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Abstract. In order to design a photovoltaic inverter with excellent performance, the second-
order photovoltaic inverter circuit model under current loop proportional control is established
in this paper, the discrete iterative model of system is also obtained. The nonlinear behavior of
system is analysed in detail through bifurcation diagram, folding diagram and the phase
diagram of output current (i) and output voltage (u.). The simulation model is constructed in
Matlab/Simulink, and the correctness of theoretical analysis is verified through time domain
waveform and phase-space map. The influence of bifurcation and chaos on system spectrum is
analysed from the frequency domain. According to the Jacobian matrix of system, the stable
operation region of system is given. The experiment shows that the correct selection of circuit
parameters is important for the stable operation of system.

1. Introduction

In recent years, as one of the effective means to solve the energy crisis, photovoltaic power generation
has become a hot topic for people to study [1]. The inverter is a core device in photovoltaic system,
and it is also a kind of strong nonlinear power equipment. There are nonlinear phenomena such as
double period bifurcation, fast-and slow-scale instability, boundary collision bifurcation, and chaos [2-
4]. These nonlinear phenomena have a bad effect on the stable and reliable operation of the power
equipment, and even lead to sudden collapse of the power system [5-6]. Therefore, the study of these
nonlinear dynamic behaviors is conducive to optimizing the circuit design and improving the stability
and reliability of system.

Many scholars have already done some researches on the nonlinear phenomenon of inverter.
Literature [7] firstly discussed the discrete modeling and nonlinear phenomena of H-bridge inverter
and extended the dynamic behavior of power electronic converter into inverter circuit. Literature [8-9]
established a discrete model of a sinusoidal pulse width modulation H-bridge inverter, and performed
a detailed analysis of its nonlinear behavior and stability. Literature [10] analyzed the bifurcation and
chaos phenomena of H-bridge inverter under unipolar sinusoidal pulse width modulation. In the above
studies, the discrete modeling and dynamic behavior of typical first-order L-filter-based H-bridge
inverter are discussed for the convenience of analysis. However, the second-order LC filter inverter
has the advantages of smaller ripple and lower harmonic than the first-order L-filter inverter, and is
more practical in practical systems.

Nowadays, the research on nonlinear dynamic behaviour of inverter [11-13] mainly focuses on
proportional coefficient K, while other parameters have little research. Moreover, due to the large
fluctuations in the input parameters of photovoltaic system, it will lead to system running in an
unstable state [14]. In view of the above issues, this paper aims to study the nonlinear phenomenon of
second-order photovoltaic inverter with LC filter under current control. According to the actual
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operating environment of system, the voltage U, on the DC side of inverter is selected as the
bifurcation parameter. The bifurcation diagram, folding diagram, phase trace diagram, and frequency
spectrum diagram are used to analyze the evolution of system from stable state to chaotic state. The
simulation model of system is established in Matlab/Simulink, the correctness of theoretical analysis is
verified. Finally, the stable operating domain of system is determined. The research results have
important reference value for the design, operation and maintenance of actual circuit system.

2. Discrete model of second-order photovoltaic inverter

2.1. Schematic of photovoltaic system

Figure 1 shows a typical second-order LC filter photovoltaic inverter circuit under current loop
proportional control. U,, is DC-side input voltage supplied by the photovoltaic cell with an MPPT
function. S1-S4 are the power switching tubes. Inductor L and capacitor C act as filter circuit. Load
resistance R is output. Output current i is compared with reference current ir.r to get error signal i,
send i. to a proportional regulator to get modulated signal icon, triangular wave iy is compared with icon
to generate SPWM, which drives S1-S4 to track sinusoidal current i
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Figure 1. Schematic of Second-order photovoltaic inverter.
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2.2. Discrete iterative model
The system has two operating states during a switching period T. State 1: S1 and S3 are on, S2 and S4
are off; State 2: S2 and S4 are on, and S1 and S3 are off. The state equation is as follows.

di 1 Upv
_:__uC+_
State 1 : 19 L L 1)
du, 1 1
— =—i-—u,
dt C RC °
di_ 1, Yy
State 2 : dt L L ()
du, 1. 1
— =—i-—u
dt C RC °

Where, i and u. are state variables, setting X = [i, uc] , the system state equation can be

expressed as follows.
dX
= X + B, G =12 3)
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According to the main idea of stroboscopic mapping model method, solve equation (3) to get the
main circuit discrete model, which is expressed as follows.

X, =e"X + "M — Ela'B + [T — E147'B, )

n+l
Where, d, is duty ratio during the n™ switching cycle, its value is determined by control part and
can be expressed as follows.

0 (d, < 0)
d,=d+KG, -aX) (0<d <1 (5)
1 d, >1

Where, d is a constant, K is proportional regulate coefficient, a = [1 0].

3. Nonlinear dynamic behavior of system

In the actual operating environment of system, the voltage U,y on the DC-side of inverter is most
susceptible to outside interference after the proportional coefficient & is determined. This section uses
bifurcation diagram and folding diagram to analyze the influence of DC-side voltage U,y on system
performance. Then use Matlab/Simulink platform to build circuit model, and obtain the time domain
waveforms and frequency spectrum of system under different voltages (U,y) to verify the correctness
of theoretical analysis. Basic circuit parameters are set as follows: Up,=250V, L=10mH, R=5Q,
C=50uF, T=100us, K=0.3, d=0.4, ~50Hz, i;,—~10sin(27ft).

3.1. Bifurcation diagram

In this section, the bifurcation diagram of photovoltaic voltage U,y, proportional coefficient K, and
filter inductance L are show system has a nonlinear behavior. Figure 2 shows that the system changes
from a steady state to a chaotic state with the photovoltaic voltage increases from 200V to 600V, and
the bifurcation behavior occurs when voltage is 339V. Fixed photovoltaic voltage U,,=250V, Figure 3
shows that the system gradually enters a chaotic state with the proportional coefficient increases from
0.2 to 0.8, and if the system runs stably, the maximum adjustment value of K is 0.4. Figure 4 shows
that the system changes from a stable cycle 1 to a chaotic state when the inductance L decreases, but
when the inductance L decreases further, the system returns from the chaotic state to cycle 2.
Therefore, the system should reasonably select circuit parameters to prevent the system from operating
in an unstable state.
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3.2. Folding diagram

Photovoltaic voltage Uy is an important parameter that affects system performance. According to
Figure 2, this section selects the different bifurcation parameter (Upy) values and draws the folding
diagram of system. The output current waveform is generally concerned when studying the nonlinear
phenomenon of inverter, while the output voltage is ignored. In fact, the phase diagram of output
voltage and output current is also a good way to observe the state of system. This method does not
require complex computation and can directly reflect the state of system. The phase diagram (i-u.) is
given in this section.

In Figure 5, all the sampling points make up a smooth curve, and phase diagram of i-u.is a closed
curve, it shows that the system is in steady state; In Figure 6, there are two curves in the folding
diagram, two closed curves also appear in the phase diagram, this explains that the system is in
bifurcation state; In Figure 7, many cluttered sampling points appear in the diagram, there are also a
lot of irregular points in the phase diagram, the system is in a chaotic state at this time. As described
above, the simulation results are consistent with Figure 2, and the stability of system will be worse

Figure 5. Stable state when Upy Figure 6. Bifurcation state Figure 7. Chaotic state when

3.3. Time domain waveform and phase-space map

The simulation model of actual circuit is established in Matlab/Simulink platform, and the circuit
parameters are consistent with the circuit parameters selected when analyzing the bifurcation diagram.
The time domain waveforms and phase-space maps for different photovoltaic voltages are shown in
Figure 8, 9, 10.

The state of system can be observed from output current waveform and phase-space map. It can be
seen from the local zoom in each group of figures, figure 8 shows that the system is operating in a
steady state; figure 9 shows that the system is operating in a bifurcation state; figure 10 shows that the
system is operating in a chaotic state. When comparing Figures 8—10, as the voltage increases, the
time-domain waveform oscillates more violently and the phase-space map becomes unregulated, that
is, the instability of system is more evident. The above result verifies the correctness of theoretical
analysis is described in section 3.2.
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Figure 8. Time domain wave : Figure 9. Time domain wave Figure 10. Time domain wave
. and phase-space map under U,, : and phase-space map under U,, : and phase-space map under U,y :
' =250V : =339V. : =500V :

3.4. Frequency spectrum

From the frequency domain perspective, the effects of bifurcation and chaos on the system spectrum
are analysed. In figure 11, the system is stable, and there are also few harmonics, THD=5.16%; In
figure 12, the system is in a bifurcation state, and the amount of harmonics slightly increased,
THD=11.69%; In figure 13, the system is in a chaotic state, and harmonic components increase
significantly, THD=18.63%. As described above, the instability of system increases the harmonic
content of output current and directly affects the power supply quality of system, but from another
perspective, it can judge whether the system has failed through the harmonic content of system. If the
harmonic content of system increases suddenly, it can be considered whether the system appeared
bifurcation or chaos behavior.
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Figure 11. Frequency spectrum : Figure 12. Frequency spectrum : Figure 13. Frequency spectrum
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4. Stable operation region of system
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Based on the above discrete model obtained in section 2.2, this section uses the Jacobian matrix
method to analyze the stability of system, in order to obtain a stable operating region of system. The
Jacobian matrix can be expressed as follows.

J — aXn-H + a)(n+1 adn
“lox,  ad, ox,

Xn=XQ (6)
d,=d,

A

max

< 1, system is

Find maximum eigenvalue ‘lmax‘ of Jacobian matrix for Equation 6, if

stability, if ‘lmax‘ > 1, system is unstability, /'imax‘ = 1, this circuit parameter value is the boundary

point of system between stability and instability [15]. According to discrete model of system shown in
(4), the Jacobian matrix of system can be obtained as follows.

J = e' + kaTe™ " (B, - B)

A

max

)

The variation curve which is maximum eigenvalue of system Jacobian matrix with the
change of bifurcation parameter U,y can be obtained by the numerical simulation, as shown in figure
14. When‘/imax‘ = 1, the boundary point of system between stability and instability is U,=339V, this

is consistent with the conclusion shown in Figure 2. Thus, the stable region of system can be obtained
when two parameters change, as shown in Figure 15, 16. This stable region has important reference
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5. Conclusion

Photovoltaic inverter system has nonlinear behavior under certain parameters. The bifurcation diagram
is used to describe the nonlinear behavior of system when photovoltaic voltage Uy, filter inductance L,
and proportional coefficient K are changed, reasonable circuit parameters can make the system run in
stable state. According to the actual operating condition of circuit, the nonlinear behavior of system is
analysed in detail with U,y as the bifurcation parameter. Circuit simulation model of system is built in
Matlab/Simulink, the correctness of theoretical analysis is verified through time domain waveform and
phase-space map, and the influence of bifurcation and chaos on the system spectrum is analyzed
through the frequency domain. The experiment shows that nonlinear behavior increases the harmonic
content of system and affects the power quality. Finally, the stable region of system operation is given.
The research results can guide the correct design of photovoltaic inverter circuit parameters.
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