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ABSTRACT

Due to the components at twice the fundamental frequency of output voltage in the instantaneous output
power of a two-stage single-phase inverter (TSI), the second harmonic current (SHC) is generated in the front-
end dc-dc converter (FDC). To reduce the SHC, optimizing the control strategy of the FDC is an effective
and costless approach. From the view of visual impedance, this paper conducts an intensive study on the SHC
reduction strategies. Origin of the SHC is illustrated first. Then, the equivalent circuit models of the FDC
under different control strategies are proposed to analyse the SHC propagation characteristic. The derived
model can offer a better insight into how the inductor SHC is affected by the control parameters. According
to the derived models, a synthesis of different control strategies is presented and the relevant parameters are
listed for control design to achieve better suppression effect. The benefits and limitations of these control
strategies are also discussed. Based on the proposed equivalent circuit models, several optimization methods
are proposed to enhance the effect. A 1500 VA TSI prototype is built and simulated on MATLAB/Simulink,
verifying the effectiveness of the proposed optimization methods. This paper is aimed to provide a guideline
for the control design and control optimization of the TSIs.
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1 Introduction

Two-stage single-phase inverters (TSIs) have been widely used in renewable systems [1–4] such as
distributed generation system and energy storage system. A typical structure of TSI is illustrated in
Fig. 1. The front-end dc-dc converter (FDC) converts varying and/or mismatching input voltage to
a specified voltage that is suitable for the desired ac output. The back-end dc-ac inverter realizes the
inverter conversion to supply the output load.

Due to the components at twice the fundamental frequency of output voltage in the instantaneous
output power, the SHC is generated in the input current of the TSI. The SHC will increase the current
stress and affect the lifetime of power switches. Moreover, the SHC causes extra power loss and lessen
the soft-switching range of power switches, reducing the overall system efficiency [5]. Furthermore, if
fuel cell is used to supply the two-stage inverter, the SHC will affect the fuel cell performance, cause
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extra fuel consumption and even shorten the life span [6,7]. Therefore, it is necessary to suppress the
input SHC in the FDC. Two main methods are currently used to reduce the SHC in the FDCs: (1)
Passive compensation methods (PCMs); (2) Active compensation methods (ACMs).

inL

inC
dcL

dcC
acL

acC LRdc / dc dc / ac

Figure 1: Typical configuration of a TSI

For an open-loop system, the magnitude of the SHC in the FDC is fully dependent on the passive
energy-storage elements. Thus, the PCM is often to enlarge the energy storage elements in the converter
(capacitor and/or inductor), such as connecting a large parallel capacitor to the input and/or the output
terminals of the FDC [8] and connecting a LC series-resonance circuit in parallel with the output
filter capacitor of the FDC [9]. However, for these cases, the cost will be increased and the size of the
additional passive components may not be acceptable while the SHC is limited to the desired level [10].

As these disadvantages of the PCMs aforementioned, ACMs are more often used for their
low cost and non-invasiveness. According to the different implementation approaches, the ACMs
can be classified into two main categories. One way is the current-ripple injection method, where
a bidirectional active filter is often used to compensate the required SHC of the dc-ac inverter
[11–14]. However, with the additional bidirectional converter, the complexity of the system increases
and more power loss is generated. The other way is the self-controlling method of the FDC, which
is more commonly used for its convenience and low cost [15,16]. In this case, appropriate control
approach is incorporated to force the intermediated inductor and/or capacitor to provide almost
all the required second pulsating power. According to the different control purposes, the FDC self-
controlling methods can be further divided into two types. One is the inductor SHC reduction strategy
(FI-SHCRS) [5,17–22] and the other is the input SHC reduction strategy (I-SHCRS) [23,24]. However,
there still is lack a unified model to describe the propagation mechanism of SHC and give an insight
to all these control strategies for control optimization.

In order to analyse these methods from a unified perspective, equivalent circuit models of the FDC
under different control strategies are proposed in this paper. The derived model can offer a better
insight into how the inductor SHC is affected by the control parameters. According to the derived
models, a synthesis of different control strategies is presented and the key parameters relevant to SHC
are listed to reveal the benefits and limitations of these control strategies. Based on the proposed
equivalent circuit models, several optimization methods are also proposed to enhance the effect. A
1500 VA TSI prototype is built and simulated on MATLAB/Simulink, verifying the effectiveness of
the proposed optimization methods. This paper is aimed to provide a guideline for the control design
and control optimization of the TSIs.

2 Origin of SHC

To study the composition of the input SHC, neglecting the switching harmonics, the downstream
inverter is equivalent to a dc current source Idc in parallel with a SHC source i2nd, which is shown in
Fig. 2.
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Figure 2: Equivalent model of a TSI

Lf and Cf are the filter inductor and the intermediate dc-bus capacitor respectively. vpwm, iLf, vCf, and
iCf are the pulse width modulation (PWM) voltage, the inductor current, the intermediate bus voltage,
and the current flowing through Cf, respectively. V Cf is the dc component of vCf. When the switching
frequency components are neglected, the instantaneous second harmonic power of the FDC can be
given by

po_2nd = vCf_2ndIdc + i2ndVCf = (
vpwm_2ndIdc + iLf_2ndVCf

)︸ ︷︷ ︸
A

+ (
vCf_2nd − vpwm_2nd

)
Idc︸ ︷︷ ︸

B

+ (−iCf_2ndVCf)︸ ︷︷ ︸
C

(1)

where vpwm_2nd, iLf_2nd, vCf_2nd, and iCf_2nd are the second harmonic components of vpwm, iLf, vCf, and iCf

respectively. From Eq. (1), it can be seen that the pulsating power is divided into three parts: the part
A is supplied by V in; the part B is supplied by Lf; the part C is supplied by Cf. The part A is the root
of the input SHC, which is composed of two items:

pin_2nd = vpwm_2ndIdc + iLf_2ndVCf (2)

where vpwm_2nd depends on the pulsating component of the duty cycle d2nd. To reduce the input SHC,
d2nd and iLf_2nd should be suppressed simultaneously.

In most applications, FI-SHCRS is sufficient to reduce the input SHC into an acceptable level
and along with its easy implementation, is more commonly used. But for better suppression effect in
particular applications, input SHC control strategy is needed.

3 Analysis of the Second Harmonic Current Propagation Characteristic

FI-SHCRS is the most common used method to suppress the input SHC of the two-stage inverters.
For the FDC, control loops are often used to realize voltage regulation and short current limitation.
Here, Buck converter is adopted as the FDC to analyse the influences of different control loop
parameters on the SHC propagation. For a better insight into where the magnitude of the SHC lies,
the equivalent circuit models under different control strategies are derived.

3.1 The Reverse Propagation Gains of SHC
Fig. 3 shows the control block diagrams of the FDC with open-loop, voltage single-loop, and

voltage current dual-loop respectively, where V m is the amplitude of the sawtooth carrier, Gv(s) is the
voltage regulator, Gi(s) is the current regulator, Hv is the intermediate bus voltage sensor gain, and H i

is the inductor current sensor gain.

According to Manson’s rule, the inductor second harmonic currents of the three control strategies
can be derived respectively as

iLf0_2nd = 1
s2LfCf + 1

i2nd (3)
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iLf1_2nd = 1 + HvGv(s)Vin/Vm

HvGv(s)Vin/Vm + s2LfCf + 1
i2nd (4)

iLf2_2nd = − Lv(s) + LLC(s)
1 − Lv(s) − Li(s) − LLC(s)

i2nd (5)

where Lv(s), Li(s), and LLC(s) are the gains of the outer voltage loop, the inner current loop, and LC
filter loop as shown in Fig. 3c. The detailed expressions of these gains can be written as

Lv(s) = −HvGv(s)Gi(s)Vin

VmLfCfs2
(6)

Li(s) = −HiGi(s)Vin

VmLfs
(7)

LLC(s) = − 1
LfCfs2

(8)
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Figure 3: Control block diagrams of Buck converter under different control strategies: (a) Open-loop;
(b) Voltage single-loop; (c) Voltage current dual-loop

From (5), it can be found that the introduction of the inner current loop increases its denominator
and therefore decreases the inductor SHC. Actually, the numerator of (5) can also be decreased to
reduce the inductor SHC. In [12], a load current feedforward branch with notch filter is introduced on
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the basis of the inner inductor current loop. Basically, this method is equal to adding an item to the
numerator, which can be expressed by

iLf3_2nd = −
Lv(s) + LLC(s) + Gbpf (s)Gi(s)Vin

Lf Vms

1 − Lv(s) − Li(s) − LLC(s)
i2nd (9)

where Gbpf(s) is the inserted notch filter. The added item decreases the amplitude of numerator at twice
the output frequency, reducing the inductor SHC.

3.2 The Proposed Equivalent Circuit Models
The concept of visual impedance has been widely used in grid-connected inverters [25–28]. For

two-stage single-phase inverters, visual-impedance-based control strategy is used to reduce SHC in
[21] and to reveal the relationship among different SHC reduction schemes in [5,22]. Basically, visual-
impedance is an intuitive comprehension of control loops. From this perspective, the original control
loops can also be modelled as visual impedance. In this part, the effects of the control loops on the
SHC propagation are analysed. In the following analysis, the voltage and current regulators both adopt
proportional-integral (PI) controllers.

For the open-loop Buck converter, the equivalent circuit model can be derived according to
Fig. 3a, as shown in Fig. 4. It can be found that in the case of open-loop control, the magnitude of the
inductor SHC is fully dependent on the passive energy-storage elements (Lf and Cf). Thus, the passive
compensation approach often enlarges the energy storage components [8,9]. To verify the correctness
of the model, iLf0_2nd can be calculated again according to Fig. 4, which is given by

iLf0_2nd
′ = 1/ (sCf)

sLf + 1/ (sCf)
i2nd = 1

s2LfCf + 1
i2nd (10)

which is the same as (3).

Lf_2ndi

fC

2ndi
Cf_2ndi

fL

Figure 4: The equivalent circuit model of open-loop

For the voltage single-loop Buck converter, the equivalent control block diagram can be acquired
by moving the voltage-loop feedback node as shown in Fig. 5a. Accordingly, the equivalent circuit
model can be depicted as shown in Fig. 5b.

From this perspective, the voltage loop can be equivalent to a visual impedance Zvs(s) in parallel
with the filter inductor, where 1/Zvs(s) can be expressed by
1

Zvs

= HvGv(s)Vin/Vm · 1
sLf

(11)
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Figure 5: The equivalent circuit models of voltage single-loop: (a) Equivalent transform; (b) Equivalent
circuit model

To verify the correctness of the model, iLf1_2nd can be calculated again according to Fig. 5b, which
is given by

iLf1_2nd
′ = 1/ (sLf) + 1/Zvs

1/ (sLf) + 1/Zvs + sCf

i2nd = 1 + HvGv(s)Vin/Vm

HvGv(s)Vin/Vm + s2LfCf + 1
i2nd (12)

which is the same as (4). To analyse the effect of the voltage regulator parameters, we suppose Gv(s) as

Gv(s) = kpv + kiv

s
(13)

Substituting (13) into (11) yields
1

Zvs

= 1
VmLf

HvkpvVin
s

+ 1
VmLf

HvkivVin
s2

= 1
Zvs1

+ 1
Zvs2

(14)

It can be found that Zvs is composed of Zvs1 and Zvs2 in parallel. Zvs1 can be equivalent into a visual
inductance and Zvs2 can be equivalent into a visual negative impedance whose value is proportional to
s2. Whatever the type of impedance, both Zvs1 and Zvs2 decrease the impedance of the inductor branch,
forcing the inductor to share more SHC. The larger of kpv and/or kiv are, the more SHC is distributed
into the inductor branch.

For the voltage current dual-loop Buck converter, the equivalent transform 1 can be achieved by
moving the voltage and current loop feedback nodes as Fig. 6a shows. Moreover, the feedback node
of the voltage loop can be further moved as shown in Fig. 6b. Based on the transform 2, the equivalent
circuit model can be derived as shown in Fig. 6c.
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Figure 6: The equivalent circuit model of voltage current dual-loop: (a) Equivalent transform 1; (b)
Equivalent transform 2; (c) Equivalent circuit model

From this perspective, the outer voltage loop is equivalent to a visual impedance Zvs(s) in parallel
with the filter inductor and the inner current loop is equivalent to a visual impedance Zis(s) in series
with the filter inductor, where 1/Zvid(s) and Zid(s) can be expressed respectively by

1
Zvid

= Vin

Vm

Gv(s)Gi(s)Hv · 1/ (sLf)

1 + VinHiGi(s)
sLfVm

(15)

Zid = Vin

Vm

HiGi(s) (16)

To verify the correctness of the model, iLf2_2nd can be calculated again according to Fig. 6c, which
is given by

iLf2_2nd
′ = 1/ (sLf + Zid) + 1/Zvid

1/ (sLf + Zid) + 1/Zvid + sCf

i2nd = − Lv(s) + LLC(s)
1 − Lv(s) − Li(s) − LLC(s)

i2nd (17)
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which is the same as (5). To analyse the effect of the voltage regulator parameters, we suppose Gv(s)
the same as (13) and Gi(s) as

Gi(s) = kpi + kii

s
(18)

Substituting (13) and (18) into (15) yields

Zvid = VmLfs
VinHvGv(s)Gi(s)

+ Hi

HvGv(s)

= VmLf

VinHv

· 1
1
s

kpvkpi

+ 1
s2

kpvkii + kivkpi

+ 1
s3

kivkii

+ 1
1

Hi/
(
Hvkpv

) + 1
His/ (Hvkiv)

= Zvid1 + Zvid2

(19)

It can be found that Zvid is a series of Zvid1 and Zvid2, where Zvid1 is a parallel of three components
[s/(kpvkpi), s2/(kpvkii+ kivkpi), s3/(kivkii)] and Zvid2 is a parallel of two components [H i/( Hvkpv), H is/( Hv

kiv)]. Both Zvid1 and Zvid2 decrease the impedance of the inductor branch, forcing the inductor to share
more SHC. The larger of kpv and/or kiv are, the more SHC is distributed into the inductor branch.

Substituting (18) into (16) yields

Zid = VinHikpi

Vm

+ VinHikii

Vms
= Zid1 + Zid2 (20)

It can be found that Zid is a series of Zid1 and Zid2, where Zid1 is a visual resistance and Zid2 is a
visual capacitance. Zid1 increases the impedance of the inductor branch, and the larger kpi is, the less
SHC is distributed into the inductor branch. For Zid2, there is a serial resonance frequency of the visual
capacitance and the filter inductance, which can be expressed by
VinHikii

Vmω2ndj
+ Lfωrj = 0 (21)

Accordingly, the resonance frequency can be calculated by

ωr =
√

kiiVinHi

VmLf

(22)

In general, kii satisfies

kii >
VmLfω

2
2nd

VinHi

(23)

Therefore, Zid is usually proportional to kii. The relationships between the impedances of inductor
branch and the circuit parameters are summarized in Table 1.

Table 1: Relationship between visual impedances and circuit parameters

kpv kiv Hv kpi kii H i

Zvid1 – – – – – /
Zvid2 – – – / / +

(Continued)
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Table 1 (continued)

kpv kiv Hv kpi kii H i

Zvid – – – – – +
Zid1 / / / + / +
Zid2 / / / / + +
Zid / / / + + +
ZLf – – – –/+ –/+ +

In conclusion, the impedance of the inductor branch ZLf can be increased by decreasing kpv, kiv,
Hv and/or increasing H i. In order to reduce the inductor SHC, the amplitudes of kpv, kiv, and Hv

at twice the output frequency should be decreased and/or the amplitude of H i at twice fundamental
frequency of output voltage should be increased. Moreover, the amplitude of H i at twice fundamental
frequency of output voltage is the best choice to be increased to reduce the SHC because it can increase
Zid(ω2nd) and Zvid(ω2nd) simultaneously. In general, these parameters should be selected in according to
the stability and the dynamic performance of the circuit. In order to avoid those negative influences,
notch filters (band-pass filter or band-stop filter) are often used.

3.3 The Relationship between the Inductor SHC and the Input SHC
The visual impedance is useful for the analysis of the inductor SHC but may be helpless for the

analysis of the input SHC. Fig. 6c cannot be equivalent to the circuit model described in [22], which is
shown in Fig. 7a. According to Fig. 7a, the input SHC can be completely eliminated by reducing the
inductor SHC completely. However, apparently, it cannot be achieved according to (2).

+

-

+

-
vpwm

Lf iLf iinv

iCf

Cf

vCf

Idc i2nd

iin

Vin

vidZ

idZ

(a)

Lf

d2ndILf
Cf

i2nd

d2ndVin

*

+-

*

iin_2nd 1：D iLf_2nd

+
-

vCf_2nd

fL’

(b)

Figure 7: Second harmonic equivalent circuit model of the Buck converter: (a) Non-equivalent circuit
model [22]; (b) AC equivalent circuit model

Actually, if the dc components and the harmonic components at the switching frequency are
neglected, a Buck converter is equivalent to the circuit model as shown in Fig. 7b.
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As a matter of fact, the equivalent inductor Lf’ is a synthesis of the two items as shown in the
dotted box of Fig. 7, and essentially the visual impedance is regulated by d2nd. No matter how Lf’ is
adjusted, d2nd undergoes corresponding change. In some cases, although Lf’ is adjusted to a high value,
the input SHC still keeps an observable value due to the d2nd.

4 Discussion and Optimization of SHC Reduction Strategies

The existing SHC reduction control strategies are reviewed and an insight into the existing
inductor SHC reduction strategies from the visual impedance is provided.

In [17] and [18], an inner inductor current loop is introduced and the crossover frequency of the
outer voltage loop is greatly reduced. Introducing the current loop is equivalent to inserting Zid(s)
and reducing the crossover frequency of the outer voltage loop is equivalent to increasing Zvid(s) by
decreasing kpv and kiv. By these means, the inductor SHC in the FDC can be reduced greatly. However,
the low voltage loop crossover frequency will decrease the dynamic performance of the converter.

In [19], a notch filter (band-elimination filter) with the centre frequency at twice the output
fundamental frequency is introduced into the output of the voltage loop (NF-VL), as shown in
Fig. 8a. The introduced notch filter decreases the gain of the voltage regulator at twice the output
fundamental frequency, which is equivalent to increasing Zvid(ω2nd) by decreasing kpv(ω2nd) and kiv(ω2nd).
As a matter of fact, the notch filter Gbe(s) can be moved to the voltage feedback (NF-VF) as shown in
Fig. 9a because V ref contains no second harmonic component. Meanwhile, to obtain a better effect,
Zid(ω2nd) can be increased by inserting a band-pass filter with the centre frequency at twice the output
fundamental frequency in parallel with current-loop regulator Gi(s) as shown in Fig. 9b (BPF-CLR).
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Figure 8: Control strategies for inductor SHC reduction: (a) NF-VL [18]; (b) BPF-CF [21]

In [21], a band-pass filter is incorporated to the inductor current feedback branch (BPF-CF), as
shown in Fig. 8b. The introduced band-pass filter increases the gain of the inner current loop at twice
the output frequency, equivalent to increasing Zid(ω2nd) and Zvid(ω2nd) by increasing H i(ω2nd). In fact,
the control schemes in [19] and [21] can be combined as shown in Fig. 9c to obtain a better effect.
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Figure 9: Available optimization strategies for inductor SHC reduction: (a) Optimization strategy 1;
(b) Optimization strategy 2; (c) Optimization strategy 3; (d) A summary of available optimization
strategies

Actually, for a voltage current dual-loop Buck converter, these control strategies can be summa-
rized as shown in Fig. 9d. A notch filter or any combination of each of these notch filters (band-pass
or band-elimination filters) in Fig. 9d can be used for the inductor SHC reduction.

In [20], a load current feedforward branch with notch filter (band-pass filter) is introduced on
the basis of the inner inductor current loop. The introduced branch decreases the numerator of (9)
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and thus the inductor SHC is reduced. In combination with the control scheme in [19], this method is
optimized in [20].

In [22], the relationship among different control schemes is revealed from the perspective of
the output impedance of the FDC. However, it is important to note that no matter how the visual
impedance in series with Lf and/or in parallel with Lf change, d2nd undergoes a corresponding change.
The difference between Figs. 7a and 7b should be noted.

In order to achieve a better effect in the input SHC reduction, the input SHC is directly extracted
for control [23]. However, the inductor current is often used for loop control. To avoid the use of the
extra input current sensor, vriLf is used for the extraction of the input SHC, where vr is the modulation
signal [24].

5 Results

In order to verify the analysis above, a 1500 VA TSI prototype is built and simulated on
MATLAB/Simulink. The FDC is a push-pull forward converter, and the downstream inverter is a
single-phase full-bridge inverter. The main parameters of the built TSI are listed in Table 2.

Table 2: Main parameters of the simulation model

Parameter Symbol Value Parameter Symbol Value

Input voltage V in/V 28 Filter capacitance Cf/μF 400
Output voltage V o/V 115 Filter inductance Lf/μH 670
DC bus voltage V Cf/V 180 Modulation ratio mf 1/2.4
Output frequency f o/Hz 400 Voltage sensor gain Hv 0.055
Output power Po/kVA 1.5 Current sensor gain H i 0.5
Switching frequency f s/kHz 80 Transformer turn ratio n 10

5.1 The Reverse Propagation Gains of SHC
The reverse propagation gains of SHC are drawn as shown in Fig. 10, which verifies the analysis

from the view of visual impedance and the proposed equivalent models.
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Figure 10: The reverse propagation gains of SHC: (a) kpv; (b) kiv; (c) kpi; (d) kii; (e) Hv; (f) H i

5.2 Results of Different Control Loops
Fig. 11 shows the steady-state inductor current under open loop, single voltage closed-loop,

voltage and current double closed-loop respectively from top to bottom, where kpv = 1.1, kiv = 100,
and kpi = 1, kii = 1000. It can be seen that the introduction of the current loop reduces the inductor
SHC effectively.
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Figure 11: Simulation waveforms of inductor current with different control loops

Fig. 12 shows the steady-state inductor current under different loop parameters, where kpi is
changed in Fig. 12a and kii is changed in Fig. 12b. From Fig. 12a, it can be seen that the suppression
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effect can be improved by increasing kpi in a certain range, which agrees well with Fig. 10c. From
Fig. 12b, it can be seen the suppression effect is insensitive to kii, which agrees well with Fig. 10d.
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Figure 12: Simulation waveforms of inductor current with different loop parameters: (a) kpv = 1.1, kiv

= 100, kii = 1000, and kpi = 0.1, 1, 10 from top to bottom; (b) kpv = 1.1, kiv = 100, kpi = 1, and kii =
0.1, 10, 1000 from top to bottom

5.3 Results of Optimization Strategies
Fig. 13 shows the steady-state inductor current under different control strategies and Fig. 14

shows the corresponding fast Fourier transform spectrums. From Fig. 13a, it can be seen that NF-
VL is equivalent to NF-VF. From Figs. 13b and 14b, it can be seen that the optimization strategy 2
can achieve better suppression effect than NF-VL. From Figs. 13c and 14d, it can be seen that the
suppression effect of BPF-CF is greatly improved by the optimization strategy 3. Obliviously, the
simulation results verify correctness of the theory analysis and the effectiveness of the optimization
strategies.
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Figure 13: Simulation waveforms of inductor current: (a) Optimization strategy 1: without SHC
reduction, NF-VL, NF-VF; (b) Optimization strategy 2: without SHC reduction, NF-VL, NF-VL+
BPF-CLR; (c) Optimization strategy 3: without SHC reduction, BPF-CF, BPF-CF + NF-VL
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6 Conclusions

Due to the components at twice the output voltage frequency in the instantaneous output power
of a two-stage single-phase inverter, the second harmonic current (SHC) is generated in the front-end
dc-dc converter. To reduce the SHC, optimizing the control strategy of the front-end dc-dc converter is
an effective and costless approach. According to the input pulsating instantaneous power analysis, the
origin of the input SHC is divided into two parts: d2nd and iLf_2nd. According to the different purposes
of control, the front-end dc-dc converter self-controlling methods are divided into two types. One is
the inductor SHC reduction strategy (FI-SHCRS) and the other is the input SHC reduction strategy
(I-SHCRS).

For a better comprehension of FI-SHCRS, equivalent circuit models are proposed from the view
of visual impedance. The derived models can offer a better insight into where the magnitude of the
inductor SHC lies when the front-end dc-dc converter is under different control strategies. Meanwhile,
important parameters, which can be used to reduce the inductor SHC, are analysed and summarized.
Knowledge about the effects of these parameters on the SHC propagation can serve as a guideline for
the design and optimization of the front-end dc-dc converters.

With the derived circuit models, different inductor SHC reduction schemes are reviewed and
several optimization strategies are proposed. The limitation of FI-SHCRS is also revealed and I-
SHCRS is indicated to be a better control strategy in the input SHC reduction.
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