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Abstract: A simple model of a spacecraft dc power system is investigated using the techniques of nonlinear
dynamics. Limit cycles, coexisting attractors and chaos are observed. Chaos is confirmed by a positive

Lyapunov exponent. The results have implications for reliable spacecraft engineering.

Introduction: It is established that nonlinear phenomena, including undesirable bifurcations and chaos, can
occur in power converters [1] and ac power systems [2], but so far these effects have not been demonstratec
in a dc power system of practical value. Spacecraft such as earth-orbiting satellites universally employ dc
power systems, which are mission-critical: malfunction or failure can render the entire spacecraft unusable.
In this Letter we investigate a simple model, Fig. 1, which contains the elements of a basic space power

system, and demonstrate the possibility of chaos.

The model system of Fig. 1 comprises a solar array, a low-pass filter, an undervoltage lockout, a dc-dc
converter, and a payload. Real spacecraft are more complex, including a battery and additional converters,

but we study this minimal system for simplicity. Refer to Fig. 1 for symbols.

Solar array: The solar array characteristic
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is derived from the well known exponential model of a photovoltaic cell. Hgsethe array’s short-circuit
current,V,. is its open-circuit voltage, and the array thermal volddge mkT/q where there amn cells in
seriesk is Boltzmann’s constant, is the absolute temperature anid the electronic charge. We assume

0 [0, Id andvy O [0, V,J (normal operation). Parameter] [0, 1] denotes the relative solar illumination,
which varies with the orbital position and attitude of the spacecraft. It is used here as a bifurcation

parameter.



Low-pass filter: The filter comprises a capacitan€g, which includes the solar array’s self-
capacitance; an inductante which includes wiring inductance; a resistaf;avhich represents parasitic
losses; and a capacitan€g which includes the input reservoir capacitance of a practical dc-dc converter.

The state equations are

dw/dt = (i, =i, )/C,
di, /dt = (v, —i,R-V,)/L

dvy/dt = fi, —i,s{t)]/C;

wheres(t) 00 {0, 1} is the state of switcK at timet.

Undervoltage lockoutSwitch S disconnects the dc-dc converter if there is insufficient input voltage to
produce a regulated output. (Such circuits are also commonly used to prevent bus voltage collapse and
battery over-discharge.) The switch opens ifalls below a lower threshold, and closes i, rises above

an upper threshol¥y,;. This hysteresis, which is intended to prevent switch chattering, is described by a

switching functions(t):

if v, <V, (switchopen)

N o]

if v, 2V, (switchclosed)

s(t‘) if Vip <V, <V,; (switchunchanged)

Dc-dc converter and payloadihe converter is modelled as ideal: it is lossless, ripple-free and has an
internal controller which is fast enough that the converter dynamics can be neglected. The converter

supplies a payload which draws constant pdvérhe converter’s input characteristid4s P/vs.

Simulation resultsCombining these models, we applied a Runge—Kutta fifth-order six-stage integration
routine to find the state-space trajectories numerically. A fixed time step was used except near the switching
instants, which were located precisely via repeated bisection. (This is necessary to minimise truncation

error.)

This system is nonlinear and of third-order: these are necessary but not sufficient conditions for chaos. It is

generally accepted that a positive Lyapunov exponent is the best proof of chaos. Computation of Lyapunov
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exponents in non-smooth systems requires special handling of discontinuities, and we employed a

modified variational-equation algorithm [3] to ensure correct results.

The following parameter values were useds 4A, Vo, = 46.2V,Vy, = 1.1385V,C; = 5QuF, L = 70QuH, C,
= 35QUF, V,, = 19V, V,,; = 21V, P = 50W, and an integration time step oftS0The bifurcation diagrams of

Figs. 2(a) and (b) plot\{} v, = Vy for a O [0.3, 0.6], while Fig. 2(c) shows the largest Lyapunov

exponentAnae Figs. 2(a) and (b) were computed from different initial conditionsafor[0.3, 0.443] two
limit cycles Amax= 0) coexist, but atr = 0.443, that of Fig. 2(b) becomes unstable.drar [0.547, 0.597]
chaos Amax> 0) is interspersed with periodic windows. There are stable equilibrium painis<(0) for a
= 0.592, 0.595. Wherr > 0.597 the switch closes continuously, giving a stable equilibrium which is the

intended operating mode of the power system. Fig. 3 shows a Poincaré segtion} {{v. = ¥V, + Vi)

for a = 0.576, within the chaotic region. The fractal nature of the attractor is further evidence of chaos.

Conclusion:Chaos has been demonstrated in a model spacecraft power system by means of bifurcation
diagrams, a positive Lyapunov exponent and a fractal attractor. Care was taken to ensure that the numerica
methods themselves were not responsible for these phenomena. Although the results shown are based on

single set of parameters, chaos was also observed with other values.

Designers should recognise that limit cycles, coexisting attractors, bifurcations and chaos can occur even in
a simple power system. If such nonlinear behaviour is left unpredicted or unrecognised, it could lead to
malfunctions or even mission termination. In spacecraft engineering, which is characterised by complex

nonlinear multi-dimensional power systems, there are important implications for reliability.
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FIGURE CAPTIONS

Fig. 1: Simple model of a spacecraft power system.

Fig. 2. (a) Bifurcation diagram of{} against relative illumination leved, with initial conditions y = v,
=20.9V,i_ = 1A;
(b) as (a), but witl, =v, = 20.0V;

(c) largest Lyapunov exponehax

Fig. 3: Poincaré section far= 0.576, within the chaotic region, revealing a fractal attractor.
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Fig. 2 Note to Editor: please set this as a single tall figure if possible.
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