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Abstract: The coupled inductor coil Z-source inverter has advantages such as continuous input current and good boost
performance. However, the traditional quasi-Z-source inverter not only requires a bulky isolation transformer but also suffers
from large high-frequency common-mode leakage current. To address these drawbacks, this paper first proposes a coupled
inductor coil Z-source inverter topology for photovoltaic-assisted charging of hilly electric agricultural machinery. Secondly, the
high-frequency common-mode leakage current suppression mechanism of the inverter is analysed. Then, a detailed comparison
is made between the proposed inverter and the traditional quasi-Z-source inverter. The research shows that the proposed inverter
not only effectively suppresses high-frequency common-mode leakage current without the need for a bulky isolation transformer,
but also requires only one magnetic core and one capacitor, which can effectively reduce the weight and volume of the inverter
and lower its cost. Finally, the correctness of the inverter design and theoretical analysis is verified by circuit simulation.
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1. Introduction

As a key connection link between the DC power supply
side (lithium battery, photovoltaic) and the load side (Al
processor, AC drive motor) in photovoltaic-assisted charging
of hilly electric agricultural machinery, the performance of
the inverter has a significant impact on the stability and safety
of the entire machine [1-2]. Compared with traditional
agricultural machinery, solar-assisted charging electric
agricultural machinery significantly reduces the weight and
volume of the whole machine and has better terrain
adaptability, making it particularly suitable for mountainous
and hilly operating environments [3-4]. To meet the
requirements of intelligent control and power drive, the
inverter must stably provide pure sinusoidal AC power to the
Al processor and the AC drive motor, ensuring control
accuracy and motor output quality [5-6].Traditional bridge
inverters require dead time to be set for the switches on the
same bridge arm to avoid arm short-circuit, but the
introduction of dead time increases the harmonics of the grid-
connected current and reduces power quality [7-8]. The quasi-
Z-source bridge grid-connected inverter adds a unique
impedance network between the input power supply and the
inverter bridge, breaking the operation mode of the traditional
bridge inverter, thereby allowing a shoot-through state in
which the upper and lower bridge arms are simultaneously
conductive [9]. Compared with DC-DC boost converters and
dual-buck inverters, by reasonably inserting shoot-through
vectors into the quasi-Z-source inverter bridge, the DC bus
voltage can be effectively increased and the DC voltage
utilisation rate can be improved. Compared with traditional
two-stage inverter topologies, the quasi-Z-source bridge
inverter can improve system efficiency, enhance reliability,
and reduce cost [10]. However, new energy mountain

intelligent agricultural machinery operates for long periods in
outdoor, humid environments, facing unique electrical safety
hazards. The parasitic capacitance of photovoltaic panels to
ground can easily excite common-mode voltage in humid
weather conditions, forming a leakage current path. This
leakage current may trigger the protection mechanism,
leading to equipment shutdown, or even threaten the electrical
safety of the whole machine and cause injury to operators.
The common-mode voltage of the traditional quasi-Z-source
bridge inverter changes at high frequency, resulting in large
common-mode leakage current. According to the German
VDE-0126-1-1 standard, when the leakage current of the
inverter exceeds 300 mA, the inverter must be disconnected
from the AC side within 0.3 seconds [11-12]. Therefore,
leakage current suppression is one of the key issues that must
be addressed for inverters. In practical engineering, to
suppress high-frequency common-mode leakage current, the
traditional quasi-Z-source bridge inverter requires the
installation of a bulky isolation transformer, which directly
increases the system volume and cost, and reduces power
density [13-14]. In addition, the bridge inverter must pass
current through the body diode of the switch, which has poor
performance, during the freewheeling stage, resulting in poor
reliability and large reverse recovery losses [15].

To address the drawbacks of the existing quasi-Z-source
bridge inverter, such as large high-frequency common-mode
leakage current, the need for an isolation transformer that
increases volume and cost, and large freewheeling losses, this
paper first proposes a coupled inductor coil Z-source inverter
topology for photovoltaic-assisted charging of hilly electric
agricultural machinery. Then, its operation modes and
common-mode leakage current suppression mechanism are
analysed. Finally, the correctness of the inverter design is
verified by circuit experiments.



2. Coupled Inductor Coil Z-Source
Inverter for Photovoltaic-Assisted
Charging of Hilly Electric
Agricultural Machinery

2.1. Circuit Topology of the Novel Coupled
Inductor Coil Z-Source Inverter

The circuit connection diagram of the coupled inductor coil
Z-source inverter for photovoltaic charging of hilly electric
agricultural machinery is shown in Figure 1. The inverter
includes an RD snubber circuit, coupled inductor coils L,
switches S1—Ss, filter capacitor Ci, high-performance diode D,

high-performance diode D,, photovoltaic DC power supply
Uk, and a grid-side symmetrical filter circuit [5].

The two coupled inductor coils L are wound on the same
magnetic core and connected in parallel on opposite sides.
The dotted terminal of one coupled inductor coil L is
connected to the positive terminal of the photovoltaic DC
power supply Ui, and the undotted terminal of the other
coupled inductor coil L is connected to the negative terminal
of Ug.. The filter capacitor C, is connected in series on the
same side between the two coupled inductor coils L. The R4
snubber circuit includes a resistor Rq and a diode Ds. The grid-
side symmetrical filter circuit includes an AC side voltage u,,
filter inductors L3 and L4, and switches S5 and Ss.
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Figure 1. Circuit connection diagram of the coupled inductor coil Z-source inverter

2.2. Modulation Method of the Coupled
Inductor Coil Z-Source Inverter
According to the topology of the coupled inductor coil Z-

source inverter for photovoltaic-assisted charging of hilly
electric agricultural machinery, a modulation strategy based

on the polarity of the AC side current i, and the drive signals
of §1—S5s are designed, as shown in Figure 2. Here, i, is the AC
side current and u, is the grid frequency. When i, > 0, switches
S2, 83 and Ss are turned on, S; and S4 remain off, S, = S3, and
S5 = S>. When 7, < 0, switches S, S4 and Ss are turned on, S>
and S; remain off, S; =S4, and S5 = S [6][7].
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Figure 2. Drive waveforms of S1—S5s of the coupled inductor coil Z-source inverter

Therefore, from the above analysis, it can be seen that the
coupled inductor coil Z-source inverter using one magnetic
core and one capacitor can effectively reduce the weight and

volume of the inverter and lower its cost.



3. Operation Modes and Common-
Mode Leakage Current Analysis

3.1. Common-Mode Equivalent Circuit

Let i; be positive when flowing from bridge arm midpoint
A to point G. Since there is a parasitic capacitance from the
photovoltaic panel to ground, its equivalent capacitance is Cg.
Cg has the characteristic of blocking DC and passing AC, so
the common-mode leakage current itcm is only related to the
AC side voltage u,. To eliminate differential-mode leakage
current, let Ly = Ls = L;. Vng is the voltage across the
distributed capacitor Cg, that is, the effective common-mode
voltage. When the influence of the DC power supply Ugc on
itcm is neglected, the common-mode equivalent circuit model
of the coupled inductor coil Z-source inverter for photovoltaic
charging of hilly electric agricultural machinery is shown in
Figure 3 [8]. From Figure 1 and equation (1), it can be seen
that itcm in the circuit is caused by the high-frequency
variation of Vng.
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where Vng is the common-mode voltage.

3.2. Operation Modes and High-Frequency
Common-Mode Leakage Current Analysis

To analyse the high-frequency common-mode leakage
current of the coupled inductor coil Z-source inverter for
photovoltaic charging of hilly electric agricultural machinery
in the positive half-cycle and negative half-cycle respectively,
let i; be positive when flowing from point A to point G.
According to the switching states of S;—Ss in Figures 1 and 2,
the inverter can be divided into four operation modes, and
their equivalent circuits are shown in Figures 3(a)-3(d),
respectively [9][10].

Mode 1: Switches S,, S3 and Ss are turned on, switches S
and S; are turned off, and the AC side current i, provided by
the AC side voltage usg is greater than 0. Its equivalent circuit
is shown in Figure 3(a). From Figure 3(a), it can be seen that
D, and D, are reverse-biased and turned off; Uy, L, Ss, S3, L3,
ug, L4 and S> form a forward charging closed loop, and i,
increases positively; Dj is reverse-biased and turned off.
Further, according to Figure 3(a) and Kirchhoff's voltage law,
we obtain:
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In equations (2) and (3), Vng is the voltage across the
distributed capacitor Cg, that is, the effective common-mode
voltage; msw = 2nfg, and I is the effective value of i;. When
L3 =L4= L, according to equations (2) and (3), the common-
mode voltage Vng of the coupled inductor coil Z-source
inverter for photovoltaic charging of hilly electric agricultural
machinery in Mode [ is:
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Mode 2: Switch S3 and high-performance diode D are
turned on, high-performance diode D, switches S, S», S4 and
Ss are turned off, and the AC side current /, provided by the
AC side voltage u, is greater than 0. Its equivalent circuit is
shown in Figure 3(b). R4, D3 and L form a forward Z-source
network freewheeling loop, which quickly dissipates the
energy of the Z-source network; L3, ug, L4, D> and S3 form a
forward discharge freewheeling loop, and I, decreases
positively. This freewheeling path does not pass through the
body diode of the switch, which has poor performance,
reducing reverse recovery losses and improving inverter
efficiency and reliability. From Figure 3(b), when Ss, S3 and
S, are the same type of switches, the voltage stresses of Ss, S3
and S, are the same, that is:

.=V ®)
In equation (5), Vss, V's3 and Vs, are the voltages across

switches Ss, S3 and S, respectively. According to Figure 3(b)
and Kirchhoff's voltage law, we obtain:

VsZ + Vs5 =Uyq
VSI + VSS =U,. ©)
Combining equations (5) and (6), we obtain:
U
Vs, =V = V55 = % (7)

Furthermore, according to Figure 3(b) and Kirchhoff's
voltage law, we obtain:

V. =u
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Similarly, when L3 = L4 = L,, according to equations (7), (8)
and (9), the common-mode voltage Vng of the coupled
inductor coil Z-source inverter for photovoltaic charging of
hilly electric agricultural machinery in Mode 2 is:
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Mode 3: Switches Si, Ss and Ss are turned on, high-
performance diodes D; and D», and switches S> and S; are
turned off, and the AC side current i, provided by the AC side
voltage u, is less than 0. Its equivalent circuit is shown in
Figure 3(c). From Figure 3(c), it can be seen that Uqc, Ss, Ss,
Ls, ug, L3, Sy and L form a reverse charging closed loop, and
i, increases negatively; Ds is reverse-biased and turned off.
Furthermore, from Figure 3(c), the common-mode voltage
Vng of the coupled inductor coil Z-source inverter for
photovoltaic charging of hilly electric agricultural machinery
in Mode 3 is:

L
Vi = Uy — 1, % jx gy X(E—L4) (11)



L
Vi =ug+1ng><a)swx(5—L3) (12)

Similarly, when L3 = L4 = Ly, according to equations (11)
and (12), the common-mode voltage Vng of the coupled
inductor coil Z-source inverter for photovoltaic charging of
hilly electric agricultural machinery in Mode III is:

Vg = —4—9% (13)

Mode 4: Switch S4 and high-performance diode D, are
turned on, switches S1, Sz, S3 and S5 are turned off, and the AC
side current i, provided by the AC side voltage u, is less than
0. Its equivalent circuit is shown in Figure 3(d). From Figure
3(d), it can be seen that Ss, Da, ug, L, L1 and D) form a reverse
discharge freewheeling loop; R4, D3 and L form a negative Z-
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source network freewheeling loop, which quickly dissipates
the energy of the Z-source network; i, decreases negatively.
Further, according to Kirchhoff's voltage law, we obtain:
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Similarly, when L3 = L4 = Ly, according to equations (14)
and (15), the common-mode voltage Vng of the coupled
inductor coil Z-source inverter for photovoltaic charging of
hilly electric agricultural machinery in Mode IV is:
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Figure 3. Operation modes and their equivalent circuits



From the above analysis, the operation modes and
common-mode voltage Vg of the coupled inductor coil Z-

source inverter for photovoltaic charging of hilly electric
agricultural machinery are shown in Table 1.

Table 1. Operation modes and common-mode voltage Vg

Half-cycle Common-mode voltage (¥na)
u, —U,.
I Vig = g Tde
Positive half-cycle 2
u,-U
I Vig = g Tde
2
Half-cycle Common-mode voltage (¥ng)
u,—-U
I Vig = g~ de
Negative half-cycle 2
u, -U,.
v Vi = £ 5

From Table 1, it can be seen that Modes 1 to 4 have the
same common-mode voltage Vng = (ug - Ug)/2, which
contains only DC and low-frequency components and has no
high-frequency components. Therefore, the coupled inductor
coil Z-source inverter for photovoltaic charging of hilly
electric agricultural machinery and its unipolar modulation
strategy proposed in this paper can effectively suppress the
high-frequency common-mode leakage current of the inverter
system while achieving high-quality sinusoidal AC output,
without the need for a bulky isolation transformer, thereby

reducing the weight, volume and cost of the inverter [11].

4. Simulation Verification

To verify the correctness of the topology and common-
mode leakage current analysis of the coupled inductor coil Z-
source inverter for photovoltaic charging of hilly electric
agricultural machinery proposed in this paper, the inverter
system of the present invention is adopted, using direct
current control, as shown in Figure 4 [12].
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Figure 4. System circuit diagram of the coupled inductor coil Z-source inverter for photovoltaic charging of hilly electric
agricultural machinery

The phase-locked loop circuit obtains the phase angle 6 of
ug, and by executing the DSP program to look up the
corresponding sine table data sin6, the reference signal of i,
18 iref = Irer X sin6. The deviation value after comparing iz and
iret 1s passed through a PI regulator to obtain the modulation
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signal u, thereby achieving the same phase of u, and ig. The
circuit simulation parameters of the coupled inductor coil Z-
source inverter for photovoltaic charging of hilly electric
agricultural machinery are shown in Table 2 [13].



Table 2. Circuit simulation parameters

Parameter Value Parameter Value
Udec 400V Ce 75nF
Un 220V L3=L4 1.2mH
L 200uH fe 50Hz
. ﬁ S5kHz Tret 15A
Ci 4000uF Rd 20

Using the above circuit simulation parameters, the
waveforms of ug and i, can be obtained, as shown in Figure 5.
ug and i, remain in the same phase, indicating that the coupled

inductor coil Z-source inverter for photovoltaic charging of
hilly electric agricultural machinery proposed in this paper
has a high power factor.
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Figure 5. Simulation waveforms of i, and u,

Regarding the FFT analysis waveform of i, as shown in
Figure 6, i; is a sinusoidal waveform with relatively small
waveform distortion, and the total harmonic distortion (THD)
is 2.67%. Since there is no need to set dead time in the circuit
simulation of the coupled inductor coil Z-source inverter for
photovoltaic charging of hilly electric agricultural machinery,

the figure shows that the harmonics are mainly concentrated
near the switching frequency of 10 kHz, with few low-
frequency harmonic components. Therefore, the coupled
inductor coil Z-source inverter for photovoltaic charging of
hilly electric agricultural machinery proposed in this paper
has high grid-connected power quality.
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Figure 6. FFT analysis of i,

Regarding the waveform of the effective common-mode

voltage V'ng, as shown in Figure 7, the common-mode voltage
V'nG contains only power frequency and DC components, with

no high-frequency components, verifying the correctness of
the common-mode voltage analysis of the coupled inductor
coil Z-source inverter for photovoltaic charging of hilly



electric agricultural machinery.
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Figure 7. Simulation waveform of V'ng

Regarding the common-mode leakage current icm
waveform, as shown in Figure 8, the coupled inductor coil Z-
source inverter for photovoltaic charging of hilly electric
agricultural machinery provided in this paper has a peak value
of approximately 52 mA within one power frequency cycle,
which meets the requirements of the VDE-0126-1-1 standard

for the leakage current of grid-connected inverters. Thus, the
correctness of the topology design and common-mode
leakage current analysis of the coupled inductor coil Z-source
inverter for photovoltaic charging of hilly electric agricultural
machinery is verified.
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Figure 8. Simulation waveform of iicm

From the above analysis, it can be seen that within the
power frequency cycle, the common-mode voltage Vne of the
four operation modes of the coupled inductor coil Z-source
inverter for photovoltaic charging of hilly electric agricultural
machinery is the same, containing only DC and low-
frequency components, with no high-frequency components
[14].

5. Conclusion

Through the study of the coupled inductor coil Z-source
inverter and its magnetic integration characteristics proposed
in this paper, the following conclusions can be drawn:

1. The inverter winds two sets of coupled inductor coils on
the same magnetic core. Compared with the traditional quasi-
Z-source inverter, one magnetic core can be saved, and the
correct winding direction enables the magnetic fields of the
two sets of coils to enhance each other, thereby increasing the
effective inductance of the inductor.

2. When the number of turns of the two sets of coils is the
same as that of the original design, ignoring the influence of
leakage inductance, the inductance of the magnetically
coupled coils will double, significantly improving the
inductance utilisation per unit magnetic core.
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3. If the inductance after coupling is kept the same as that
of the original design, the number of coil turns can be reduced
by 30%, which is beneficial for reducing copper loss and
decreasing volume.

4. When air-core coupled inductors are used, magnetic
coupling can reduce the weight of the inductor by
approximately 25%. When magnetic core inductors are used,
one magnetic core can be further saved, achieving a more
significant weight reduction effect.
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