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Abstract: Soft-switching technologies can effectively solve the problem of switching losses
caused by increasing switching frequency of grid-connected inverters. As a branch of
soft-switching technologies, load-side resonant soft-switching is a hotspot for applications
of high-frequency inverters, because it has the advantage of achieving soft-switching without
using additional components. However, the traditional PI control strategy based on the linear
model is prone to destabilization and non-robust dynamic performance when large signal
perturbation occurs. In this paper, a novel Passivity-Based Control (PBC) method is proposed
to improve the dynamic performance of load-side resonant soft-switching grid-connected
inverter. Besides, the model based on the Port Controlled Hamiltonian (PCH) model of
the soft switching inverter is carried out, and the passivity-based controller is designed
based on the established model using the way of interconnection and damping assignment-
passivity based control (IDA-PBC). Both stable performance and dynamic performance of
the load-side resonant soft-switching inverter can be improved over the whole operating
range. Finally, a 750 W load-side resonant soft-switching inverter simulation model is built
and the output performance is compared with the traditional PI control strategy under stable
and dynamic conditions. The simulation results show that the proposed control strategy
reduces the harmonic distortion rate and improves the quality of the output waveforms.
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1. Introduction

In recent years, technologies related to the generation of renewable energies have developed
rapidly. As an important part of the generation system, the inverter not only converts DC power
into AC power and transmits it to the grid, but also affects the stability and the efficiency of energy
conversion of the whole system. Therefore, the innovation of inverter technologies has become an
important force to promote the development of the generation of renewable energies. At present,
high frequency, miniaturization, digitalization are the hot spots and important directions of inverter
technologies. The increasing switching frequency of inverters can reduce the size of passive filter
devices, lower the corresponding manufacturing cost, increase the power density of inverters,
and improve the quality of waveforms [1]. However, as the switching frequency increases, the
switching losses of the switches also increase and electromagnetic interference worsens.

High-frequency inverter technologies have developed rapidly in recent years, and the clas-
sification of soft-switching inverters according to the position of resonance process has two
types: DC-side resonant soft switches and AC-side resonant soft switches. Among them, DC-side
resonant soft switches can be divided into two types: DC-side series resonant switches and DC-side
parallel resonant switches; AC-side resonant soft switches can be further divided into two types:
pole resonant soft switches and load-side resonant soft switches.

The DC-side resonant soft switches were developed from the basic Resonant DC-Link Inverter
(RDCLI) circuit proposed by Professor Divan, then a large number of DC-side parallel resonant
circuits were proposed based on the idea of DC-side parallel resonant switches [2,3]. The difference
between DC-side series resonant switches and DC-side parallel resonant switches lies in the
different forms of connection between the resonant auxiliary circuit and the main circuit. Both of
them work on the theory of soft switching by adding a resonant loop on the DC side of the inverter
to reduce the voltage of the inverter’s switches to zero. Papers [4,5] showed the applications of
dc-side resonant soft-switching technology in Photo Voltaic (PV) systems.

The pole resonant soft switching circuit has a resonant loop that is independent of the power
circuit and is connected at the midpoint of the bridge of switches. The advantage of the pole
resonant soft-switching circuit is that the auxiliary circuit operates only for a very short time
during the whole switching cycle, thus contributing to the reduction of the losses of the auxiliary
circuit. Papers [6-8] belonged to the applications of the pole resonant soft-switching technology
in photovoltaic systems. Paper [6] successfully applied pole resonant soft switching in inverters,
but two auxiliary switches were required for each bridge of switches. To reduce the complexity of
the auxiliary circuit, a new topology was proposed in paper [7], but one auxiliary switch and two
diodes were still required for each bridge of switches.

In recent years, a class of soft-switching technologies without resonant auxiliary circuits has
been developed based on pole resonant soft-switching, which is called load-side resonant soft-
switching. Unlike the traditional soft-switching technologies, it forms a resonant circuit through
the parasitic capacitors of the switches and the load-side inductor without adding additional
auxiliary components, which creates conditions for the zero-voltage conduction of the switches
by achieving the bidirectional flow of the inductor current in one switching cycle, thus greatly
reducing the switching losses [9]. Load-side resonant soft switching was first used in DC-DC
converters with mature applications. Subsequently, it was used in a large number of power factor
correction (PFC) circuits [10—12]. In recent years, the load-side resonant soft-switching technology
has been successfully applied in low-power inverters [13—15].
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In the control of load-side resonant soft-switching inverters, paper [16] used Proportional-
Integral (PI) control as the control method of load-side resonant soft-switching in boundary current
mode, but the traditional PI control is based on the linear model of the system, which has non-robust
dynamic performance when large signal perturbations are encountered and makes it difficult to
keep the system stable. As inverters are non-linear systems, applying a linear control strategy such
as PI control to a non-linear system is limited. The physical meaning of passivity is closely related
to the Lyapunov function and is an important concept in network theory. Interconnection and
Damping Assignment-Passivity Based Control (IDA-PBC) is a new theory of passivity-based
control based on Hamiltonian systems proposed by Professor Ortega [17, 18], which is a control
strategy from the perspective of the energies in the system, which can simplify design process
of the controller in nonlinear systems and have advantages of no overshoot, high stability and
good robustness. At present, the IDA-PBC control strategy was applied in motor control, power
electronics devices, and power systems successfully [19, 20].

In this paper, we design the passivity-based controller based on the theory of IDA-PBC in
order to improve the performance of load-side resonant soft-switching single-phase grid-connected
inverters. The paper is structured as follows: Section 2 briefly describes the operation of a load-side
resonant soft-switching single-phase grid-connected inverter in boundary current modulation
mode. Then Section 3 models the load-side resonant soft-switched single-phase grid-connected
inverter according to the Port Controlled Hamiltonian (PCH) model in Passivity-Based Control
(PBC) theory, designs the passivity-based controller using the IDA-PBC approach and then
demonstrates the passive nature of the whole system. In Section 4 a PSIM simulation model is
built to compare the performance of the system under PI control and PBC in stable and dynamic
state. Finally, in Section 5 the conclusion of the paper is given.

2. Topology and operation principal of the load-side resonant
soft-switching inverter

As shown in Fig. 1, the topology of the load-side resonant soft-switch inverter is mainly
divided into a full-bridge circuit composed of four switches, a filter circuit composed of resonant
inductor Ly, filter capacitor C and filter inductor L,, where ug4 is the input voltage of DC side, and
ug is the voltage of grid. In this paper, inverter operates in boundary current modulation mode, S
and S are high frequency switches, S3 and S4 are power frequency switches.

The operating principle of the load-side resonant soft switch is shown in Fig. 1, taking the
positive half-cycle of the inverter’s industrial frequency as an example. Process (1) is the charging
stage of resonant inductor L, and process (2) is the renewal stage to achieve high-frequency
resonance at the midpoint of the bridge of switches to achieve zero-voltage conduction of switch
S>. Then, the resonant inductor current ir; drops to zero even flows in the reverse direction in
every switching cycle to create high-frequency resonance process (3) at the midpoint of the bridge
of switches to achieve zero-voltage turn-on of switch S;. The load-side resonant soft switch can be
realized by setting the envelope of resonant inductor current i1 | to achieve.

The equations for the upper and lower limits of the envelope of the inductance current iy | are
shown as:

I, sinwt > 0:

{ iup = 21, sinwt + Al
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Fig. 1. Topology of load-side resonant soft-switched single-phase grid-connected inverter

3. Implementation of the proposed IDA-PBC based resonant soft-switching
single-phase grid-connected inverter

3.1. Mathematical model of the resonant soft-switching single-phase grid-connected inverter

From the variables in the topology in Fig. 1, the KVL and KCL equations for the load resonant
soft-switched single-phase grid-connected inverter in boundary current mode can be expressed as

di
L % +uc = Sug
di
de—Ltz —UC = —Ug 5 (3)
d
C%—iu +iL2 =0

where S is the switching parameter. Fetching state variablesx = [x1, x2, x3]7 = [LyiL1, Lair, Cuc]T,
and defining the energy storage function of the system as the sum of the magnetic energy of
inductors L; and L, and the electrical energy of capacitor C. The specific expression is

1 2 1 2 1 2 1 Tpr-1
HO= st ac =t P s @
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The partial derivatives of the energy storage function H(x) with respect to x are:

OH(x) X1 OH(x) X 0H(x) _x

@xl B Ll’ 6)(2 B Lz, 8X3 C’

respectively. The general model of PCH is

. OH(x
£= 00 - R EE 4 glom ©
where: J(x) is the interconnection matrix, J(x) = J(x)T, R(x) is the dissipation matrix, and g(x)u
is the external supply.
Thus, the model of the resonant soft-switching single-phase grid-connected inverter based on
PCH is shown as

fadl

X1 0 0 —-1|(L; Sug

wl=[0 0 1| [2]+]|-ugl- €
L,

X3 1 -1 0 X3 0
C

3.2. Controller design of the resonant soft-switching single-phase grid-connected inverter
based on IDA-PBC

Before applying the passivity-based control to load side soft-switching inverter, the desired
state variables of the system are given as follow:
* * * * T ok L * T
=[xy xy ] = (L Loy, Cugl ®)
To make the PCH system asymptotically stable at the equilibrium point, the desired energy
function Hy(x) is constructed after adding feedback control. The desired energy function is
defined as
Hy(x) = H(x) + H,x, €))

where H,(x) denotes the energies that are injected into the system by passivity-based controller,
and the PCH system that is expected to be stable at x* after adding feedback control becomes

OH x
i = [Jax — Rgx] —2 (10)
ox
The relevant parameters in Eq. (10) are shown as:

Ja(x) = J(x) + Jax, (11)

0 -b 0
Jx=1|b 0 0], (12)

0 0 O

Ry(x) =R(x) +R.x , (13)
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r 0 0
Rx=1[0 0 0], (14)
0 0 0

where: J4(x) is the desired interconnection matrix, J,(x) is the interconnection matrix of the
control, and b is the interconnection coefficient. R4(x) is the desired dissipation matrix, R,(x) is
the dissipation matrix of the control, r; > 0 is the damping factor.

From Eq. (6) and Eq. (10), the following equation can be obtained:

o) ~ Ra()K ) = ~Ua(0) ~ Ra0) 2 ey (15)
where
K(x) = —6Ha(x).
ox

We can construct the PCH system of Eq. (6) into the form shown in Eq. (10) when the
parameters in Eq. (15) satisfy the following requirements — structural conservation of the system.

We can assume that the structure of system is conserved when the parameters of system satisfy
the following equation:

{ Ja(x) = ~Ja@)" 16
Ry(x) = Ra(x)" > 0"
In this paper,
0 -b -1 rp 0 0
Jax)=1b 0 1], Rsx)=]0 0 0],
1 -1 0 0 0O

where r; > 0.
The relevant parameters satisfy the requirement for structural conservation of the system.

Integrability

OK(x) (aK(x) )T an
Ox Ox '
Existence of closed-loop stability points
K(x*) = _BI;—(X)lx:x*- (18)
x
Lyapunov stability
OH?(x)
e le=x+ > O. (19)

The parameters in this paper meet the requirements of integrability, existence of closed-
loop stability points, and Lyapunov stability. The relevant proofs are easily calculated from the
parameters given in the paper, so they are not given in detail in this paper.

After the discussion above, the parameters given in this paper meet the requirements of
constructing Eq. (10), and the control rate of the switching tube can be obtained after substituting
the relevant parameters into Eq. (15) as follows:

C= u*C+r1 (lil _iLl) +b(i£2—iL2), (20)

Ud

where the control rate C is the reference value of the peak of resonant inductor current iy ; sinusoidal
envelope calculated by the passivity-based controller.
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3.3. Passivity-based stability criterion of resonant soft-switching single-phase grid-connected
inverter

From Eq. (3) the load-side resonant soft-switched single-phase grid-connected inverter model
equation can be derived as follows:

dip;
ld_[; = —uc + Suq
di
sz = Uuc — Ug . (21)
duc
cHC _ i
dr L1 — 12

Multiplying the first equation in Eq. (21) by L, the second equation by i1 ,, and the third
equation by uc yields the power equation of the system as

dalt , 1, 1., . .
& EL”LI + §L2’L2+ ECMC = Suqir) — Ugir, (22)
—_—— —
H(1) Hc(1)

where Hc(t) is the electric field energy stored in the capacitor and Hy (¢) is the electromagnetic
energy stored in the inductors. From this, the energy function of the system can be deduced as

t t

H(r) = H@O) +S / ugip1dr — / ugipodr . 23)
S~ SN~
. 0 0
Moment energy of ¢ Initial energy

Supplied energy ~ Dissipated energy

H(t) = Hy(t) + Hc(t) is the total energy of the system, 7 is the integration time constant, since
ugiro > 0, the following dissipation inequality is obtained:

1

H(t)- HO0)< S / ugir 1 dr. (24)
0

Therefore, the proposed PBC based controller is asymptotically stable and the system is strictly
passive.

3.4. Simulation verifications and analysis

In this paper, a simulation model with a power of 750 W is built based on PSIM to verify the
proposed PBC strategy, and the schematic of PBC is shown in Fig. 2. The DC-side input voltage
ug is 380 V, the peak of grid voltage u, is 311 V, the frequency is 50 Hz, and the circuit simulation
parameters are shown in Table. 1.
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Table 1. Parameters of the simulation

Symbol Quantity Magnitude
i]’iz Desired output current 48 A
Ly Resonant inductor 150 uH
Ly Filter inductor 3 mH
C Filter capacitor 0.56 uF
1 Damping factor 75 Q

b Interconnection coefficient 137
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Fig. 2. Schematic diagram of passivity-based control

3.5. Stable-state simulation analysis

Parameters of PI control used for comparison are P = 5 and 7 = 0.001 in this paper. The
stable-state characteristics of the load-side resonant soft-switched single-phase grid-connected
inverter are simulated from two cases: normal operation and the presence of sampling delay.

The output current waveforms of the load-side resonant soft-switched single-phase grid-
connected inverter under normal operation are shown in Fig. 3. Figure 3(a) shows the waveforms
of output currents under PI control, it can be seen that the filtered output current it ; under the PI
control strategy suffers from severe oscillatory distortion at about 0.05 s. The waveforms of output
currents under PBC in the same conditions are shown in Fig. 3(b). The output current ir ; flows in
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both directions within the inductor current envelope, which satisfies the zero-voltage conduction
conditions of high-frequency switches of BCM modulation, and the waveforms of output current
iLp are more stable with lower distortion. It is calculated that the THD of output current after
filtering under PI control is 3.4%, while the THD under PBC is 1.7%, so the output current grid
integration effect of PBC is better compared with PI control.

The maximum switching frequency of the high-frequency switches in this paper is about
250 kHz according to resonant inductor parameters, so 500 ns is selected as the sampling delay
time of the current of resonant inductor. The waveforms of output currents of PI control under the
presence of sampling delay of resonant inductor current are shown in Fig. 4(a), and the output
current waveforms of PBC under the same condition are shown in Fig. 4(b). From the figure,
it can be seen that the waveforms of output currents under PI control have obvious distortion,
but the waveforms of output currents under PBC have less distortion, so the passivity-controlled
load-side resonant soft-switched single-phase grid-connected inverter has better performance in
the presence of resonant sampling current delay.

iu(A)
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-311 0 0.02 0.04 0.06 0.08 0.1 0.12
0.02 0.04 0.06 0.08 0.1 0.12

Time (s) Time (S)

(a) PI (a) PI

i(A)

ia(A)

o
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uy(V)
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Time (s) Time (s)

(b) PBC (b) PBC

Fig. 3. Output currents under normal conditions Fig. 4. Output currents under sampling delay
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3.6. Dynamic-state simulation analysis

In this paper, the dynamic characteristics are simulated and analyzed in terms of grid voltage
dips, grid voltage is distorted by the third and fifth harmonics, grid current surges, and grid phase
shifts respectively.

Assuming that the initial peak of grid voltage is 311 V, then the peak of grid voltage drops to
260 V at 0.04 s, the waveforms of output currents under PI control are shown in Fig. 5(a), and
the waveforms of output currents under PBC in the same condition are shown in Fig. 5(b). It
can be seen from the figure that the peak of output currents under both control methods remain
unchanged after the peak of the grid voltage drops after 0.04 s, but the output current waveforms
of PI control have a significant local distortion, while the waveform distortion of the output current
of PBC is significantly smaller than that of PI control, so the system stability under PBC is better
when the grid voltage drops suddenly.

Assuming that the grid voltage is distorted by the third harmonic as well as the fifth harmonic
disturbance at 0.04 s, and the content of the third harmonic and the fifth harmonic are 19.2% and
16.1% respectively. The waveforms of output currents under PI control are shown in Fig. 6(a), and
the waveforms of output currents under PBC in the same conditions are shown in Fig. 6(b), it can
be seen from the figure that the output currents of PBC still maintain good waveforms even if the
grid voltage is distorted by harmonic disturbances after 0.04 s, while the output waveforms of
the PI control have a more obvious oscillatory distortion near the crossing point, so the load-side
resonant soft-switched single-phase grid-connected inverter with the PBC strategy is more resistant
to harmonic disturbances.

Assuming that the peak of the desired grid-connected current changes abruptly from 2.4 A
to 4.8 A at 45° phase of grid voltage, the output current waveforms of the load-side resonant
soft-switched single-phase grid-connected inverter is shown in Fig. 7. It can be seen that when the
current changes abruptly as the grid phase is 45°, the PI-controlled waveforms of output currents
have a more serious problem of oscillatory distortion past the zero point when the desired current
is lower, and a more serious distortion occurs around 0.07 s when the desired current is higher.
However, the output current waveforms of PBC not only have no significant distortion when
the desired output current is low, but also have a good tracking effect when the desired current
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Fig. 5. Output currents when grid voltage dips Fig. 6. Output currents when harmonics occur

occurs in a sudden increase. Therefore, the load-side resonant soft-switching inverter with the
PBC strategy has good dynamic performance when the desired output current suddenly increases.

Assuming that the phase of grid voltage is shifted by 45° at 0.045 s, the waveforms of output
currents of the load-side resonant soft-switched single-phase grid-connected inverter is shown in
Fig. 8. It can be seen that the output currents under both control methods can effectively track
the change of phase of the grid voltage when the grid voltage undergoes phase shifts, but the
output currents of PBC have a lower distortion degree and better current quality compared with the
output current waveforms under PI control, so the load-side resonant soft-switched single-phase
grid-connected inverter under passivity-based control is more stable when the phase of grid voltage
shifts The stability of the load-side resonant soft-switched single-phase grid-connected inverter
with the PBC strategy is therefore stronger when the phase of grid voltage is shifted.
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4. Conclusion

In this paper, a PCH model is established and a passivity-based controller is designed based
on IDA-PBC theory for a load-side resonant soft-switched single-phase grid-connected inverter,
then the passive nature of the system is proved. In addition, this paper builds a load resonant
soft-switched grid-connected inverter with the PBC strategy in PSIM software, compares and
analyzes it with the traditional PI control from both stable-state and dynamic cases. The simulation
results verify that the passivity-based control strategy has increased the stability of system and
improved the quality of output waveforms.
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