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| eakage Current Suppression with A Novel Six-
Switch Photovoltaic Grid-Connected Inverter

Baoze Wei, Student Member, IEEE, Xiaogiang Guo, Senior Member, IEEE, Josep M.Guerrero, Fellow, IEEE, and
Mehdi Savaghebi, Member, IEEE

Abstract —In order to solve the problem of the leakage
current in non-isolated photovoltaic (PV) systems, a novel six-
switch topology and control strategy are proposed in this
paper. The inductor-bypass strategy solves the common-mode
voltage limitation of the conventional six-switch topology in
case of unmatched inductances. And the stray capacitor
voltage of the non-isolated photovoltaic system is free of high
frequency ripples. Theoretical analysis and simulation are
carried out to verify the proposed topology and its control
strategy. Results indicate that the leakage current suppression
can be achieved with the proposed solution.

Index Terms —common-mode voltage, leakage current,
grid-connected inverter, non-isolated, photovoltaic power
generation

I.  INTRODUCTION

ON-isolated photovoltaic power generation system
has obtained more and more attention due to its

advantages of small volume, low cost and high
efficiency [1]. But, a common-mode current (leakage
current) will be generated without the transformer. It will
flow through the loop which is constituted by stray
capacitance, the inverter, the filter and the grid [2-3]. It
might cause grid current distortion, electromagnetic
interference, and even threaten the safety of people [4-5]. So,
measures should be taken to suppress the leakage current [6].
Reference [7] proposed an AC-bypass topology by
adding auxiliary switches to the AC side of traditional
single phase full bridge inverter, and reference [8] adds
auxiliary switches to the DC side to make it as a DC-bypass
topology. By doing so, the PV panels and the grid can be
isolated during the current freewheeling time, and the
leakage current can be effectively suppressed because of the
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constant common-mode voltage with unipolar modulation
method. But, the abovementioned strategies require that the
filtering inductors on the grid side be equal to each other.
However, in real applications, the inductances of the
filtering inductors will be changing because of the working
conditions or the changing of external environment and
even they are different from the very beginning during the
production process [9]; thus, it is difficult to make sure that
the inductors are perfectly matching. So the leakage current
problem in the case of unmatched inductances should gain
more researches [10].

To solve this problem, a novel six-switch topology and
control strategy are proposed in this paper. The inductor-
bypass strategy can make sure that there are no high
frequency components in the common-mode voltage, so that
the leakage current can be effectively suppressed even in
case of unmatched inductors. Simulation results verify the
effectiveness of the proposed solution.

Il. CONVENTIONAL SIX-SWITCH TOPOLOGY

Fig.1 shows the HERIC six-switch topology. C,, is the
stray capacitor between the PV array and the ground. L; and
L, are the grid side filtering inductors. In the topology, Ss
and Sgare the auxiliary switches to format the freewheeling
path for the grid current. TABLE | shows its four working
states. E, P and N reference grid voltage, positive half and
negative half of grid voltage respectively [11]. And ON and
OFF represent switched-on and switched-off respectively.
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Fig.1. HERIC six-switch topology
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TABLE |
SWITCHING STATES AND VOLTAGE DROP ON STRAY CAPACITOR
S; S; S3 Ss Ss Se Ue, | States | E
ON OFF | OFF ON OFF ON U, 1
OFF | OFF | OFF | OFF | OFF | ON | U, 2 i
OFF ON ON OFF ON OFF U, 3
OFF | OFF | OFF | OFF | ON | OFF | U, 4 N

According to TABLE I, during the positive half of grid
voltage, the switches S,, Ss, and Ss remain OFF Sg remains
ON, and the switches S; and S, work with SPWM. In
working state 1, switches S; and S, switched-on, the
common-mode voltage Ucg,, equals to the voltage of the
inductor L,, which can be expressed as (1) [7].

u, - E-U, L - E Yy
L/L+1 L/L+1

oL (1)
When S, and S, switched-off, the common-mode voltage
Ucpy equals to the sum of the voltage of the inductor L, and
the voltage drop on the switch S4, which can be expressed as
).
u-—c Y% B U
L+L, 2 L/L+1 2
With the same principle, we can get the common-mode
voltages on the conditions of other two working states
during the negative half of the grid voltage as (3) and (4).

E+U EL, /L -U,

U,=E- = 3

’ L1+L2L1 1+L /L ®

U4:LL2_U_0':L_U_U (4)
L+L, 2 L/L+1 2

So, in the case of L;=L,, the common-mode voltage will
maintain in constant (E-Ug)/2. It only contains DC
component -Ug/2 and low frequency component E/2.
According to the equation i=Cp,/(dUcy/dt), the leakage
current can be effectively suppressed [7]. But, if the filtering
conductors are not perfectly matching, we can see that the
common-mode voltage will changing in a high frequency
according to (1)~(4).

The same problem exists in other DC-bypass or AC-
bypass topologies [6], so more attention should be paid on
suppressing the leakage current in the case of unmatched
inductors [10].

I1l. PROPOSED SIX-SWITCH TOPOLOGY

In order to solve the abovementioned problem, a novel
six-switch inductor-bypass topology is proposed as shown
in Fig. 2. The IGBTs Sy, S,, Sz and S, are the main switches,
and the reverse-blocking (RB) IGBTs Ss and Sg are the
auxiliary switches. With the RB-IGBT, it will reduce the
switching loss compared to the combination of a normal
IGBT and a diode[12].
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Fig. 2. Proposed six-switch topology

Compared to the HERIC topology, the filtering inductors
L, and L, are paralleling connected with RB-IGBTs S5 and
Se respectively. With the proposed control strategy, the
inductor L; works in the positive half of the grid voltage and
the inductor L, works in another half. In real application, L,
and L, can be replaced by a coupling inductor to increase
the power density [13].

The working states and the modulation strategy are
shown in Figs. 3 and 4, respectively. TABLE Il shows the
switching states and the corresponding common-mode
voltage.

During the positive half of grid voltage, switches S, and
Sg remain ON, and switches S,, Ss, Ss remain OFF, only S;
works in high frequency with SPWM. According to Figs.
3(a) and (b), the common-mode voltage Ucp, will be 0
whenever switch S; is in ON or OFF state.
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Fig. 3. Operation modes of proposed topology

During the negative half of grid voltage, switches S, and
Ss will remain ON, and switches S;, S, and Sg will remain
OFF, only switch S; works in high frequency with SPWM.
From Fig. 3(c) and (d), we notice that the common-mode
voltage Uc,, will be the grid voltage (Upsin(wt+y))
whenever switch S; is in ON or OFF state. And because the
frequency of the grid voltage is much lower than the
switching frequency, so it will just have a small effect to the
leakage current.

Fig. 4. Modulation strategy of proposed topology

TABLE Il
SWITCHING STATES AND VOLTAGE DROP ON STRAY CAPACITOR

S1 S, Ss Sy Ss Se Uva E
ON OFF | OFF ON OFF ON 0
o]
OFF OFF OFF ON OFF ON 0

OFF | ON | ON | OFF | ON | OFF | U, sin(et+g)

OFF ON OFF | OFF ON OFF | U, sin(at+¢)

IV. SIMULATION RESULTS

The control strategy of the novel six-switch topology is
shown in Fig. 5. The current hysteresis control is used in the
MATLAB simulation.

The principle of the control strategy is expressed as
follows: according to TABLE II, only switch S1 works in
high frequency during the positive half of grid voltage
(E>0). When the error of grid current iy and the reference
current ig* is higher than the set point Ai (ig>ig*+Ai), Sy is
switched-off; when the error is lower than -Ai (ig<i§—Ai), S;
is switched-on; and if grid current ig matches (ig -Ai<ig<
ig*+Ai), S1 remains the former state, as expressed in (5).
During the negative half, the control logic is shown in (6).
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Fig. 5. System control strategy

i, (t)>i, ()+Ai S OFF
E>0<i,(t)<i, (t)-Ai S, ON (5)
S,,S; ON, S,,S,,S. OFF

i,®)>i @®+Ai S, OFF
E<0{i,(t)<i ()-Ai S, ON  (6)
S,.S, OFF, S,S,,S, ON

In order to verify the effectiveness of the proposed novel
six-switch topology and its control strategy in the case of
unmatched inductors, in the simulation the inductances of
the filtering inductors are different from each other. The
parameters of the simulation are shown in TABLE III.



TABLE Il
PARAMETERS OF THE SIMULATION
Maximum power of PV array 5.4kW
Voltage at Prax (Vimp) 356V
Current at Prax (Imp) 15.15A
stray capacitance 470nF
L L,=5mH
filtering inductors
L,=3mH
Light intensity 1000W/m
Temperature of PV panels 25°C
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Fig. 6. Voltage of stray capacitor

Simulation results of the HERIC are shown in Fig. 6 with
both cases of matched and unmatched filtering inductors. It
can be seen that the common-mode voltage Uc,, contains
both low frequency and high frequency in the case of
unmatched filtering inductors which is the same as analysis.
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Fig. 7. Simulation results of the proposed topology. (a) Voltage of the PV
array. (b) Out-put power of the PV array. (c) Common-mode voltage. (d)

Leakage current. (e) Grid current.

Fig. 7 shows the simulation results of the proposed six-
switch topology and the corresponding control strategy in
the case of unmatched filtering inductors. According to the
wave forms of V, and Py, the PV array reaches the
maximum power; and it can be noticed that the common-
mode voltage Ucy, only contains DC and low frequency
components compared to the Fig. 6. The leakage current
lieakage CanN be effectively suppressed, its RMS value is lower
than 25mA, and its peak value is lower than 200mA. It
matches the German DIN VDE 0126-1-1 standard [14]. At
the same time, sinusoidal grid current Iy is obtained.

V. CONCLUSION

This paper has proposed a novel six-switch inductor-
bypass topology and a corresponding control strategy. With
this solution, the leakage current can be effectively
suppressed even in the case of unmatched filtering inductors
which is different from the existing AC-bypass or DC-
bypass topologies. And there is only one switch working in
high frequency at any time which can reduce the switching
loss.
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