Aalborg Universitet AALBORG

UNIVERSITY

Hybrid Transformerless PV Converters with Low Leakage Currents
Analysis and Configuration
Tang, Zhongting; Yang, Yongheng; Wan, Jianghu; Blaabjerg, Frede

Published in:
IET Renewable Power Generation

DOl (link to publication from Publisher):
10.1049/rpg2.12029

Creative Commons License
CCBY 4.0

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Tang, Z., Yang, Y., Wan, J., & Blaabjerg, F. (2021). Hybrid Transformerless PV Converters with Low Leakage
Currents: Analysis and Configuration. IET Renewable Power Generation, 15(2), 368-381.
https://doi.org/10.1049/rpg2.12029

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 06, 2025


https://doi.org/10.1049/rpg2.12029
https://vbn.aau.dk/en/publications/8f7b7a5a-2a4b-49a4-be81-ca44645f79ae
https://doi.org/10.1049/rpg2.12029

Received: 2 October 2020

Revised: 20 November 2020

Accepted: 26 November 2020 | IET Renewable Power Generation

DOI: 10.1049 /1pg2.12029

ORIGINAL RESEARCH PAPER

I=T

WILEY

Hybrid transformerless PV converters with low leakage currents:

Analysis and configuration

Zhongting Tang'

! Department of Energy Technology, Aalborg
University, Aalborg, Denmark

2 School of Automation, Central South University,
Changsha, China

Correspondence

Jianghu Wan, School of Automation, Central South
University, Changsha, 410083, China.

Email: wanjianghu@csu.edu.cn

Funding information
Novo Nordisk Fonden through the Interdisci-

plinary Synergy Programme, Grant/Award Number:

NNFEF180C0034952

1 | INTRODUCTION

| Yongheng Yang'

| Jianghu Wan® | Frede Blaabjerg’

Abstract

This paper proposes a hybrid transformerless photovoltaic (PV) converter with simultane-
ous AC and DC outputs. It is specifically suitable for residential PV systems due to its high
efficiency, versatility and flexibility, while maintaining lower leakage currents. The proposed
converter is configured by replacing the control switch of the boost converter with a trans-
formetless voltage-source inverter (VSI), enabling multiple outputs. In addition, a symmet-
rical boost inductor is adopted to clamp the common-mode voltage as a constant, resulting
in low leakage currents. To illustrate the configuration principle, a hybrid converter with a
highly efficient and reliable inverter concept (HERIC) as the VSI is exemplified. Besides,
the dedicated modulation scheme for the proposed converter is detailed to achieve low
leakage currents, reactive power injection and high efficiency. Furthermore, as the shoot-
through state of inverter legs is allowable for the proposed converter, i.e. no need to add
dead time, the reliability and power quality of the proposed converter can be improved.
Simulations and experimental tests are performed on an example hybrid converter (with
an HERIC as the VSI) to validate the analysis.

converter and an inverter) are connected to the PV source [5, 6].

The photovoltaic (PV) energy is becoming competitive among
various renewable energy sources (i.e. wind, solar thermal, hydro
and wave energy) [1]. Attractive policy incentives and the con-
tinuous declining price of PV modules enable the fast devel-
opment of low- and medium-power PV systems for modern
commercial and residential applications [2]. As the key to the
interface of the PV energy and grid, a smart inverter with high
versatility (i.e. multiple sources and loads), high power density,
high reliability, high efficiency and high flexibility in gtid sup-
porting is of interest in such applications [3, 4].

In terms of PV system configurations, the prior-art hybrid
converters typically have two structures, as shown in Figure 1,
where one PV source is simultaneously converted to DC and
AC power at multiple buses. The hybrid converters can be used
to convert the PV energy directly (i.e. the input voltage is suf-
ficient) or indirectly (i.e. adding a DC-DC converter after the
PV input to achieve a wider range of input voltages, as the
optional DC-DC converter shown in Figure 1). As observed
in Figure 1(a), the separated power conversions (i.e. a DC-DC

In this case, although the DC output is generated by a DC-DC
converter and the AC output is obtained through the inversion
stage, high costs associated with large system volume are gen-
erally incurred. Besides, the disadvantages of the separated cells
also exist in the traditional hybrid converter (e.g. high voltage
and current stress, large power losses of the control switch in the
boost converter [7] and severe distortions due to the dead time
and minimum pulse width limitation of the inverter [8, 9]). Thus,
to reduce the system cost, while achieving high power density
and increasing reliability, the stand-alone hybrid converter was
introduced [10-12], as shown in Figure 1(b). Its main advan-
tages include the following: (1) inherent shoot-through capa-
bility eliminates the damage risk caused by external interfer-
ences (i.e. alleviating the electromagnetic interference—EMI)
and decreases the distortion induced by the dead-time effects [8,
9] and (2) fewer power devices are used to perform both DC-
DC and DC-AC conversions, compared to the configuration
in Figure 1(a) (i.e. high power density but low system costs are
possible). For example, Ray and Mishra [10] proposed a fam-
ily of hybrid converter topologies with one AC and one DC
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FIGURE 1 Hybrid power converter structures for PV applications. (a)

Separated converters. (b) Stand-alone hybrid converters

output, where the switch of the boost converter is replaced by
a voltage-source inverter (VSI). In addition, Lee et al. [11, 12]
introduced two split-source inverters to enhance the compact-
ness, efficiency, flexible power flow and voltage boosting.

However, when applied to PV systems, the above hybrid con-
verters, which include the traditional hybrid converters and the
stand-alone hybrid converters in [10-12], have to address the
leakage current issue, as required in the strict grid standards [13,
14]. Thus, either high-frequency transformers (HFTs) or low-
frequency transformers are installed between the PV panels and
the AC power grid, as shown in Figure 1, where the HF-link
DC-DC converter contains a DC-AC conversion, an HFT and
an AC-DC conversion. Although effective galvanic isolation
can be attained, the converter with transformers has low power
density and high system cost. To achieve multiple outputs and
simultaneously low leakage currents, a transformerless hybrid
converter was proposed in [15], where the VSI is replaced by a
dual-buck inverter to clamp the common-mode voltage (CMV)
to zero in each operation mode. While achieving low leakage
current, the dual-buck inverter has compromised on the power
density and the system cost owing to the inefficient utilization
of the AC filter inductors [10].

Notably, many topologies [17] and modulation methods have
been reported to suppress the leakage currents for single-phase
transformerless inverters in the literature, including the full-
bridge inverter with a hybrid modulation scheme [18], DC-
decoupling inverters [18, 20], AC-decoupling inverters [21-24]
etc. Among the aforementioned inverters, the highly efficient
and reliable inverter concept (HERIC) with improved mod-
ulation strategies has better petformances in leakage current

FIGURE 2 Proposed hybrid transformerless converters. (a) General con-
figuration. (b) Hybrid converter with the HERIC as the VSI

suppression, high efficiency and reactive power injection due to
its symmetrical structure [23, 25]. It is worth noting that the
reactive power injection, requited by standards, e.g. the IEEE
Std 1547-2018, is critical in grid-friendly and flexible PV sys-
tems [14]. When compared to the hybrid converter with stan-
dalone type [10-12, 15], the above transformetless inverters do
not have shoot-through protection capability. That is, dead time
is required in practice, decreasing the power quality of the grid
current.

With the above concerns, to achieve simultaneous AC and
DC outputs and to ensure low leakage currents, this paper pro-
poses a hybrid transformerless converter, where the inductor
of the conventional boost converter is split into two symmet-
rical ones (placed at the positive and negative DC rails), as
shown in Figure 2(a) [20]. In addition, the switch of the con-
ventional boost converter is replaced with a transformerless
VSI. Thus, the proposed hybrid power converter structure can
maintain a constant CMV (i.e. leading to low leakage currents)
with a dedicated modulation scheme. The configuration prin-
ciple is demonstrated on the converter taking the HERIC (i.e.
owning reactive power injection with the improved modulation
method mentioned above) as the VSI in Section 2. Moreover,
the modulation and operation modes (i.e. including the oper-
ation principle and CMV analysis) of the proposed converter
are presented in detail. In Section 3, the steady-state analysis,
component design and control strategy are given. Then, Section
4 presents the losses analysis and comparisons with prior-art
hybrid converters. Due to the shoot-through capability and sym-
metrical structure, the proposed converter with the dedicated
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modulation method can achieve good performances in terms of
low leakage currents, high power quality, reactive power injec-
tion, high efficiency and high reliability, while maintaining low
system costs. Simulation and experimental results are provided
in Section 5, which validates the effectiveness of the proposed
hybrid transformerless power converter. Finally, Section 6 gives
concluding remarks.

2 | CONFIGURATION PRINCIPLE OF
THE PROPOSED HYBRID
TRANSFORMERLESS CONVERTER

2.1 | Configuration of the proposed converter

The general configuration of the proposed transformerless
hybrid converter is illustrated in Figure 2(a). As shown in Fig-
ure 2(a), the following principles are considered when deriving
the hybrid converters: (1) two symmetrical boost inductors (i.e.
Ly and 1,5 with Ly, = L) are placed at the positive and neg-
ative DC rails; (2) a transformerless VSI, which can clamp the
CMV to be half of the DC input voltage, is adopted to replace
the control switch of the boost converter; (3) a power diode
D and an output capacitor Cp are used for the DC-DC con-
version to supply DC loads as well as absorbing the pulsating
power generated by the VSI; and (4) symmetrical output /.-
type filters are used for good current quality and also to reduce
the impact from the differential-mode voltage (DMV), where
L, = L,», = L,./2. Furthermore, the leakage current path is
also exemplified in Figure 2(a), where Z; G4 is the impedance
between the PV parasitic capacitor Cpy, and the ground, and
feql 1s the leakage current. In Figure 2, P and N are the positive
and negative terminals of the DC input and S and N ate the
positive and negative input terminals of the VSI, with A and B
being its output terminals.

In this paper, the above configuration principle is further
elaborated on an HERIC-based hybrid converter. According to
Figure 2(a), the VSI of the hybrid transformetless converter can
be replaced by an HERIC topology (i.e. including the power
devices Sy ¢ with the anti-parallel diodes D _¢) [23], as shown in
Figure 2(b). Moreover, 1, 4. and #,. are the DC input volt-
age, the DC output voltage and the AC output voltage, respec-
tively. 7}, is the current of the symmetrical boost inductors, 7y
is the VSI input cutrent, 7 is the power diode current and 7y is
the DC load current. Furthermore, 7,. is the grid current, and its
positive direction is defined as the direction from the VSI to the
AC grid. Operation modes and the CMV analysis of the pro-
posed converter are then detailed considering a DC load Rp¢
and an AC grid.

As mentioned previously, the proposed hybrid transformer-
less PV converter should maintain a constant CMV to suppress
leakage current. Therefore, except for the structure of the sym-
metrical inductors and a transformerless inverter with CMV
clamping, a dedicated modulation should also be employed in
the proposed hybrid converter, as detailed in the following.
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FIGURE 3 Modulation scheme of the proposed converter, where & repre-

sents the ST interval and z is the modulation signal. (a) Modulation scheme.
(b) Key current waveforms

2.2 | Modulation

For simplicity, only the continuous conduction mode is con-
sidered when the hybrid converter is operating as a boost
converter. Figure 3(a) shows the modulation method of the
proposed converter, where a triangular carrier is adopted, & rep-
resents the duty cycle of the shoot-through interval (i.e. repre-
senting the ratio of the on-time to the switching period time in a
boost converter) and 7 is the duty cycle of the modulation sig-
nal with the improved modulation method for the HERIC [i.e.
being the same as the unipolar pulse width modulation (PWM))]
[25]. Accordingly, there are four operation modes of the pro-
posed converter, i.e. ST, Pv, Nv and Zv, where ST is the shoot-
through mode, Pv represents the mode of the DMV 7y, being
positive (4, = +15.), Nv denotes the mode of z4,,, being neg-
ative (Vg = —174.) and Zv indicates the mode of 7y, being zero
(Ygm = 0).

According to the zoomed-in view of Figure 3(a) in one
switching cycle 7,

sw» as shown in Figure 3(b), the operation
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modes can be expressed as

PV} 0< Ui < Ile s Vpef > 0
Ny, 0 < sy < |myl, 26 <0
Zy, \myl Smg <1—4d

ST, 1 —d <unyy L1

Mode <

where 7, is the carrier amplitude.

Key waveforms (7, 7p and zgr) ate also given in Figure 3(b).
Cleatly, 7}, increases in the ST mode to boost the voltage, and it
decreases in other modes (Pv, Nv and Zv). Based on the Kirch-
hoff’s current law, at the node S, the current can be expressed
as

ap =1+ )

which is consistent with that in Figure 3(b). Notably, although
the HERIC can also generate three voltage levels, i.e. zero volt-
age during the ST and Zv modes, + 1. during the Pv interval
and —17 for the Nv interval, there are only two voltage lev-
els changing (i.e. between + 1/ and 0 or -1/, and 0) in half
a cycle.

2.3 | Analysis of common-mode voltage

When the voltage of parasitic capacitance Cpy, (see Figure 2)
changes at a high frequency, large leakage currents will be gener-
ated. Then, it increases system power losses, induces EMI issues
and poses serious safety problems to personnel and other equip-
ment [27]. According to [13], the distributed generation system
must be triggered within a certain time to ensure safety, when
the leakage current exceeds 300 mA (root-mean-square (RMS)
value). To achieve a low leakage current, the CMV must be a
constant or vary at a very low frequency. Assuming 7,1 = L .,
the DMV impact on the leakage current can be neglected.
According to Figure 2(a), the CMV (y,,) and the DMV (74,
of the proposed converter can be given as

VAN T BN
Vem = ———>—— @

Pdm = VAT — VBT ©)

where »5N and sy are the voltages of terminals A and B to N,
var and vy are the voltages of terminals A and B to T, and sy
represents the voltage of the terminal S to T, respectively.

Figure 4 shows the four operation modes (i.e. ST mode, Pv
mode, Nv mode and Zv mode) and their equivalent circuits,
where C,q4 is the cotresponding junction capacitance of the
switches Sj_4. Then, the CMV and DMV can be analyzed in dif-
ferent modes as follows.

a. 8T mode: Tigure 4(a)—(c) illustrates the ST mode, during
which the HERIC is taken as a boost switch (i.e. S are
ON). Then, 7,,; and L, are charged by the DC input source.

As shown in Figure 3(b), the boost inductor current 7y,
increases, and 17} = I, = 1,/2. The power diode D is
reverse-biased, and 7y = 0. The capacitor Cp is discharged
to supply the load Rpc. Figure 4(c) presents the equiva-
lent circuit of the ST mode, where the CMV is clamped by
Ly and L5, and the terminal voltages van = gy = Vi
and vy = vgr = 0. Then, the voltages ., and 7y, can be
expressed as

, =Nt Vi + Vv _ Vi @
om 2 2 2
Vay = var —vpr = 0—=0=0. ©)

The HERIC operates in a freewheeling interval at this time.
As shown in Figure 4(a) and (b), there are three bidirectional
current paths for the grid current 7,.. When 7, > 0, 7, can
flow through S¢ and Ds, §; and D, and §; and D; [i.e. the
pink components in Figure 4(a)]. While z,. < 0, as seen as
the pink components in Figure 4(b), the three current paths

are flowing through S5 and Dy, S, and Dy, and §3 and D;.

. Pv mode: As shown in Figure 4(d)—(f), the HERIC operates as

a VSl in the positive half-cycle (i.e. z.¢ > 0). 5}, Sy and S are
ON, while .5, $3 and S5 are OFF to achieve vy, = + 1. As
demonstrated in Figure 3(b), the boost current 7, decreases,
and it simultancously flows through the diode D and the
HERIC. The capacitor Cp is then charged, and the charg-
ing voltage is v = 3. = Vi, + V11 + 1. Additionally,
ss provides the DC load voltage. As shown in Figure 4(f)
(i.e. the equivalent circuit of the Pv mode), the terminal volt-
ages are )aN = Vig + Vipt, 28 = = Vipo, 2ar = Vin + Vip
+ o and sgp = 0. The voltages ., and vy, in this opet-
ation mode are calculated as

) _nanton VotV =T Vs

om 2 2 2 ©

vay =oar — 81 = Vin + Vipt + Ve — 0= 14 (7)

where the symmetrical filter voltages are equal, ie.
Vb1 = Vipz- Regarding the HERIC, there is a bidirectional
current path for the grid current 7,. in the Pv mode, as pre-
sented in Figure 4(d) and (e). 4, > 0, 7, flows through §;
and S, to achieve 7y, = 17 [i.e. the pink components in
Figure 4(d)]; 7,. <0, z,. flows through D; and D, to achieve
V4m = Ve [i-e. the pink components in Figure 4(e)].

. Nv mode: As presented in Figure 4(g)—(i), the HERIC works

in the negative half-cycle (i.e. #.¢ < 0) as a VSIL In this case,
55, 85 and S5 are ON, while $;, S and S are OFF to achieve
Ugm = —Vge- In the Nv mode, the key current waveforms are
shown in Figure 3(b), where the boost filters are in discharg-
ing mode to support the operation of the HERIC, to charge
the capacitor Cp¢ and to supply the DC load. Moreover, as
observed in Figure 4(i) (i.e. the equivalent circuit of the Nv
mode), the terminal voltages are sgp = 5. = I, + 1
+ Vipo, VAN = =110, gy = Vi + Vip1, 247 = 0 and
vt = Vip + Vipt + Vipo. Hence, v, and #g,, can be given
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by d. Zv mode: In this case, as shown in Figure 4(j)—(1), S5 and S are
ON and ;4 are OFFE. According to the key current wave-

- saNt N Vit Vi + Vi & ®) forms in Figure 3(b), 7, decreased and the boost inductors
om 2 a 2 ) provide power to the output capacitor and DC load simulta-
neously. Then, the CMV is clamped by the switch junction
Vi = a1 — g7 = 0 — (Vg + Vipt + Vipa) = =Vae (9) capacitors Cyp 4 (i.e. assuming Cy; = Cyp = Cy3 = Cyy), as
depicted in Figure 4(]). Consequently, the voltage of those

in which 1j;,; = Ij},. As depicted in Figure 4(g) and (h), junction capacitances [/¢,41.4 can be expressed as

the HERIC can also provide a bidirectional current path.
When 7, > 0, 4, flows through 5, and S5 to obtain

Vin + Vgt + Vipo
> )

Iegl-a = (10)

Vgm = —Vdc, as shown as the pink components in Fig-
ure 4(g). When 7, < 0, 7, flows through D, and Dj to

achieve 2y, = —Vdc, as presented as the pink components in
Figure 4(h). 1N = Viega = Vibz, vat = Vega, vs1 = Viega and Vi = Mgos

Notice that the terminal voltages are v1an = Vg2 — Vo,
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Ve and 24, in Figure 4(1) can be obtained as

) = AN T BN _ (VELgZ - lV/LbZ) + (T/Elg4 - T/LbZ) e
; 2 2 (11;)
Pay = vaT — BT = Vega — Vs = 0. (12)

Similarly, the grid current 7, has a bidirectional path [i.e.
shown in Figure 4(j) and (k)]. 7, flows through $; and D5 when
7 2 0, as shown as the pink components in Figure 4(j). 7, lows
through S5 and Dy when 7, < 0, as demonstrated as the pink
components in Figure 4(k).

According to the above analysis, the proposed converter can
clamp the CMV to be half of the input voltage ], in all oper-
ation modes, i.e. Equations (4), (0), (8), and (11). In addition,
it can achieve the bidirectional current path in any operation
mode. Therefore, it has a good performance in terms of low
leakage currents and flexible reactive power injection (due to
the possibility of bidirectional current flow).

3 | SYSTEM DESIGN

3.1 | Steady-state analysis
Considering a single-switch boost converter [28], the relation-
ship between the DC input voltage 1, and the DC output volt-
age 5. can be expressed as

Vac 1

=Ty (13)

which illustrates that the DC gain of the hybrid converter is also
1/(1 — d). The HERIC output will be zero at this moment. Fur-
thermore, the duty cycle of the modulation signal for the DC—
AC conversion i.e. 7 can be calculated as

Vac Vac (1 —d )

= = — 1
mET T 19

Since the DC-DC and DC-AC conversions should be fin-
ished in one switching cycle, 4 and 7 should be bounded as

d+my < 1. (15)

Accordingly, the maximum value of the modulation signal
must be 7y, £ 1 — d, resulting in that the peak of the AC
output voltage ¢ should be constrained as

Vi, —-4d
I/acpeak = 7Umax T/;lc < M

S—t=p=Ve 9

implying that the input voltage 173, must be larger than the peak
grid voltage I, c,cqi to ensure simultaneous DC and AC outputs.
This is also the case for conventional VSIs. Notably, the DC—
DC gain is adjustable from 1 to infinity in theory.

Moreover, the AC output can be connected to a grid or loads,
while the DC output can also be connected to a DC grid or DC

loads. This paper focuses on the low leakage currents and the
reactive power injection in the AC side of the proposed con-
verter. Thus, a passive DC load and a grid are considered. As
mentioned previously, when applied to PV systems, the hybrid
converter can be used to convert the PV energy directly or indi-
rectly. Therefore, if the proposed converter is employed in a
single-stage grid-connected PV system, the control strategies
should adopt an effective operation [29]. Thus, when designing
the control scheme for the proposed converter, the following
should be considered.

L. Viepeak £ Vin £ Ve The hybrid converter simultaneously
outputs DC and AC power. Generally, the PV input voltage
is fluctuating in a small range under various irradiance con-
ditions [29]. Thus, the operation of the hybrid converter will
not be affected when the fluctuating voltage is within this
range of [T/acpcak’ Vdc]

2. Viepeak > Via- The hybrid converter acts as the conven-
tional boost converter, and the AC grid can be disconnected
to ensure the modulation of the VSI according to Equa-
tion (16), or the PV energy can be transmitted to DC out-
put. As an alternative, the boost inductor can be replaced by
a symmetrical impedance network [30] in a way to improve
the boosting.

Notably, there are limitations for the AC and DC output
power due to the unidirectional conduction of the power diode
D [10]. Hence, the pulsating power of the VSI only can be
absorbed by the DC output capacitor C¢p and then consumed
at the DC output. That is, the power limitation of the proposed
converter can be expressed as

Fae 2 B 17

where Py, represents the DC output power, and
P, = 051,/ ,cos(2w + @) is the instantaneous pulsating
power, with I, and 7, being the amplitudes of the grid voltage
and current, and @ being the displacement angle. Therefore, the
proposed converter can only be operated as a boost converter
instead of a VSI, if one output is needed.

3.2 | Component design

The passive components of the hybrid converter include the
symmetrical boost inductors 74, and Ly, (i.e. Ly, = L), the
DC output capacitor CDC and the symmetrical L-type filter
L, and L, (ie. L, = L,). Since the AC output filters can
be designed following the rules of the prior-art grid-connected
VSIs [17-24], the design of L,.; and L, of the proposed con-
verter is not discussed here. To ensure the operation, 7,1, L,
and Cp¢ should be propetly designed in the following;

1. Boost inductors Ly, and 1,,5: The design of the boost inductors
is related to the current ripple ratio ¥, and the optimal value
of ¥ is 0.4 when considering the overall stresses and power
density in a converter [31]. Therefore, the boost inductors of
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FIGURE 5

General control block diagram for the proposed converter

the proposed converter can be designed as

Ly Vind

o=l = —> —
L T Y fw

(18)

where 1, represents the total inductance of the boost induc-
tors, /j}, is the average value of the boost inductor current
71}, and f, is the switching frequency.

2. DC output capacitor Cpc: The DC output capacitor for the
proposed converter is designed to maintain and filter the
DC output voltage. At the same time, it balances the pul-
sating power of the VSI. When considering the DC output
ripple voltage of the boost converter, i.e. AT, Cp¢ should
be designed as

]dcd

Cpc 2 ——
PC= AV fon

19

where /. is the average value of the DC output current 7.
As seen from the energy storage perspective, large induc-
tance is generally required to store the same amount of
energy, when compared to capacitors. That is, inductors
have low cost-effectiveness to balance the inherent pulsating
power. Hence, only the DC-link capacitor is considered for
the conventional single-phase VSI to maintain power density
[32]. Considering the power balance, Cp should be

P

Cpc > —————
YT Wl AT,

(20)

in which A1/ is the required pulsating voltage, @ is the
grid frequency, and P, is the instantaneous pulsating powet,
respectively. According to Equations (18) and (19), the out-
put capacitor Cpy¢ can be selected as

Che = s
pe m”‘(AVdCﬁW PN

3.3 | Basic control

To simplify the control, the PV input voltage 17, is assumed
as a constant. The control for the proposed converter includes
two parts, as shown in Figure 5. One is the voltage loop with a
proportional-integral controller for the DC output, where T/;; is
the voltage reference. The other is a proportional-resonant con-

PV
Array

FIGURE 6 Traditional two-stage inverter with the HERIC as the VSI,
where §}, is the boost control switch, the boost converter operates as the ST
mode, and the HERIC inverter is in the freewheeling interval

troller G,.(s) with multi-resonant controllers G, (s) for the AC
regulation, which can achieve zero-error tracking and improve
the power quality [8]. Moreovet, /¢ is the amplitude of the ref-
erence current Z, and the phase angle 8 is achieved through the
phase-locked loop of #,. (i.e. performing grid synchronization).
In addition, only one resonant controller Gj,(s) is adopted for
simplicity. In all, good petformances in terms of fast dynamics

and good power quality can be achieved in this way.

4 | COMPARISON ANALYSIS

4.1 | Loss analysis and comparison

The loss analysis and comparison are carried out when the pro-
posed converter adopts insulated-gate bipolar transistor IGBT)
power devices. According to [33], the IGBT losses consist of
the conduction losses, switching losses and negligible blocking
losses. The proposed converter is then compared with the tradi-
tional two-stage inverter with an HERIC, as shown in Figure 0,
in terms of power losses. For a fair comparison, the two-stage
inverter supplies a DCload Rcpy at the DC link, as demonstrated
in Figure 6.

Conduction losses: The IGBT conduction losses can be calcu-
lated as

7
1 sSwW ) .
PCT = T_ (T/;c(lzc + I‘CZCZ) dt = Vcc()]cav + rclczrms (22)
sw J(

in which 17, is the IGBT ON-state zero-cuttent collectot-
emitter voltage, and 7. represents the collector—emitter ON-
state resistance [33]. In addition, 7, and /., are the average
and RMS IGBT currents. Similarly, the anti-parallel diode con-

duction losses can be expressed as

Tow
1 SwW . X
PCD = T_ (T/;l(]zd + rdz(Zl) di = VdO[dﬂV + rd[dzrms (23)
sw Jo

where 17 is the diode on-state zero-current voltage, 74 repre-
sents the diode ON-state resistance [33] and /y,, and /4, are
the average and RMS diode currents, respectively.
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FIGURE 7 Equivalent circuits of the systems when S}, is ON or in the ST
mode, where the upper diagrams are the equivalent circuits of two-stage inverter
in Fig, 6, and the lower ones are those of the proposed converter, the IGBT
ON-state resistance ate 7., = 7.1 = 7, and the diode ON-state resistance are
7416 = 73- (a) Boost operation. (b) Freewheeling operation

When operating in the inversion, the conduction losses are
identical in both the proposed converter and the traditional two-
stage inverter (see Figure 6). Figure 7 shows the equivalent cit-
cuit of both converters when S}, of the two-stage inverter is ON
or the proposed converter is in the ST mode. Assuming that the
grid current 7, is positive, 7,. flows through S5 and S5 of the tra-
ditional two-stage inverter at this period. The losses comparison
results are presented in Table 1, and the corresponding analysis
is in the following.

1. As presented in Figure 7(a), the boost inductor current 7,
flows through §, of the traditional two-stage inverter, while
it flows through §; 4 in the proposed converter. Thus, the
conduction losses induced by 7, are almost the same with a
difference of V_ /-

2. In the ST mode, the grid current z,. of the proposed con-
verter has three paths, while 7,. of the traditional two-stage
inverter only has one path, resulting in lower conduction
losses.

3. For the diode D, the diode average current /4, of the pro-
posed converter is equal to /g, (i.e. the average of the DC
output current z.), while /y,, = Ig.+2/,/7 in the tradi-
tional two-stage inverter (i.e. 2/, /7 is the average of the
grid current 7,.). That is, the conduction losses of the two-
stage inverter are larger than those of the proposed con-
verter, especially when the AC output power is large.

Switching losses: According to [33], the switching losses of the
IGBT contains turn-ON losses, turn-OFF losses and reverse-
recovery losses, which can be calculated as

1,

])S = ]‘?SWT + ])S\VD = (EonT + EoffT + E()nD) ];WM
Veclee
(24
where P, and Py,p are the switching losses of the IGBT
and the anti-parallel diode, and £ 1, E g and £, are the

Loss analysis and comparison of the systems in Figs. 2(b) and 6, supplying the same loads

TABLE 1

Conduction losses due to 7,

(ST mode)

Conduction

Switching losses

Conduction losses of D

losses due to 7y,

Converter

2 fsw Vacn
7leclec

+ (bvoffT + b‘onD)

JswVachn
Veclee

(b‘()nT + bvoffT)

dc

Violae + ral?

1n_‘
6

-\ 2m
(Veeo + Vao) =2 + (e + 1)

2
2 ceﬂ[Lb + rcjlb

Pf()p()SCd converter

I

mleclee

dc

b 2fow
l + (EonT + EoFfT + Eonl))

Veclee

JowVach

(Eont + Eofer)

I 4 e +12)
2 T c

Lge) + 1a(

21y
T

Vo

2
2

+ (e + rd)

21y
T

(Veeo + V40)

2
I/ceU[I bt ]Lb

Two-stage inverter
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TABLE 2  Comparison of the proposed converter and prior-art converters
Traditional two-stage Transformerless hybrid
Category inverter (Figure 6) BDHC in [10] converter in [15 ] Proposed converter

Device-count Seven IGBTs, one diode

Device stress IGBT: 3., max(igc, Z,c)

Diode: Tye, dge + Zc

Four IGBTs, one diode

IGBT: Ve, max(ise, )
Diode: Ve, Zgc

Six IGBTs, one diode Six IGBTs, one diode

IGBT: Vi, max(iae/2, i)
Diode: Vg — Vi /2, ige

IGBT: Ve, max(ise, )
Diode: g, Z4c

. 1 1 1 1
DC gain 15d 1—d 1—d 1—d
AC gain (Vyepear/ Vin) = 1 1 1
Dead-time effect Yes No No No
Leakage currents Low High Low Low
Power density Low High Low High
Conversion efficiency Low Low Low High
: ‘ T RN : the switching losses of the traditional two-stage inverter, the
§ i . P switching losses of the proposed converter are reduced b
1-d|— el // g prop nver y
el I P 2F o Vaclo/TVec Iec, as summarized in Table 1.
0 4.2 | Comparison with prior-art converters
S . .
A | | | I | The proposed converter can achieve AC and DC outputs simul-
S2a| | o | taneously. A comparison with the prior-art hybrid converters is
S ,—| f—l shown in Table 2. It can be summarized as follows.
Ss | | P I , .
Py Z ST | : Py Zy ST | 1. Low mmpaﬂem‘—mzt.ﬂ.f with sbaot—fbraugb mpabz/zg/: When com-
V.2 . 2= I ) pared to the.tradmonal two-stage inverter with the HERIC
S'& X i x >< / as the VSI (i.e. an example of the separated converters, as
14 : i ‘ : N c T
o I R 3 i i shown in Elgure 6), the proposed converter has fewer power
de TN i \ ; l devices with less current stress and voltage stress to achieve
Vol 211 Inw/2 A multiple outputs, while maintaining the same DC gain. Addi-
S2a \ : x, ; tionally, the proposed converter has shoot-through protec-
V- [ Ion Togr - : tion, leading to lower EMI and higher reliability, and the
. _\ fac_| i Reverse \ f ? power quality can then be improved to a certain extent (i.e.
Id; - A : recovery losses A § x due to the elimination of the dead time). Notably, as pre-
5 ; ; r‘\ 1 - : sented in Table 2, the AC gain of the proposed converter is
: ot ‘ e .
: lower than that of the traditional two-stage inverter.
2. Low leakage currents: Comparing the proposed converter with
FIGURE 8 Distribution diagram of the switching losses in positive cycle. .
a the BDHC in [10], the leakage currents can be suppressed to
where 7,, and 7, are the turn-ON time and the turn-OFF time of power [101, gecu ubpP

switches

turn-ON, turn-OFF and diode reverse-recovery energy, corre-
spondingly, which are provided in the datasheet under certain
test conditions (i.e. the test voltage I and current /). More-
and /,

v are the average voltage and current of the

ovet, Vi
IGBT, respectively.

With the above, the switching losses can be calculated, and
Figure 8 illustrates the switching losses of the proposed con-
verter. As shown in Figure 8, there are turn-ON losses on §; 4
when the mode changes from Zv to ST. Then, from ST to
Py, there are turn-OFF losses on S, 3, and the diode reverse-
recovery losses are generated on Djs. Finally, for Pv to Zv,
the turn-OFF losses will be generated on S; 4. Compared to

alow level (i.e. satisfying the grid standard [13]) with the sym-
metrical structure. It makes the proposed converter specifi-
cally suitable in PV applications.

3. High power density: The proposed converter has a higher
power density than the transformerless hybrid converter in
[15]. Both hybrid converters employ an /-type filter on the
AC side. However, since a dual-buck inverter was adopted as
the VSI [16], only one inductor is utilized, while the other is
idle. That means the Z-type filter of the hybrid converter in
[15] should be two times in terms of value and volume as that
for the proposed converter, resulting in low power density.

4. Reactive power injection and independent control With the modula-
tion scheme in Figure 3(a), the reactive power injection can
be flexible injected. Furthermore, the DC gain and AC mod-
ulation signal can be controlled independently within the
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TABLE 3  System parameters

Parameters Symbol Values
DC input voltage Vi 0-200V
DC output voltage Vace 0-360 V
AC grid voltage (RMS) Vne 0-110V
Grid frequency Je 50 Hz
Boost inductors Ly, Lip 0.4 mH
Output capacitor Cpe 2800 uF
L-type inductors Ly, Ly 0.75 mH
Switching frequency Jfow 20 kHz
PV parasitic Cpvg 200 nF

voltage and power limitations according to Equations (15)
and (17). In all, the proposed converter can achieve flexible
reactive power injection.

5 | SIMULATION AND EXPERIMENTAL
RESULTS

The proposed hybrid transformerless converter is validated
through simulations and experimental tests. The power switches
516 are from Infineon (part no. IKW30NG5NL), and the diode
D is from ROHM (part no. RFEUH20TFG6SFHCY). All the sys-
tem parameters are detailed in Table 3, where the passive com-
ponents are designed for a rating of 5 kW, and the PV parasitic
capacitance Cpy, is chosen based on [34]. As mentioned, the
DC input 1/, adopts a DC power supply to demonstrate the
proposed converter.

5.1 | Simulation

To verify the losses analysis and comparison between the tra-
ditional two-stage inverter with the HERIC as the VSI (i.e. as
shown in Figure 0) and the proposed converter, simulations
are carried out in Piecewise Linear Electrical Circuit Simula-
tion software. The correspondingly thermal-loss models of the
power devices are established based on the device datasheets
(.e. Infineon IGBT—IKW30NG65NL and ROHM diode—
RFUH20TF6SFHCY). The system parameters of the traditional
two-stage inverter are the same as those in Table 3. Besides, the
input and output voltages are 1}, = 140 V, 5. = 160 V and
e = 78 V/ 50 Hz (RMS), and the DC load Ry is 25.6 in the
simulation tests.

Figure 9 shows simulation results, where P and P repre-
sent the switching losses and the conduction losses of the power
devices, respectively. The efficiency of two configurations under
P, : P, = 04 is compared in Figure 9(a), where only the
losses of the power devices are considered. In addition, Fig-
ure 9(b) shows the switching losses and conduction losses of
the IGBT (with an anti-parallel diode) for the two converters

100r : : : : -
99
-
= 08 -
’/.
2
o
3 97
&
m
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——Proposed hybrid converter
L)S = L — L A — L -4
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Total power (Py+7,.) (kW)
a
201
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FIGURE 9 Power losses and efficiency comparison between the tradi-
tional two-stage inverter and the proposed converter. (a) Efficiency comparison
at different power levels (i.e. 2,.:Py. = 0.4). (b) Power losses compatison of
conduction losses and switching losses. (¢) Efficiency comparison at different
PPy and Pp = 1.4 kW

with Py. = 1.4 kW and 1 kW] respectively, and the total power
being 1.4 kW. Furthermore, when the AC and DC power ratio
is varying, the efficiency is also compared, as demonstrated in
Figure 9(c), where the total power is 1.4 kW and the limita-
tion in Equation (17) is also considered. The results indicate that
only the conduction losses of the traditional two-stage inverter
are slightly less than that of the proposed converter under P,
1 Py = 0. With P, : Py increasing, both the switching losses
and the conduction losses of the traditional two-stage inverter
become larger than those of the proposed converter. Therefore,
the proposed converter can achieve a higher efficiency than the
traditional two-stage inverter, which validates the discussion in
Section 4.1, and it has fewer components with less current stress
and voltage stress.
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FIGURE 11 Experimental results of the proposed hybrid transformetless

converter under DC gain being 1.143 and maximum modulation signal being
0.7857 (time: 20 ms/div). (a) Input and output waveforms (i.e. I, Vyc, vy
and 7,.). (b) The CMV, inverter output terminal voltages »5n and rgy, and the
leakage current 7.,

5.2 | Experiments results

Figure 10 shows the experimental setup of the proposed con-
verter system, where control and modulation algorithms are
implemented in a fixed-point digital signal processor from TI
(TMS320F2812). The DC output is an ET5420 electronic load,
and the AC output is connected to the AC grid, referring to Fig-
ure 2(b). The system parameters are the same as in Table 3.
Figures 11 and 12 show the steady-state performances of the

proposed symmetrical transformetless hybrid converter with
different DC and AC gains. The DC input voltage 1, the DC

C R — I — I
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FIGURE 12  Experimental results of the proposed hybrid transformetless

converter under DC gain being 1.444 and maximum modulation signal being
0.867 (time: 20 ms/div). (a) Input and output waveforms (i.e. I, Vg, e and
7). (b) The CMYV, inverter output terminal voltages vy and zgy, and the leak-
age current e,

output voltage 17, the grid voltage #,. and the grid current
7, are shown in Figures 11(a) and 12(a). The input and out-
put voltages of Figure 11(a) are 1, = 140 V, 5. = 160 V
and »,. = 78 V/ 50 Hz (RMS), and the DC load Rp is 25.6
Q. While those parameters in Figure 12(a) are 17, = 180 V,
Vae =260V, 2, =110 V/ 50 Hz RMS) and Rpc = 140 Q. Due
to the inherent pulsation power of the HERIC, there are certain
ripples in the output voltage /4. Nevertheless, the results in
Figures 11(a) and 12(a) demonstrate the multi-output feature of
the proposed converter. Additionally, Figures 11(b) and 12(b)
show the CMYV, the inverter output terminal voltages, and the
leakage currents. Observations in Figures 11(b) and 12(b) indi-
cate that the leakage current 7., is well suppressed below the
limit (300 mA). Moreover, both experimental results illustrate
that 24, of the proposed converter at the AC output has the
same performance as the single HERIC with the unipolar PWM
(i.e. changing between + 1. = — 1. and 0) at the switching fre-
quency). Therefore, with the proposed modulation method in
Figure 3, the proposed converter can achieve good power qual-
ity, low losses and low leakage currents and multiple outputs.
Moreover, the key current waveforms (i.e. 7, 7p and zgr) dut-
ing switching are shown in Figure 13. It should be noted that
the experimental data of these variables are obtained through
the oscilloscope and then replotted in MATLAB due to the lack
of current probes. It can be observed in Figure 13 that the key
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switching, i.e. the boost current 7}, the diode current 7, and the input current
of the VSI i (time: 40 ms/div)
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FIGURE 14 Experimental results of the proposed converter at non-unity

power factors (time: 20 ms/div). (a) 7, lagging ,, cos@ = +0.8606. (b) 7, leading
Vae, COs@P = —0.866

waveforms agree well with the analysis in Figure 4(c). Notably,
the spikes of the HERIC input current 75 ate normal, which
are due to the nonidealities of power devices. It thus confirms
the effectiveness of the modulation method for the proposed
converter.

To further verify the reactive power injection capability, the
experimental tests of the proposed converter have been per-
formed under non-unity power factors (i.e. the power factor
cos@p = +0.866 and —0.866). The experimental results are shown
in Figure 14, in which Figure 14(a) corresponds to the case of 7,
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FIGURE 15 Experimental results of the proposed converter under load

changes (time: 20 ms/div). (a) AC load change. (b) DC load change

lagging v,., cos¢p = +0.866, and Figure 14(b) presents the case
of 7,. leading #,., cosp = —0.866. As can be seen in Figure 14,
the proposed converter can provide and absorb reactive power
upon demands.

The proposed converter is then tested under load changes,
and the experimental results are presented in Figure 15. Here,
the grid current amplitude (RMS) was changed to 2.5 A and then
back to 5 A, as the AC load changes. For the DC load changes,
the current was changed to 2.4 A and then restored to 4.8 A.
Observations in Figure 15 indicate that the proposed converter
can operate stably under dynamic loading changes. That is as
long as the proposed converter satisfied the limitation in Equa-
tions (15) and (17), the current quality of the inverter will not be
affected by the loading changes due to the separated control in
Figure 5.

Additionally, Figure 16 shows the experimental efficiency
comparison between the traditional two-stage inverter (i.e. a
boost converter and an HERIC) and the proposed converter,
where different AC and DC power ratios P,.:P;. are consid-
ered with the total power being 1.4 kW. The conversion effi-
ciencies are calculated by measuring the three input and output
voltages and currents. In that case, the measured efficiencies in
Figure 16 consider the losses of the power devices as well as
the boost and AC filters. The result shown in Figure 16 agrees
well with that in Figure 9(c), which indicates that the proposed
converter can obtain a higher efficiency than the traditional two-
stage inverter. It is valuable to mention that when the AC output
power accounts for more, the efficiency benefit of the HERIC
will become significant.
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the proposed converter under different 2,.:Py. and Pr = 1.4 kW

As a summary, the above simulation and experimental tests
have validated the effectiveness of the proposed hybrid trans-
formerless converter in terms of low leakage currents, simul-
taneous DC and AC outputs and flexible reactive power capa-
bility for grid-friendly hybrid PV systems. In addition, with the
corresponding modulation scheme, the proposed converter can
maintain good power quality and high efficiency. Therefore, the
proposed converter can be a promising and cost-effective solu-
tion for future smart PV systems.

6 | CONCLUSION

This paper has proposed a type of hybrid transformetless con-
verters, which can achieve simultaneous DC and AC outputs,
low leakage currents, and inherent shoot-through capability.
The configuration principle for this type of converter has
been presented, i.e. 1) a symmetrical boost inductor should be
employed to ensure a constant CMV when operating as a boost
converter and 2) a transformetless inverter should be adopted
as the switch to maintain a constant CMV when acting as a VSI.
This has been demonstrated on a converter with the HERIC
as the VSI, and the corresponding modulation method, CMV
analysis and losses comparison are detailed to illustrate the
performance in reactive power injection, low leakage currents
and high efficiency. Simulations and experimental results have
then verified the effectiveness of the proposed converter in
terms of multiple outputs, low leakage currents, flexible reactive
power capability, high efficiency and high reliability. Notably,
other transformerless topologies can be constructed based on
the configuration methodology.
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