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Abstract—Considering the high efficiency and flexibility, the 
transformerless hybrid converters with multiple outputs attract 
more and more attention in residential PV applications. 
However, the leakage current issue should be addressed 
properly to meet certain stringent safety regulations and 
standards. In this context, this paper presents a new 
symmetrical transformerless hybrid converter with 
simultaneous AC and DC outputs, while at the same time 
suppressing the leakage current. More specifically, a 
symmetrical boost-filter inductor is employed in the proposed 
converter to maintain a constant common mode voltage. The 
corresponding modulation methods with leakage current 
suppression for this converter are also proposed. Additionally, 
the derivation of the hybrid converter is summarized and one of 
its family topologies is presented as an example. Simulations are 
performed on a 3-kW hybrid converter system. The results have 
validated the performance of the proposed converter in terms of 
strong leakage current suppression, high power quality and also 
flexible reactive power injection. 

Keywords—hybrid converter, transformerless, leakage current, 
multiple outputs, PV system. 

I. INTRODUCTION 

Photovoltaic (PV) power generation units are popular in 
modern residential power systems [1]-[3], but challenges are 
also associated due to its characteristics of intermittency and 
regional difference. In such applications, considering the 
versatility, converters with multiple outputs are employed to 
interface PV panels with AC and DC grids or loads [4]-[9]. 
In addition, with the high penetration of PV power generation 
systems, the requirements of low leakage current, flexible 
reactive power injection and high power quality are becoming 
mandatory in grid-friendly systems [1].  

Generally, the hybrid converters with simultaneous DC 
and AC outputs can be divided into two types. One is the 
traditional two-stage PV inverters, where the separated power 
converts are cascaded or paralleled [4]. In the cascaded type, 
a DC-DC converter and an inverter (voltage source) are 
connected in series, and the voltage at the DC-link must be 
higher than the peak voltage of the AC output voltage. While 
in the paralleled type, one DC-DC converter is employed to 
generate the DC-bus voltage (also higher than the AC output 
peak voltage), and one converter is adopted for the DC output 
and another inverter is set for the AC output. Although it can 
have a wide range of input voltages, the power density is low 
due to the adoption of three converters. The other type is the 
stand-alone hybrid converter, which uses less power devices 
to achieve DC and AC outputs simultaneously [5], and in turn, 
leading to overall high power-density and low system cost. 

Additionally, the stand-alone hybrid converter has inherent 
shoot-through protection, which, to some extent, can alleviate 
the electromagnetic interference (EMI) and deadtime issues 
in the power converters [6]-[8]. For example, a family of 
hybrid converter topologies with one AC and one DC output 
were proposed in [5], where the control of the single-switch 
boost converter is replaced by a voltage-source inverter (VSI). 
Furthermore, in order to simultaneously provide n AC 
outputs and one DC output, hybrid multi-output converters in 
series and parallel modes were proposed in [9].  

However, the above hybrid converters must address the 
leakage current issue in PV applications, as required in grid 
standards or regulations [10], [11]. The traditional method is 
to provide galvanic isolation using transformers, e.g., the 
high-frequency transformer in the DC-DC stage or the low-
frequency transformer between the inverter and the AC grid. 
Obviously, the extra transformer increases the system volume 
and costs. To tackle this, transformerless hybrid converters 
with low leakage currents should be adopted for residential 
PV systems (i.e., low power level). For example, to achieve 
multiple outputs while maintaining a low leakage current, a 
transformerless hybrid converter was proposed in [12], where 
two extra power switches and one AC filter inductor are 
added in the VSI to clamp the common mode voltage (CMV) 
to zero in each operation mode. Although the leakage current 
can be successfully suppressed, the power density and 
inductance utilization are low. Moreover, the system cost is 
also relatively high.  

Regarding the VSI, many transformerless topologies and 
modulation methods have been reported in the literature [14]-
[17]. For instance, the conventional single-phase full bridge 
inverter (FBI) adopts the bipolar pulse width modulation (BP-
PWM) to maintain a constant CMV [13]. Thus, a low leakage 
current. DC-decoupling-based inverters are proposed to 
decouple the DC-link and full-bridge inverter like in the H5 
topology [14]. Another, the AC-decoupling-based inverters 
employ an AC-decoupling circuit to achieve isolation 
between the PV and the power grid, e.g., the AC-H6 topology 
[15] and the highly efficient and reliable inverter concept 
(HERIC) [16]. However, when comparing with hybrid 
converter in [12], the above transformerless inverters can 
only provide an AC output and have no inherent shoot-
through protection capability. In addition, there is a lack of 
reactive power injection capability in these topologies, which 
is critical in grid-friendly and flexible PV systems and also 
defined in the IEEE Std 1547-2018 [11].  

With the above concerns, this paper proposes a 
symmetrical transformerless hybrid converter, which is 
suitable for low power-level PV power generation systems. 
The proposed converter adopts symmetrical boost-filter 
inductors and takes an FBI topology as the controlled power 
stage. Similar to the stand-alone hybrid converter, the 
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proposed converter has the advantage of an inherent shoot-
through protection.  With its corresponding modulation 
scheme, this hybrid converter can also achieve DC and AC 
outputs simultaneously, low leakage current, high power 
quality and flexible reactive power injection, while the 
overall system cost is low.  

The rest of this paper is organized as follows. Section II 
introduces the proposed symmetrical transformerless hybrid 
converter, its modulation strategy and also an CMV analysis. 
Then, the steady-state analysis of the proposed converter is 
presented in Section III, followed by the derivation 
methodology of the hybrid converter, where a topology from 
the derived family is exemplified. To verify the discussions, 
Section IV provides the simulation results. Finally, Section V 
gives the concluding remarks. 

II. PROPOSED SYMMETRICAL TRANSFORMERLESS  
HYBRID CONVERTERS 

A. Symmetrical transformerless hybrid converter 
As shown in Fig. 1, the symmetrical transformerless 

hybrid converter contains: (1) two symmetrical boost 
inductors, i.e., Lb1 and Lb2 with Lb1 = Lb2, placed on the positive 
DC-link and negative DC-link rails, respectively; (2) a 
transformerless FBI topology, which is composed of the 
power devices S1, S2, S3 and S4 (with antiparallel diodes D1, D2, 
D3 and D4); (3) a power diode D and an output capacitor CDC 
which are the basic components when acting as a DC-DC 
converter (for the DC output); (4) a symmetrical L-filter 
inductor (L1 = L2 = L/2), which is employed to ensure a good 
quality of the grid current.  

Furthermore, in Fig. 1, P and N are the positive and 
negative terminal of the DC input Vdcin, S and T are the positive 
and negative terminal of the VSI input. In addition, vg is the 
grid voltage, and Vdcout is the DC output voltage. The critical 
parameters include iLb, iST, iD, idcout and ig, which are the 
current of the symmetrical boost inductors, the VSI input 
current, the power diode current, the DC load current, and the 
grid current. The positive direction of the grid current ig is 
defined as the current flowing from the VSI to the AC grid.  

B. Modulation scheme 
Fig. 2 shows the modulation scheme and key waveforms 

of the hybrid converter with the FBI as the VSI (Fig. 1), 
where PV represents the positive output voltage mode, NV 
represents the negative output voltage mode and ST is the 
shoot-through mode. When taking as a single-switch boost 
DC-DC converter, there are two intervals, i.e., one is the 
rising period for iLb during the shoot-through, and the other is 
the falling period for iLb in both the positive output voltage 
interval and negative output voltage interval. Furthermore, 
when considering the FBI, three voltage levels can be 

generated, i.e., zero voltage at the shoot-through mode, 
+Vdcout at the positive output voltage mode and –Vdcout at the 
negative output voltage mode.  

The modulation scheme for the hybrid converter with the 
FBI as the VSI adopts a triangular wave carrier. As shown in 
Fig. 2(a), 1-d is the DC conversion ratio and mB represents 
the modulation index of the FBI[18]. When the reference 
voltage vref ≥ 0, i.e., the ideal fundamental-frequency 
component of the differential mode voltage (DMV), the 
interval for PV is mB and the interval for NV is 1 – d – mB. 
While vref < 0, the NV-interval is mB and the PV-interval is 1 – 
d – mB. Three key current waveforms are presented in Fig. 
2(b), i.e., iLb is the boost filter current, iD is the diode current 
and iST is the VSI input current.  

C. Operation principle and CMV analysis 
 Assuming that the output filter inductances are identical, 

i.e., L1 = L2, the DMV VDM (i.e., the output voltage of the FBI 
topology) almost has no effect on the leakage current. As it is 
shown in Fig. 1, the CMV VCM and the DMV VDM of the 
proposed hybrid converter structure can be defined as  
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where VAN and VBN are the voltages of terminals A and B to 
terminal N, and VAT and VBT are the voltages of terminals A 
and B to terminal T.  

To simplify the analysis and better understand the 
operation modes, only the continuous conduction mode is 
considered in the hybrid converter when operating as a 
single-switch boost converter. It means that the inductor 
current is always larger than zero. The three operation modes, 

 
(a) 

 
(b) 

Fig. 2. Modulation scheme of the transformerless symmetrical hybrid 
converter with the FBI as the VSI (Fig. 1): (a) PWM signals and (b) key 
current waveforms, where Tsw is the switching period and vref is the ideal 
fundamental-frequency component of the differential mode voltage.  

  
Fig. 1. Proposed transformerless hybrid converter with an (full-bridge 
inverter) FBI as the VSI. 



i.e., the shoot-through mode, the positive VDM mode and the 
negative VDM mode, the corresponding analysis of the CMV 
and the DMV are detailed in the following according to the 
systems shown in Fig. 3.  

1) Shoot-through mode: Fig. 3(a) illustrates the shoot-
through mode. The FBI is taken as a boost switch, and all 
power devices (i.e., S1-4) are in the ON-state. As shown in the 
ST interval in Fig. 2(b), Lb1 and Lb2 are charged by the PV 
array, and the boost inductor current iLb increases, and VLb1 = 
VLb2 = Vdcin/2. The power diode D is reverse-biased. The 
capacitor CDC is discharged, supplying the DC load RDC. In 
this operation mode, the CMV is clamped by the boost 
inductors Lb1 and Lb2, and VAN = VBN = VLb2 and VAT = VBT = 
0. Hence, the DMV VDM and the CMV VCM can be expressed 
as  

AN BN Lb2 Lb2 dcin
CM 2 2 2

V V V V V
V

 
                 (3) 

DM AT BT 0 0 0V V V                            (4) 

 Since S1-4 are all in the ON-state, terminals A and B have 
been connected (i.e., VAN = VBN). Therefore, the grid current 
ig just flows through the inductors L1, L2 and the grid vg with 
a bidirectional path, as shown in Fig. 3(a). In this case, the 
FBI output voltage VDM is equal to zero. 

2)  Positive VDM mode: as shown in Fig. 3(b), the FBI 
operates as a VSI. The switches S1 and S4 are in ON-state 
while S2 and S3 are in OFF-state to achieve VDM = +Vdcout. The 
boost current decreases and it simultaneously flows through 

the power diode and the FBI, as shown in Fig. 3(b) (i.e., the 
PV-interval). The capacitor CDC is charged, and the charging 
voltage is VST = Vdcout = Vdcin + VLb1 + VLb2. In addition, VST 
also provides the load voltage. Since VAN = Vdcin + VLb1, VBN 
= –VLb2, VAT = Vdcin + VLb1 + VLb2 and VBT = 0, VDM and VCM 
in Fig. 3(b) are calculated as 

AN BN dcin Lb1 Lb2 dcin
CM

( )
2 2 2

V V V V V V
V

   
           (5) 

DM AT BT dcin Lb1 Lb2 dcout0V V V V V V V                 (6) 
where the symmetrical boost filter voltages are equal, VLb1 = 
VLb2. Regarding the FBI, there is also a bidirectional current 
path for the grid current ig, i.e., ig ≥ 0, the grid current flows 
through S1 and S4 to achieve VDM = + Vdcout; ig < 0, the grid 
current flows through D1 and D4 to obtain VDM = + Vdcout. 

3)  Negative VDM mode: the FBI also works as a VSI, as 
presented in Fig. 3(c). S2 and S3 are in ON-state, while S3 and 
S4 are in OFF-state to achieve VDM = – Vdcout. The boost filters 
are also in discharging mode and support the operation of the 
FBI, the charging of CDC as well as the DC load, which is 
depicted as the N-interval in Fig. 2(b) and VST = Vdcout = Vdcin 
+ VLb1 + VLb2. In this mode, the terminal voltages are VAN =  
‒VLb2, VBN = Vdcin + VLb1, VAT = 0 and VBT = Vdcin + VLb1 + VLb2. 
Thus, VDM and VCM in Fig. 4(c) can be given as 

 Lb2 dcin Lb1AN BN dcin
CM 2 2 2

V V VV V V
V

  
            (7) 

DM AT BT dcin Lb1 Lb2 dcout0 ( + )V V V V V V V               (8) 
in which the boost filter voltages are the same, VLb1 = VLb2. 
Moreover, the FBI can also provide a bidirectional current 
path, i.e., ig ≥ 0, the grid current flows through D2 and D3 to 
let VDM = –Vdcout; the grid current can flow through S2 and S3 
to generate VDM = –Vdcout.). 

Owing to the inherent shoot-through protection, it is not 
necessary for the proposed hybrid converter to consider the 
deadtime effect in the modulation method. Seen from this 
perspective, compared with the traditional VSI [14]-[17], the 
proposed hybrid converter can result in a better performance 
in the overall reliability. 

III. STEADY- STATE ANALYSIS 

A. DC and AC conversion ratio 
When taken as a single-switch boost converter [18], the 

relationship between the DC input voltage Vdcin and the DC 
output voltage Vdcout can be expressed as 

dcin
dcout 1

V
V

d



                                       (9) 

dcin

dcout

1 Vd
V

                                     (10) 

where the shoot-through interval is d, and the FBI outputs 
zero voltage at this time. There is only (1 ‒ d)Tsw time for the 
FBI to finish the inversion operation. It means that the FBI 
operation is constrained by 

B 1d m                                       (11) 
Therefore, the modulation index of the FBI mB in steady-state 
can be calculated as 

 g
B

dcout

2 1
v

m d
V
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(a) 

 
(b) 

 
(c) 

Fig. 3. Operation modes of the transformerless symmetrical hybrid converter 
with the FBI as the VSI: (a) shoot-through mode, (b) positive VDM mode, and 
(c) negative VDM mode, where VDM is the differential-mode voltage. 



 Substituting Eq. (9) into Eq. (11), and then mB is obtained as 
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B. Control of the proposed hybrid converter 
To simplify the control scheme, the PV input voltage Vdcin 

is assumed as a constant. The control system for the proposed 
symmetrical transformerless hybrid converter includes two 
parts, as shown in Fig. 4. The first one is a proportional 
integral (PI) controller employed in the voltage control-loop 
for the DC output. The other using a proportional-resonant 
(PR) controller Gpr(s) in parallel with multi-resonant Gnr(s) 
controllers is the current control loop, which has good 
performance in terms of the zero-error tracking and the 
background harmonic distortion elimination [19], [20].  In Fig. 
4, kd in the PI controller is the boost gain, and kpwm is the 
inverter gain, which is equal to Vdcout in the proposed hybrid 
converter. In addition, only one resonant controller G3r(s) is 
adopted to simplify the parameters tuning process. In all, the 
good performance of dynamic response and power quality can 
also be achieved in this way.  

C. Derivation methodology of hybrid converter 
As shown in Fig. 5, the derivation method of the 

symmetrical transformerless hybrid converter can be 
summarized as: (1) two symmetrical boost inductors, i.e., Lb1 
and Lb2 with Lb1 = Lb2, should be placed on the positive DC 
and negative DC rails, respectively; (2) a transformerless VSI 
topology is adopted to clamp the CMV to the half of the DC 
input voltage with its corresponding modulation method; (3) 
a power diode D and a output capacitor CDC are used for the 
DC-DC converter to supply DC loads; (4) a symmetrical 
output filter inductor network for a good current quality and 
also to decrease the impact from the DMV on the leakage 
current. Additionally, as shown in Fig. 5, ZGcGd is the 
impedance between the PV parasitic capacitor CPVg and 
ground, and ileak is the leakage current. 

According to the derivation methodology, another 
topology of the hybrid converters is presented in Fig. 6. This 
hybrid converter takes the HERIC inverter as the VSI, where 
S1, S2, S3 and S4 (with antiparallel diodes D1, D2, D3 and D4) 
form two basic inverter legs, and S5 and S6 (with antiparallel 
diodes D5 and D6) provide an AC bypass circuit to achieve 
the zero voltage during freewheeling. Correspondingly, the 
modulation method of this topology should be modified to 
achieve reactive power injection. Being different from the 
hybrid converter with the FBI as the VSI, there are four 
operation modes, i.e., the shoot-through mode, the positive 
VDM mode, the negative VDM mode, and the zero VDM mode. 

Except for the zero VDM mode, the performance of the other 
three modes are the same as the hybrid converter with the FBI 
as the VSI. When at the zero VDM mode, the CMV can be 
clamped to be Vdcin/2 by the parasitic capacitances Cg1-4 of the 
power devices S1-4, as shown in Fig. 6(b). In addition, the  
modulation index mU of the HERIC should be modified as 

  g
U

dcin

1
v

m d
V

                             (14) 

Comparing the two proposed hybrid converters in Fig. 1 
and Fig. 6(a), Controller the symmetrical transformerless 
hybrid converter with the FBI as the VSI has only four power 
switches, while the hybrid converter with the HERIC 
employs six power switches. However, the converter with the 
HERIC achieves higher efficiency and lower filter inductor 
requirement than that with the FBI due to the same 
performance with the adoption of the unipolar pulse width 
modulation (UP-PWM). However, both converters can 
ensure low leakage currents, simultaneously generate DC and 
AC outputs as well as achieve reactive power injection of the 
VSI.  

IV. SIMULATION RESULTS 
  The proposed symmetrical transformerless hybrid 

converter with the FBI as the VSI is validated through 
simulations on 3-kW converter systems, where the DC output 
power is 2 kW and the AC output power is 1 kW. The input 
voltage Vdcin for both is 200 V, and the output DC voltage is 

 
Fig. 5. Derivation methodology for the symmetrical transformerless hybrid 
converter. 

 
(a) 

 
(b) 

Fig. 6. An example of the symmetrical hybrid converter topologies with an 
HERIC as the VSI. (a) Topology and (b) Zero VDM mode. 

 
(a) 

 
(b) 

Fig. 4. Control diagram for the proposed hybrid transformerless converter 
with an FBI as the VSI. (a) Controller for DC output, and (b) Controller for 
AC output. 



Vdcout = 240 V. The grid voltage is 110 V (root-mean-square) 
with the nominal frequency of 50 Hz. The boost inductor Lb1 
= Lb2 = 0.75 mH and a capacitor Cdc = 2800 μF are adopted 
as the DC capacitor, and a DC resistive load RDC = 30 Ω and 
the output inductor L1 = L2 = 1.5 mH are adopted. According 
to discussions in [21], the parasitic capacitance CPVg of 300 
nF is considered in the simulations. 

  Fig. 7 shows the simulation results of the hybrid converter 
with the FBI as the VSI, where Vdcin, Vdcout, vg and ig represent 
the DC input voltage, the DC output voltage, the grid voltage 

and the grid current, respectively. Additionally, ileak is the 
leakage current, VCM is the CMV voltage, and VAN and VBN 
are the voltages of terminals A and B to the terminal N. It can 
be observed that the hybrid converter can output DC and AC 
voltages, simultaneously. The DC voltage is 240 V as 
designed with the ripple voltage of 2.4 V (i.e., ±1% of Vdcout). 
The grid current is 9.09 A, as designed for the 1-kW AC 
output power. In addition, the CMV of the hybrid converter 
is almost a constant, i.e., Vdcin/2 = 100 V. Thus, the leakage 
current can be very lower than the limit in standards (i.e., 300 
mA/RMS, the red dotted lines in Fig. 7). Furthermore, it can 
be seen from the performance of VAN and VBN that the DMV 
voltage of the hybrid converter changes between 0, +Vdcout, 
and -Vdcout at a high frequency.  

 The performance of the hybrid converter with the FBI as 
the VSI under non-unity power factors (i.e., cosφ = ±0.8) is 
presented in Fig. 8. The power factor can be adjusted between 
+0.8 and ‒0.8 freely due to the proposed modulation scheme 
for the hybrid converter. Since the ST operation is a normal 
operation mode of the proposed converters, there is no dead 
time required during the operation. The power quality of the 
grid-connected current is higher than that of the conventional 

 
Fig. 9. Dynamic response of the hybrid converter with the FBI as the VSI, 
where the grid current ig steps from 9.09 A to 4.54 A at t = 0.25 s, and steps 
from 4.54 A to 9.09 A at t = 0.35 s. 

 
Fig. 10. Performance of the proposed hybrid converter topologies with the 
HERIC as the VSI (Fig. 5). 

 
Fig. 7. Performance of the hybrid converter topology with the FBI as the 
VSI at unity power factor operation. 

 
(a) 

 
(b) 

Fig. 8. Performance of the hybrid converter with the FBI as the VSI under 
non-unity power factors. (a) ig leading vg (cosφ = 0.8) and (b) ig lagging vg
(cosφ   = ‒0.8). 



VSI. The total harmonic distortion (THD) level of the hybrid 
converter with the FBI as the VSI is 4.57%, while the THD 
of the conventional FBI converter with the BP-PWM method 
is 5.53% at the same condition. Additionally, Fig. 9 shows 
the dynamic performance of the hybrid converter. The grid 
current ig steps from 9.09 A to 4.54 A at t = 0.25 s, and steps 
from 4.54 A to 9.09 A at t = 0.35 s. The results illustrate that 
the hybrid converter has a good performance in terms of 
dynamic response.  

   To further validate the performance of the proposed 
converters, another simulation has been carried on a 3-kW 
hybrid converter with the HERIC as the VSI. The system 
parameters are the same as the hybrid converter with the FBI 
as the VSI. The results are shown in Fig. 10, where it can be 
observed that although the CMV will be affected slightly by 
the parasitic capacitance of the power devices of the 
converter, the leakage currents will also be very lower than 
the limit in the standards. Additionally, as shown in Fig. 10, 
the waveforms of VAN and VBN indicate that the DMV voltage 
of the hybrid converter with the HERIC as the VSI just 
changes between 0 and +Vdcout/‒Vdcout. This means it operates 
with the UP-PWM. In addition, the THD of the grid current 
ig in Fig. 10 is 2.43%. Therefore, the hybrid converter with 
the HERIC as the VSI has a better performance in terms of 
power quality and efficiency than that with the FBI.   

  In all, the simulations have confirmed that the proposed 
transformerless hybrid converter can simultaneously achieve 
AC and DC outputs with low leakage currents. The reactive 
power injection and good power quality can also be achieved. 
Thus, they can be promising candidates for PV systems.  

V. CONCLUSIONS 
This paper has proposed a symmetrical transformerless 

hybrid converter, which can simultaneously output DC and 
AC voltages. The proposed converter employs a symmetrical 
boost inductor to ensure a constant CMV and takes an FBI as 
the VSI for the inversion. The corresponding modulation 
method for the hybrid converter was also proposed to achieve 
the reactive power injection as well as low leakage currents. 
Moreover, the derivation method of the hybrid converter has 
been summarized and a representative hybrid topology with 
the HERIC as the VSI was presented, which has a higher 
efficiency and better power quality than the hybrid converter 
with the FBI as the VSI. However, in terms of the operation 
principle and leakage current suppression, the converter with 
the FBI is simpler with less power devices. Simulation results 
have validated that the proposed hybrid converter can achieve 
AC and DC outputs with low leakage currents and enable 
flexible reactive power injection. Additionally, many other 
transformerless topologies can be constructed according to the 
derivation methodology. 
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