INTRODUCTION

The switched dynamica system (SDS [1]-[3]) consists of
continuous subsystems connected by a discrete switching rule.
Depending on the rule and parameters, the SDSs can exhibit
various periodic/chaotic phenomena and related bifurcation
phenomena. As typical and concrete examples of the SDSs
in engineering systems, switching power converters and A/D
converters have been studied. This paper studies stability and
basic bifurcation phenomena of a simple SDS based on the
boost converter with photovoltaic (PV) input. Power converters
of the PV input has been attracted alot of attention as efficient
renewable energy systems [4]-[6]. In our system, the PV input
corresponds to a solar cell. The PV input is applied to the dc-
dc boost converter with current mode control switching.

In order to simplify the analysis, we replace the smooth
voltage-current characteristics of the PV with two-segment
piecewise linear characteristics [7] [8]. Also, assuming a high
frequency operation, we replace the output load with a constant
voltage source [9]. Deriving one-dimensiona return map of
a state variable at every switching instants, we can analyze
stability of fundamenta periodic waveforms and their power
characteristics precisely. Especialy, we have clarified that
unstable periodic orbit can have larger average power than
stable periodic orbit.

Il. CIRCUIT AND SWITCHING RULE

Figure. 1 shows the simplified model of the boost converter
with photovoltaic characteristic. Here we derive a dimension-
less state equation of the simple SDS based on the boost
converter with PV input. First, we simplify the PV input by
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2-segment piecewise linear current-controlled voltage source

(Ccvs):
, ~Ya(i —Ip) +Vp
Vili) = :
(@) { (i —1Ip) +Vp
The boost converter has a switch S and a diode D. They can
be either of the following 2 states:

fori < Ip
fori> Ip

)

State 1: .S conducting and D blocking
State 2: S blocking and D conducting.

The fg. 3 is circuit model, boost converter. We replace the
part of photovoltaic input by constant voltage source and two
resistances. Also, we replace a capacitor and resistance by
constant voltage source. Assuming that time constant is much
larger than the clock period 7', we can simplify the output
load into a constant-voltage source V,,. The switching rule is
defined by

State 1 — State2 at t =nT and i > J_ @
State 2 — State 1 when i = J_

where J_ is the lower threshold. Figure 3 illustrates the
switching rule.

Let the system be State 1. If a clock pulse arrives at time
t = nt then State 1 is switched into State 2. If an inductor
current 4 reaches the lower threshold then State 2 is switched
into State 1. Repeating such operations, the system can exhibit
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Fig. 1. (a)the simplified photovoltaic characteristic, (b)a diode characteristicc
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Fig. 3. Switching Rule

avariety of periodic /chaotic phenomena. The circuit dynamics
is described by

di [ Vi(3) for State 1
Lo = { Vi(i) — Vy for State 2 ©)
Using the following dimensionless variables and parameters,
t i T Yolp
R R A I
ﬂ_%fp Vo TVp _J-
- VP 7q_VP7/-Y_LIP7 —_IP?
Egs. (1) and (3) are transformed into
dz | ~yy(z) for State 1 ®)
dr | y(y(z) —q) for State 2
| —a(z-1)+1 forz<1
y(f”')_{ —Bla—-1)+1 forz>1 ©)
SW Rule:
State 1 — State 22 at T =n and z > X_ %

State 2 — State 1: when z = X _

The dimensionless 5 parameters can be classified into two
categories. («, 3, q), which characterizes " solar cell and load”,
and (v, X_), which characterizes "switching control”. ~ is

parameter which relates temperature. The exact piece-wise
solution is given by
State 1.

z(1) = (w0 — %1)6*7““*70) 4z forx<i ®)
#(1) = (20 — Teg)e PT=T0) Lz fora > 1

State 2:
z(1) = (20 — 3753)6_7“(7_70) + x5 forz <1 )
x(1) = (20 — $e4)€_75(7_7") + Ty fOrxz>1

Te1=14+1/a, zeo=1+1/8
xe3ZQ/O‘*1*1/O‘7 xe4ZQ/ﬁflfl/ﬂ

where (1, o) indicates an initial condition, Using these
equations, we can calculate waveform precisely. In this paper
we select gamma as a control parameter. This parameter can
represent influence of tempereture. The other parameters are
fixed:

a=10, =5 ¢=15 X_=0.7.

In order to consider the power characteristics, we define the
dimensionless and average powers,

1
=

Figure. 4 shows the instantaneous and average powers.
We calculate each stable PEOs average powers and unstable
powers. It should be noted that the average power of unstable
PEO (Fig. 4 (b) and (c)) are larger than that of stable PEOs
in Fig. 4 (b’) and (¢).

Np
Py / Pi(r)dr, Pi(r) = a(r)y(r),  (10)

I1l. RETURN MAP AND STABILITY

In order to analyze the stability and power characteristics,
we define the return map. Let z,, be the dimensionless current
when the n-th clock arrives and the SDS is State 2 where
x decreases. Since x,1 1S determined by x,, as shown in
Fig. 5, we can define a return map z,+1 = F(z,). The
return map can be described exactly using the exact piece-
wise solutions. Figure 6 shows examples of the return map
corresponding to Fig. 4. The return map in Fig. 6 (a) has a
stable fixed point that corresponds to stable PEO in Fig. 4 (a).
As gamma decreases, this fixed point becomes unstable via
the period doubling bifurcation and return map has stable PEO
with period 2 as shown in Fig. 6 (b). The unstable fixed point
and stable PEO with period 2 is corresponding to waveforms
in Fig. 4 (b) and (b’), respectively.

Figure. 7 (a) shows one-parameter Stability diagram for ~.
We can see that the stable orbit changes to unstable orbit when
~ decrease to 1.3.

IV. CONCLUSIONS

This paper studies a simple SDS based on the boost con-
verter with photovoltaic input. Applying the piecewise linear
simplification and mapping procedure, stability and power
characteristics have been analyzed precisely. Especialy, we
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Fig. 4. Instantaneous power and average power P,. () Stable PEO with
period 1 fo v = 1.4, P, = 0.945. (b) Unstable PEO with period 2 for v =
0.8, P, = 0.950. (b') Stable PEO with period 2 for v = 0.8, P, = 0.888.
(c) Unstable PEO with period 3 for v = 0.5, P, = 0.936. (c') Stable PEO
with period 3 for v = 0.5, P, = 0.911.

have clarified that unstable periodic orbit can have larger aver-
age power than stable periodic orbit. Future problems include
fabrication of asimple test circuit, laboratory experiments, and
analysis of bifurcation phenomena.
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Fig. 6. Examples of the return map. (8) v = 1.4 (b) v = 0.8 (c) v = 0.5.
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