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A Practical Stability Control Method for

Single-phase Inverter Circuit
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Abstract. This research puts forward a single-phase inverter circuit control method on
the basis of the control of Lyapunov function for the purpose of practical stability guarantee to
improve the application scope of the control method. Firstly, establish the precise digital model
(small signal digital model) of single-phase inverter circuit under the circumstances of ignoring the
unknown inputs and construct Lyapunov function based on passivity; secondly, taking inputting
finite sets into account, deduce a method of determining the condition time based on Lyapunov
function and theoretically guarantee the practical stability of deduction system in the time of the
given sampling. Finally, conduct simulation and experimental verification for the feasibility of the
proposed method.

Key words. Practical stability, Single-phase inverter circuit, Differential Lyapunov function,
Stability control.

1. Introduction

With the rapid development of power electronics technology and the improve-
ment of the performance requirements of electrical equipment in various industries,
the application of inverter technology in many fields is becoming more and more
extensive; consequently, the performance requirements of inverter power supply are
getting higher and higher. Nowadays, lots of electrical equipment in many industries
does not directly use the alternating current provided by the power grid as a power
supply, but transforms the alternating current through various forms, so as to get all
required electric energy forms. Some important power sectors and electricity equip-
ment, especially the aerospace and ships have higher and higher requirements for
power supply quality, which require accurate and good voltages, frequencies, wave-
forms, high dynamic performances, undisturbed power grids and clean or purified
power supply conditions.
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Due to the fact that the power supply load increases but the capacity of a sin-
gle power component is limited, it has been a trend of the current inverter power
supply system design to parallel multiple inverter power supplies so as to increase
system capacity and improve system reliability. It has a wide application prospect in
the fields of aerospace, large computer power supply system, communication power
supply system and bank power supply system, which have high requirements for
the reliability of the power supply. The parallel operation of the inverter power
supply mainly has three benefits as follows: firstly, when multiple power modules
are connected in parallel, the average load power can be reduced, the load power
can be borne averagely, which can reduce the current stress of main power devices
in each module and is beneficial to the choice of power devices. Secondly, the re-
liability of operation can be improved by forming the parallel redundant system;
when the power supply system consisting of inverter power supply modules is oper-
ated in redundant parallel mode, and any module in the system fails to work due
to a fault, the remaining modules can continue to provide the load power, which
greatly improves the reliability of the system. Thirdly, replacing serialization with
modularization can form a variety of power levels of the power system flexibly and
improve the standardization of the power module so as to shorten development and
production cycle, reduce costs, and improve system maintainability and interchange-
ability. In addition, the development of distributed power supply system provides
a broad application space for the inverter parallel technology. Compared with the
centralized power supply, the distributed power supply system is arranged in the
vicinity of the user in small size, decentralized manner, which can independently
output electric energy, as a useful supplement to the large power grid. Especially
when the large power grid is paralyzed, it will cause a huge loss of electricity, and
power interruption will cause a series of chain reaction and bring significant losses to
the national economy. However, the distributed power supply, because of its small
size, even if it fails to supply power, will only cause a few direct and indirect losses.
It has a bit influence factors of its safe operation and easy to control. What’s more,
the current wind energy, solar energy and other clean energy still do not have a
larger scale, so that when the centralized power supply can not be realized, how to
exert the advantages of power supply system to enhance the energy comprehensive
utilization level is a subject that gains more and more attention. The inverter paral-
lel control technology connecting the distributed inverter organically and forming a
network power supply system model has the engineering application value; thereby,
the parallel control technology of single-phase inverter system will be studied deeply
in this paper.

2. Mathematical model construction of single - phase inverter
circuit by inputting finite sets

Figure 1 shows a typical single - phase inverter circuit model in the form of
resistance-inductance load, where i, represents the current flowing through the in-
ductor, taking the direction of the arrow as the positive direction; R represents the
load resistance of the system circuit; U represents direct current input power supply.
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Such a single-phase inverter circuit system model can be expressed as follows:
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Fig. 1. A typical single - phase inverter circuit model in the form of
resistance-inductance load

dir, 1

e E(U — i R) (switch VT3 VTy is open, VT,V T3 is closed) . (1)
dip, 1 . . . :
v Z(fU — i R) (switch VT,VT5 is open, VT1VTy is closed) . (2)

Introduce the input parameter S to represent the opening and closing condition
of the switch VT VT2 VT3V T, (where S = 1 represents that the switch VI VTy is
open and VT,V T5 is closed, S = —1 represents that the switch VI3V T5 is open
and VTV Ty is closed), therefore, combine the formula (1)with (2) to form the
mathematical model of single - phase inverter with switching states, which can be
expressed as follows:

dip, 1
dt L

In the formula (3), the parameter S can only be -1 or 1, namely, the character-
istic of the inverter circuit itself determines that it is a limited input system with
two input states. Copy the formula (3) and make it as the target observer model.
Meanwhile, introduce the symbol * to represent the target parameters of tracking
during the working process of DC-AC single-phase full-bridge inverter circuit. Make
i5 = Asin(wt + ¢) be available for the reference value equation of the parameter
and be available for the tracking of the parameter i; in the following deduction.
Equation (4) lists the target reference value model.

(US —iLR). (3)

dis
dt

1
Aw cos(wt + ¢) = = Z(US* — i1 R). (4)
Subtract the formula (4) from the formula (3) to obtain the error value model
based on the input state, at the same time, we replace x1 with 7, for the convenience
of expression and obtain the formula (5) as follows:
dry 1

Sl = LS - 57) - TR, (5)
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Where 1 = 21 —a%, S—5* € {—1-5*,1-5*} in the formula (5) andS* € [-1, 1],
which has been mentioned above (only take the two ends of the interval at the
position of several discrete points) are in a finite input state set.

Constructing Lyapunov function V' = %L?z:‘f in continuous model by selecting the
form of similar energy function, the derivative of the Lyapunov function is expressed

as follows: )
V =[U(S~S*)~aRja1 =U(S — S*)a1 — 71 °R. (6)

S — Asin(wt+¢)R+UAwL cos(wt+¢) _ A\/Ww[gzsin(wt-ﬂﬁ/) c [71, 1] is a triangular
form, but the values of S —S* are still a non-positive and a non-negative value at any
time, it can be seen that if we choose S — S5* at every moment and make S — S* and
21 have the opposite sign or be 0 (a point equal to 0 is discontinuous, which will not
affect its progressive stability), what’s more, the second item itself is non-positive,
then V < 0 will be guaranteed at any time, the continuous model of this system is
stable according to the Second Theorem of Lyapunov Stabilization.

3. Practical stability analysis of single - phase inverter circuit

In order to facilitate the expression of subsequent equations, introduce the pa-
rameter S to replace S — S*. Before examining the stability of the system, we need
to discretize the state space model of the system. We use the postfix notation of
(k4 1) and (k) to represent the parameter state of single-phase inverter circuit of
the moment of (k + 1) T and kT respectively and use T to represent the sampling
time of the system. Then the discretization equation of equation (5) is obtained and
expressed as follows:

— T~ Ts _ —
1 (k+1)= fUS (k) — fa:l (k) R+ 71 (k) . (7)
Use Lyapunov Function in analogical continuity model to construct Lyapunov
Function V' (k) = 1Lz (k)* in discrete system so as to describe the entire steady
state. Lyapunov function differential function after discretization can be expressed
as:

szv(kﬂ)_v(k):%Lﬁ(kH)Q—%LEI(W

2
= %L [%Ug’(/ﬂ) - %Fﬁ(k) R+5c7(k)] - %Lfﬁ(k)Q 8)
2 ~ 9 N
= ;LL [US(k) — 1 (k) R} + T,US (k) 771 (k) — Tuay (k)2

The formula (8) is very complicated, but we can get some useful conclusions by
carefully analyzing its expressions: first of all, the latter two expressions of equation
(8) are similar to the derivative form of the Lyapunov function in continuity system
model, the polynomial T,US (k) Z1 (k) can similarly control and guarantee that S —
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S* and 77 have the opposite sign and is non-positive definite at any time and the
third polynomial is non-positive definite. In addition we can find that if we choose
enough small T, that is the sampling time is short enough, the first two nonnegative
definite items will not produce too large influence on the whole system when the
system is not close to the equilibrium position. So if we choose a relatively small
sampling frequency, the system will control the non-positive of Li Yapunov function
in a wide range to form a situation of converging to a stable point. But we find that
there is a certain stability problem in the vicinity of the stability point, because in a
small range interval around a stable point, no matter how the switch input situation
is chosen, the difference function of the Lyapunov function of the system function
can not be guaranteed as the non-positive definite. Then we need to examine the
specific circumstance of the differential function and describe the “dead region” of
the difference function (namely, the function can not guarantee the non-positive
definite region). In order to analyze this differential function in detail, we define
that when S = —1, AV = f; and when S = 1, AV = f; to facilitate the subsequent
expression. Considering that the form of function (8) is complex, we examine the
critical situation AV = 0 of S = —1 and S = 1 respectively and take the curve
AV = 0 as a boundary to divide the plane z7¢ into multiple regions to discuss. If
figure 2 is under the curvef;, fi > 0; otherwise, f; < 0. Similarly, if figure 2 is under
the curve fs, fo > 0; otherwise, fo < 0. Provided that the maximum value of V' is
Eq when using AV = 0 to surround {2 region and the maximum AV of a sampling
period starting from €2 region is AFEr; all alternative inputs of the control rate make
AV > 0o that to keep the input guarantee of the last sampling cycle invariable when
inputting S in {2 region guarantees that AV is the continuous function relevant to
71 and there is maximum value AVj,.« in bounded closed region €. The maximum
value of V leaving 2 region is Fq + AEr < Eq + AVypaxTs. Provided that © is
the oval region surrounded by V = Eq + AV.xTs, model consistence practice of
the single-phase inverter circuit lies in © region steadily according to the practical
stability definition.

The switch state can not be changed within a sampling period, so function control
requires switching and the control can not be adjusted real-time and the state AV >
0 appears, which a common phenomenon in universal control method. But we can
find that it can be corrected in time when being unable to pass the next round
within € region. So, we can not keep the control of the system function near the
ideal origin within € region (full real-time tracking). On the other hand, there may
be the circumstance that when a certain switch state just enters {2 region but does
not pass through the region and ends the control cycle in the middle of the region, we
need to keep the control rate to the next cycle until it leaves the region completely
and leaving is bound to be guaranteed. Because two switch states within 2 region
make AV > 0, no matter which state we choose, the system will make the parallel
line formed by the selected function V (k) = 1 Lzy (k)* move forward to the parallel
line with larger and larger area until leaving € region(where the critical state is the
intersection of oval of V (k) = 1Lz (k)* and € region, and if V (k) = 1Lay (k)?
increases a small amount, the intersection will not exist.)
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Fig. 2. Current bias near target origin of single-phase inverter circuit changing
with time when AV =0

4. Simulation and experimental results of single - phase
inverter circuit

The relevant parameters of the single-phase inverter circuit simulation are listed
in table 1, and the Simulink simulation block diagram of the single-phase inverter

circuit is shown in Fig. 3.

Table 1. Simulation test parameters of single- phase full bridge inverter circuit

Load Resistance R(2) 10
Load inductance L(H) 0.01
Input voltage U(V) 5
Control frequency(kHz) 40

(1) Practical stability simulation
We set the tracking target as 0.1xcos(1007t)A, the tracking effect is shown as

figure 3 and figure 4. Based on the simulation results of a large number of different
parameters, we find that changing the inductance parameter and the control fre-
quency will make an effect on the simulation result. It is also worth mentioning that
the practical stability can also be achieved be a large number of simulation tests to
track relatively small current in the group of simulation parameters.

1(A)

1 | 1 1 1 1
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tis)
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Fig. 3. Current tracking result of system tracking voltage 0.1* cos(1007t)A
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Fig. 4. Current tracking result of system tracking voltage 0.1* cos(1007t) A

(2) Dynamic performance simulation

Figure 3.18 and figure 3.19 show the dynamic characteristics of the control rate
under the single-phase inverter circuit. In the process of Simulink simulation, apply-
ing a current disturbance additionally when the simulation time is 1s and lowering
the tracking current from 0.1 cos(1007t) A to 0.05% cos(1007t) A, we find that the
dynamic characteristics of the control rate under the single-phase inverter circuit is
satisfactory basically. A large number of tests show that if the actual inductance is
small, the dynamic characteristics will be significantly improved.
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Fig. 5. Current tracking result of system tracking voltage 0.05 x cos(1007t) A when
changing from 0.1 cos(1007t) A at 1s
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Fig. 6. Current tracking result of system tracking voltage 0.05 * cos(1007t) A when
changing from 0.1 cos(1007t) A at 1s

(3) Relationship between control frequency and control error
According to the previous study, the switch status can not be adjusted imme-
diately, therefore a situation where AV > 0 within a control period forms. In the
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“dead region” of system control, maybe there is AV > 0 in a variety of options.
According to equation (8) we can deduce that when AV = 0, the control frequency

meets TSZQLW (the value of S ensures that the first item of the de-
&

nominator can not be 0, it can do division when denominator is not 0), from which
we can see that the control frequency affects the size of (2 region that is affecting
the size of Eq. The changeable AFEr of each control cycle is directly affected by
the control frequency and makes a great effect on the size of © region, so it can be
concluded that the control frequency has a large influence on the control error. In
order to study the correlation between its effects, this text uses statistical methods;
under the circumstances that the duration from system start-up to that the system
enters required practical stability state can not be judged, the text chooses to ex-
tend the simulation time to be long enough (8000 control cycles) and take 20% of
the time data as samples to analyze after determining the simulation time. Select
class energy function J to evaluate the control error and examine the deviation of
practical stability, get the maximum value under the control error indicator of the
sampling datum under different sampling frequencies and judge whether the control

frequency can be accepted.

1
J= §Lo:12. (9)
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Fig. 7. Corresponding errors of different control frequencies under simulation test

Table 2. Corresponding control errors of different control frequencies under simulation test

Control frequency /kHz Control error /10"-6J
400 0.020400
200 0.080912
100 0. 31963
40 1.9486
20 6.8880

10 25.331
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Table 3.2 and table 3.10 show the relationship between control errors and control
frequencies. It can be found that they have a negative correlation. A large number
of simulation tests can prove that if the frequency is lower than the simulation
parameters listed in table 3.1, the uncontrolled state will appear and the control
deviation of 10kHz and 20kHz will become relatively large. Under the existing

experimental conditions, it is relatively reasonable and effective to set the simulation
as 40kHz.

(4) Experimental results
Based on the platform of CompactRIO 9073-FPGA, using LabVIEW 2012 to

conduct up and down programming, the experimental parameters are listed in table
3.

Table 3. Experimental test parameters of single-phase full bridge inverter circuit

Load Resistance R(2) 4
Load inductance L(H) 0.01
Input voltage U(V) 12
Control frequency(kHz) 40

Reference Current Line 0 - |
= -

0.8~

Reference Current/A

/0.000025¢

Fig. 8. Experiment current waveforms to be tracked 1x cos(1007t)A

The experimental results are shown in figure 8, figure 9 and figure 10. Under the
circumstances of tracking 1k cos(1007t) A, the system presents a very good practical
stability effect, and has tracked the current waveforms well, which is similar with
simulation results.

5. Conclusion

In this part of the study, we examine the single-phase inverter circuit system
practical stability control method. We design the control rate based on making the
discretization energy function as the control Lyapunov function, and finally obtain
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Fig. 9. Experiment actual tracking current waveforms 1% cos(1007t)A effect
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Fig. 10. Current tracking difference situation showing a practical stability

the corresponding conclusion under the simulation test.

In order to study this complex state process, we draw cross-section lines with
Matlab to analyze the specific situation of AV and obtain the class energy distribu-
tion. We get the following conclusions according to the simulation:

(1) Based on the fact that the input is a finite set and the input state model
construction shall b considered, we select the appropriate sampling frequency and
switch state to control the single-phase inverter circuit to achieve its practical sta-
bility, and the control strategy sources from discretization construction class energy
function of Lyapunov function.

(2) In order to carry out the simulation in the single-phase inverter circuit, we
need to select the reference amount. Whenever a current reference is selected, the
corresponding switch reference status is obtained. The actual simulation results show
that the practical stability can meet certain needs under certain operating conditions,
which does not need strict and progressive stability guarantee. Nonetheless, the
parameters of the system itself have other effects on the performance of the control
strategy under the single-phase inverter circuit.

(3) The control frequency will make a great impact on the control error, showing
a negative correlation. Therefore, if we increase the control frequency as much as
possible, the system control error will be improved well.
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