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Abstract—This article proposes the first three-switch common
ground single-phase photovoltaic (PV) inverter which can support
reactive power to the ac grid. The proposed step-down/step-up
transformerless PV inverter totally eliminates leakage current and
is suitable for use in any ON- or OFF-grid applications which require
active and reactive power support. The proposed converter also
features a low number of active semiconductor devices, low voltage,
and current stresses, acceptable grid side current quality, and high
efficiency. The performance of the proposed PV inverter is evalu-
ated for dc to ac single-phase grid connected inverter. The converter
uses a direct power dead-beat controller in the inner loop which has
a smooth, accurate, and fast response. Experimental results for a
500-W, 100 Vdc, and 180 Vdc to 110 Vrms prototype are provided in
a closed-loop system in the presence of the proposed direct power
dead-beat controller. The results from the prototype validate the
theoretical analysis and the applicability of the proposed structure.
The converter exhibits the capability for step-down/step-up dc to
ac power conversion and demonstrates a peak efficiency of 97.5%
and 96.8% in the 180 and 100 Vdc, respectively.

Index Terms—Buck–boost operation, common ground inverter,
reactive power capability (RPC), transformerless photovoltaic (PV)
inverter.

I. INTRODUCTION

TRANSFORMERLESS string and micro photovoltaic (PV)
inverters have the advantages of small volume, light

weight, low cost, and high efficiency. However, removing the
galvanic isolation leads to direct electrical connection between
the PV panels and the utility grid, resulting in leakage current,
which increases grid side current harmonics, system losses,
and potential saturation of the core of the other distributed
transformers in the network and may cause safety issues [1], [2].
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This undesirable leakage current is a consequence of the variable
high frequency common mode voltage, which exists between
the neutral point of the ac grid and the parasitic capacitor of
the PV array [3]. According to the IEC 62109-2-2011 standard,
if a monitored value of residual current exceeding 30 mA is
detected, the PV system shall disconnect from the main grid
within 0.3 s [4]. In recent years, with increasing application
of transformerless grid connected PV inverters, the search for
new topologies which mitigate leakage current has become a
subject of interest. As shown in [5] and [6], the best solution for
removing the leakage current from a transformerless PV inverter
is the common ground structure.

In addition to reducing the leakage current, other desirable
requirements for a grid connected PV converter include the
following:

1) the ability to provide reactive power to the grid as required
by standards, such as IEEE 1547-2018 [7];

2) a low component count which leads to lower costs
and losses;

3) buck–boost capability for wider application;
4) low semiconductor voltage and current stress.
With regard to common ground inverters, the first such in-

verter, referred to as the Karschny-inverter, was proposed in [8].
The Karschny-inverter is based on a flying inductor current
source inverter, has five active switches, and is capable of
stepping up the input dc voltage which makes it an appropriate
solution for a micro PV inverter. However, the inability to
support reactive power provision to the ac grid limits the use of
the Karschny-inverter to applications in OFF-grid PV inverters.

Another five-switch inverter has been proposed in [9] which
is diode-less and has reactive power capability (RPC). This
converter uses a flying capacitor cell to supply the output ac load
with positive and negative voltages by switching a capacitor to
the output terminal at positive and negative half cycles, respec-
tively. However, this capacitor is charged directly by the input
voltage, and, therefore, the voltage gain ratio of this converter
is given by the duty ratio D so that it can operate only as a
step-down PV inverter.

A buck–boost voltage gain, i.e., D/(1−D), five-switch PV
inverter has been proposed in [10] which utilizes the conduction
of the body diodes of three main switches during the operation
modes. The converter in [11] uses MOSFET switches in the struc-
ture of [10] and offers the dual-mode switching strategy during
the positive half cycle. However, again, due to the inability of
the flying inductor based converters in [10] and [11] to inject
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Fig. 1. Categorization of common ground PV inverters.

or absorb reactive power, they are not suitable for connection to
the ac network.

Four-switch common ground inverters have been proposed
in [12]–[15]. Those in [13]–[15] are flying capacitor converters
which need the input dc voltage level to be higher than the peak
value of ac grid side voltage; in other words, they are all step-
down converters.

Recently, the three-switch PV inverter has been proposed
in [16]. The voltage gain ratio of the converters in [16] (and
also in [12]) is (1− 2D)/(D −D2) and is therefore lower and
more sensitive than the buck–boost voltage gain ratio. If an
external disturbance enters a power converter, then a steady-state
error due to this disturbance will appear. Hence, having a more
sensitive voltage gain ratio results in more steady-state error to
be corrected by the controller. Moreover, the application of both
converters in [12] and [16] is limited to only the OFF-grid PV
inverters since they are incapable of meeting the volt-var settings
required by IEEE 1547-2018 [7].

The converter in [17] has three switches and three diodes;
however, due to the fact that the voltage gain ratio is limited to
being step-down only, with no RPC, this converter can only work
as an OFF-grid buck inverter. The step-down converter in [18] has
four switches and two diodes and again it is unable to support
reactive power. The step-down converter in [19] has six active
switches where two body diodes of the switches have been used
during the operation modes.

As shown in Fig. 1, the only common ground inverters with
both RPC and buck–boost capability are those in [20] and [21],
which have utilized six and seven switches, respectively. The
high active switch count adds complexity to switch driving
and control algorithms complicated, and, moreover, the output
voltage level of converter in [21] is limited to twice the input
dc voltage.

The contribution of this article is to propose a common ground
inverter capable of buck–boost operation and reactive power
provision which requires only three switches. In addition, the
circuit has a low semiconductor device power (SDP) stress and
a relatively simple structure. The maximum total voltage stress
(TVS) of semiconductor devices is shown to be VPV/(1−D)
and the minimum SDP is 7.4Pout. As a result, the proposed
converter uses power switches with a low rated power, which
can improve the efficiency. In summary, the converter proposed
in this work is the first three-switch common ground (TSCG)

Fig. 2. Proposed three-switch common ground PV inverter.

PV inverter with buck–boost and RPC and with lower SDP than
all previously published common ground PV inverters.

In addition to control the inverter, a direct instantaneous
power dead-beat controller (DP-DBC) is adopted for the direct
instantaneous power regulation which offers accurate, fast, and
smooth operation under different states of operation.

The rest of this article is organized as follows. The proposed
structure is presented in Section II. Section III is devoted to the
practical considerations and design calculations for the proposed
converter. A comprehensive comparison to the previous state-
of-the-art converters is presented in Section IV, the DP-DBC
controller implementation is given in Section V, and the exper-
imental verification is provided in Section VI. Finally, Section
VII concludes this article.

II. PROPOSED CONVERTER OPERATION ANALYSIS

Fig. 2 shows the proposed PV common ground inverter
structure. VPV and vo denote the PV voltage and the ac output
voltage sides, respectively. The proposed inverter consists of
three inductorsL1,L2, andLf , three capacitorsC1,C2, andCdc,
three switches S1, S2, and S3, and six diodes D1, D2, D3, D4,
D5, and D6. The body diodes of switches do not conduct during
a complete switching period (Ts). The pulsewidth modulation
(PWM) signals and implementation scheme is shown in Fig. 3.
The step-down and step-up modes during positive and negative
half cycles of grid side voltage in continuous conduction mode
(CCM) and discontinuous conduction mode (DCM) are shown
in Figs. 4 and 5. Moreover, the steady-state operation modes
during the negative power region (NPR) is shown in Fig. 6. The
detailed analysis of each mode are as follows.

A. Positive Half Cycle Operation Mode

A PV source and the output ac is connected to the VPV and vo
sides, respectively. Two states for CCM (three states for DCM)
operation modes are defined as follows.

State 1 CCM and DCM [0− t1]: In this interval and according
to Fig. 4(a),S1 is turned ON whileS2 is turned OFF. In this period,
Lf is charged by the input dc source VPV and the released energy
from C1. Moreover, L1 is charged by VPV. Thus, the current
throughL1 increases, whereas the energy ofLf is increased from
the input source and C1. According to the typical time-domain
waveforms in Fig. 7(a), the derived current and voltage equations
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Fig. 3. (a) PWM signals. (b) Implementation scheme.

are {
vL1 = L1

diL1

dt = VPV

vLf = Lf
dio
dt = VPV − vo + VC1.

(1)

State 2 CCM [t1 − Ts], DCM [t1 − t2]: Contrary to state 1,
during this interval as shown in Fig. 4(b), S1 and S2 are turned
OFF,whereas the diodes D3 and D5 are conducting and S3 is
turned ON. The inductor L1 releases its energy into the capacitor
C1, and the energy of Lf is released to the vo side

{
vL1 = L1

diL1

dt = −VC1

vLf = Lf
dio
dt = −vo.

(2)

By applying volt-second balance on L1 and Lf , we have

D(VPV) + (1−D)(−VC1) = 0 (3)

D(VPV − vo + VC1) + (1−D)(−vo) = 0 (4)

where D represents the duty cycle of S1.
By using (3), the average voltage across C1 is

VC1 =
D

1−D
VPV. (5)

From (4) and (5), the voltage conversion ratio of the proposed
converter during CCM operation mode for positive half cycle
can be calculated as follows:

M(CCM) =
vo
VPV

=
D

1−D
. (6)

State 3 DCM [t2 − Ts]: According to Fig. 4(c), in this mode,
the current through inductor L1 meets zero at time t2 and the
current through Lf does not meet zero before the end of the
switching period. At the end of this interval, a complete period
Ts has been passed.

Considering these intervals, one can defined1 as the duty cycle
where the current of L1 becomes zero. In this regard, according
to a typical DCM waveform in Fig. 7(a), the voltage across the
inductors can be defined as

vL1 =

⎧⎨
⎩
+VPV 0 ≤ t < DTs

−VC1 DTs ≤ t < (D + d1)Ts

0 (D + d1)Ts ≤ t < Ts

(7)

vLf =

{
+VPV − vo + VC1 0 ≤ t < DTs

−vo DTs ≤ t < Ts.
(8)

Again applying the volt-second balance on L1, the voltage of
the capacitor is

VC1 =
D

d1
VPV. (9)

As a result, the DCM voltage gain transfer ratio during the
positive half cycle can be obtained as

M(DCM) =
vo
VPV

=
Dd1 +D2

d1
. (10)

B. Negative Half Cycle Operation Mode

In this mode, the power flows from VPV side to the grid side
during the negative half cycle. Two states for CCM (three states
for DCM) operation are defined as follows.

State 1 CCM and DCM [0− t1]: In this interval and according
to Fig. 5(a),S1 is turned OFF whileS2 is turned ON. In this period,
Lf is charged by the released energy from C2. Moreover, L2 is
charged byVPV. Thus, the current throughL2 increases, whereas
the energy of Lf is increased from C2. According to the typical
time-domain waveforms in Fig. 7(a), the derived current and
voltage equations are{

vL2 = L2
diL2

dt = +VPV

vLf = Lf
dio
dt = −vo − VC2.

(11)

State 2 CCM [t1 − Ts] and DCM [t1 − t2]: Contrary to state
1, during this interval as shown in Fig. 5(b),S1 andS2 are turned
OFF, whereas the diodes D4 and D6 are conducting and S3 is
turned ON. The inductor L2 releases its energy into the capacitor
C2. Similarly, the energy of Lf is released to the vo side{

vL2 = L2
diL2

dt = +VPV − VC2

vLf = Lf
dio
dt = −vo.

(12)

By applying volt-second balance on L2 and Lf , we have

D(VPV) + (1−D)(VPV − VC2) = 0 (13)

D(−vo − VC2) + (1−D)(−vo) = 0. (14)

By using (13), the average voltage across C2 can be deter-
mined as

VC2 =
1

1−D
VPV. (15)
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Fig. 4. Equivalent circuit of the proposed converter during the positive half cycle. (a) State 1. (b) State 2. (c) State 3.

Fig. 5. Equivalent circuit of the proposed converter during the negative half cycle. (a) State 1. (b) State 2. (c) State 3.

Fig. 6. Equivalent circuit of the proposed converter during NPR operation. (a) Mode 1. (b) Mode 2.

From (14) and (15), the voltage conversion ratio of the pro-
posed converter during CCM operation for negative half cycle
operation can be calculated as follows:

M(CCM) =
vo
VPV

= − D

1−D
. (16)

State 3 DCM [t2 − Ts]: According to Fig. 5(c), in this mode,
the current through inductor L2 meets zero at time t2 and the
current through Lf does not meet zero before the end of the
switching period. At the end of this interval, a complete period
Ts has been passed.

Considering these intervals, one can defined2 as the duty cycle
where the current of L2 becomes zero. In this regard, according
to a typical DCM waveform in Fig. 7(b), the voltage across the
inductors can be defined as

vL2 =

⎧⎨
⎩

+VPV 0 ≤ t < DTs

VPV − VC2 DTs ≤ t < (D + d2)Ts

0 (D + d2)Ts ≤ t < Ts

(17)

vLf =

{−vo − VC2 0 ≤ t < DTs

−vo DTs ≤ t < Ts.
(18)

Now the volt-second balance is applied on L2 so that the
voltage of the capacitor is

VC2 =
D + d2

d2
VPV. (19)

As a result, the DCM voltage gain transfer ratio during the
negative half cycle can be obtained as

M(DCM) =
vo
VPV

= −Dd2 +D2

d2
. (20)

C. Negative Power Region Operation Modes

During the positive half cycle of the grid voltage and when
the instantaneous value of io is negative [as shown in Fig. 6(a)],
when S1 is ON and S3 is OFF (State 1), the current through Lf

increases in the circuit consisting ofC1,VPV, and the antiparallel
diode of S1. During State 2 when S1 is OFF and S3 is ON, the
negative current can flow in the freewheeling circuit consisting
of S3, D4, and D6.

During the negative half cycle of the grid voltage and when the
instantaneous value of io is positive [as shown in Fig. 6(b)], when
S2 is ON and S3 is OFF (State 1), the current can increase and
flow through Lf in the circuit consisting of C2 the antiparallel
diode of S2. During State 2 when S2 is OFF and S3 is ON, the
negative current decreases and flows through the freewheeling
circuit consisting of S3, D3, and D5.

Hence, by using the proposed switching strategy, the proposed
converter can inject or absorb reactive power to the ac grid
while preserving the quality of the grid current. Therefore, the
proposed converter can satisfy the volt-var setting requirements
of standards, such as IEEE 1547-2018.
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Fig. 7. Time-domain waveforms. (a) Positive half cycle. (b) Negative half
cycle.

III. DESIGN CONSIDERATIONS

A. Duty Cycle Calculation

The duty cycle during the CCM and DCM modes can be
calculated according to the PV side and output side voltages,
and the duty cycle will be time dependent due to the ac output
voltage of the inverter.

From (6) and (16), the duty cycle of the proposed converter
in the CCM mode is

D =
|vo|

|vo|+ VPV
. (21)

The current ripple of inductors L1 and L2 can be obtained as
follows:

ΔiL1 =
VPV

fsL1
D, ΔiL2 =

VPV

fsL2
D (22)

where fs is the switching frequency.
Under DCM operation, the average current of L1 and L2 can

be obtained as

IL1 =
D + d1

2
ΔiL1, IL2 =

D + d2
2

ΔiL2. (23)

Therefore, d1 and d2 for DCM modes can be calculated as

d1 =
2IL1fsL1

DVPV
−D, d2 =

2IL2fsL2

DVPV
−D. (24)

B. Semiconductors Rating

The average (over a switching cycle) ON-state current and
average OFF-state voltage across the switches and the diodes
can be expressed as

⎧⎪⎪⎨
⎪⎪⎩

IS1 = IL1 + Io = ( D
1−D + 1)Io = 1

1−D Io
IS2 = IL2 + Io = ( D

1−D + 1)Io = 1
1−D Io

ID1 = ID2 = D
1−D Io

ID3 = ID4 = ID5 = ID6 = IS3 = 1
1−D Io

(25)

⎧⎪⎪⎨
⎪⎪⎩

VS1 = VC1 + VPV = ( D
1−D + 1)VPV = 1

1−DVPV

VS2 = VC2 = 1
1−DVPV

VD1 = VD2 = 0
VD3 + VD5 + VS3 = VD4 + VD6 + VS3 = 1

1−DVPV.

(26)

Therefore, the average total current stress (TCS) and TVS of
semiconductor devices during the positive (P ) and negative (N )
half cycle is

P :

⎧⎪⎪⎨
⎪⎪⎩

TCS = (D)(IS1 + ID1) + (1−D)(ID3 + ID5 + IS3)

= D2−2D+3
1−D Io

TVS = (1−D)VS1 + (D)(VD3 + VD5 + VS3)
= 1

1−DVPV

(27)

N :

⎧⎪⎪⎨
⎪⎪⎩

TCS = (D)(IS2 + ID2) + (1−D)(ID4 + ID6 + IS3)

= D2−2D+3
1−D Io

TVS = (1−D)VS2 + (D)(VD4 + VD6 + VS3)
= 1

1−DVPV.

(28)

Furthermore, it is useful to compare the total active switch
stress and active switch utilization of candidate converter ap-
proaches. In a good design, the voltages and currents imposed on
the semiconductor devices are minimized, while the load power
is maximized. If a converter contains n active semiconductor
devices, the average total switching device power (SDP) stress
can be defined as

SDPavg =

n∑
j=1

VjIj/Pout (29)

where Vj and Ij are the average voltage and current over a
switching cycle, applied to switch j.

Therefore, the SDPavg of the proposed converter is

SDPavg =
3− 2D

D(1−D)
. (30)

C. Passive Components Design

The grid side filter inductor, i.e., Lf , is designed according to
the ac source voltage and the desired current ripple Δio as

Lf ≥ vo(1−D)Ts

Δio
. (31)

The value of inductorsL1 andL2 can be determined according
to the boundary of DCM mode. Thus, from M(DCM) and (24),
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the following equation can be derived:

L1 = L2 ≤ DVPV

2IL1fs
. (32)

The voltage of C1 (or C2) should be a constant value within a
switching period. Therefore, the resonant frequency created by
elements Lf , C1, and L1 (or C2 and L2) during the positive (or
negative) half cycle, i.e., fr, must be much higher than the grid
frequency fg and lower than the switching frequency fs. Now,
C1 (or C2) can be expressed as

C1,2 =
1

(2πfr)2(Lf + L1,2)
; fg < fr < fs. (33)

Cdc is the equivalent dc-link capacitance of the converter and
is calculated considering the permissible voltage ripple across
the dc-link (ΔVdc) and the grid frequency as follows:

Cdc =
PPV

2πfgVPVΔVdc
. (34)

As an example of the choice of components for the inverter
considering 20 kHz as the switching frequency, VPV = 100 V,
ΔVdc=5%, vo = 110 Vrms, and a maximum current ripple of Lf

of 2 A, the critical passive components are Lf = 2.9 mH, L1 =
L2 = 208 μH, C1 = C2 = 8.6 μF, and Cdc = 0.98 mF.

IV. COMPARISON OF THE PROPOSED INVERTER TO THE

STATE-OF-THE-ART

Some general information on the characteristics of the main
common ground PV inverters and the proposed inverter are
provided in Table I.

The main point of Table I is that the proposed converter
has the lowest active switch count without any limitation of
the voltage gain ratio or ability to support reactive power. The
proposed converter has only three switches and the use of their
body diodes is not required. The total semiconductor counts
of buck–boost voltage gain ratio converters, i.e., the proposed
converter [8], [10], [11], are 9, 7, 5, and 8, respectively. Although
the total semiconductor device count of [8], [10], and [11] is
lower than the proposed converter, they are not able to meet
the requirements of IEEE 1547-2018 in terms of reactive power
provision.

The voltage gain ratio and sensitivity of the voltage gain
comparisons are made between the proposed converter and the
main common ground PV inverters in Fig. 8. A higher value of
sensitivity means that the voltage gain changes more for a given
change in duty cycle. In other words, the variation in output
voltage of the digitally controlled converter will be greater for
a more sensitive voltage gain converter. Therefore, a converter
with more sensitive voltage gain may require a more accurate
control system with a high resolution microcontroller.

The gain voltage of the PV inverters, such as [9], [13]–[15],
is D. Therefore, the use of those converters is limited only to
step-down applications. Although the voltage gain of [21] is 2D
so that it is capable of stepping up the input voltage, the output
voltage is obviously limited to twice the input voltage. The
converter of [22] is not able to step up the input voltage during
the negative half cycle and it has a very sensitive voltage gain

TABLE I
COMPARISON AMONG THE MAIN COMMON GROUND INVERTERS

† S: switch, BD: body diode, SBD: series body diode, D: diode, L: inductor, C: capacitor.
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Fig. 8. (a) Voltage gain ratio. (b) Voltage gain sensitivity comparison.

ratio. The converters in [12] and [16] have the ability of step-up
operation, but the voltage gain is lower and more sensitive than
the proposed converter. As shown in this figure, the converter
in [20] does have a higher gain than the proposed converter
which is also more sensitive. Clearly, the voltage gain ratio of
the proposed converter is the same as that of [8], [10], and [11]
and is unlimited for any value of PV side voltage and has a very
low sensitivity of voltage gain with respect to duty cycle.

Based on the volt-var requirements of IEEE 1547-2018, even
during the normal operation, a grid connected distributed energy
resource (DER) should be able to inject or absorb reactive power.
Therefore, the converters in [8], [10]–[12], [14] type-3 [16], [22]
would need to be improved to have reactive power provision
capability (RPC) so that they can be used as DER grid connected
inverters.

Another comparison can be made between the proposed con-
verter and its main competitors based on normalized averaged
TVS (TVS/VPV) and normalized averaged TCS of semiconduc-
tor devices (TCS/Io) as shown in Fig. 9. Hence, the proposed
converter offers the lowest TVS/VPV. Also, TCS/Io of the
proposed converter is lower than the converter in [16] and lower
than the TCS of converter in [12] at the voltage gains lower than
0.8. It must be mentioned that the TCS/Io of converters in [10],
[11], and[21] is lower than the proposed converter. However,
the converter in [21] cannot achieve a voltage gain greater than
2 and converters in [10]–[12] are not able to support reactive
power for the ac grid.

Fig. 9. (a) Average voltage. (b) Current stress versus voltage gain.

Fig. 10. Average SDP versus voltage gain.

It is also useful to compare the SDP of the proposed converter
and the main competitor approaches. The SDP of a converter
should be as low as possible to reduce the cost of the semicon-
ductor devices. As it was mentioned in [23], in a good converter
design, the voltage and current imposed on a semiconductor
device are minimized, while the output power is maximized.
Fig. 10 shows the SDP curves of the other reported converters
and the proposed converter versus voltage gain. It is clear that
the proposed converter has the lowest SDP compared with the
other PV inverters.
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Fig. 11. Proposed DP-DBC control system.

Furthermore, as will be shown later, the measured maximum
efficiency is 97.5% for the proposed converter. Therefore, the
proposed converter presents a good balance between the com-
ponent count, voltage gain range, semiconductor device ratings,
common ground between PV side, and the output terminals and
efficiency, which makes it a very practical solution for a PV
power converter unit.

V. CONTROL SYSTEM DESIGN

The control of the proposed inverter includes the control of
output active and reactive powers. The overall diagram of the
proposed control system is shown in Fig. 11. The reference
value of active and reactive powers is calculated by the max-
imum power point tracking loop [24] and the volt-var setting,
respectively.

In the outer loop, the grid or reference voltage is fed to the
phase-locked loop to determine the phase and the amplitude of
the voltage, i.e., θ and |V |. By using |V | and θ and based on
references of Pref and Qref, the reference value of instantaneous
power can be obtained. Based on the instantaneous power the-
ory [25], the reference power can be obtained as follows:

S∗(t) =
2voα

v2oα + v2oβ
× (Prefvoα +Qrefvoβ). (35)

In the control system, a fast digital, simple yet efficient DP-
DBC concept is adopted for both half cycles as the inner loop.

The single-phase instantaneous power can be calculated as

S(t) = vo(t)× io(t). (36)

The derivative of S with respect to time can be expressed as

dS(t)

dt
=

dio(t)

dt
vo(t) +

dvo(t)

dt
io(t). (37)

Assuming sinusoidal grid voltages, α− β components of the
output voltage, voα and voβ , can be expressed as{

voα = Vm sinω0t
voβ = Vm cosω0t

(38)

where Vm represents the phase voltage amplitude and ω0 is the
grid angular frequency. Note that, in the case of a single-phase
system, voα is taken as the actual output voltage and voβ is
generated by introducing a quarter period phase shift.

Taking the derivative from (38) with respect to time, the
derivative of S(t) can be obtained

dS(t)

dt
=

dio(t)

dt
voα(t) + ω0voβ(t)io(t). (39)

In the positive half cycle, when S1 is ON, the voltage across
Lf can be determined as

vLf = Lf
dio
dt

= VPV + VC1 − vo. (40)

Therefore, the slope of power S during S1 ON-state
(δS1,ON) is

δS1,ON =
dS(t)

dt
=

VPV + VC1 − voα
Lf

voα + ω0voβio. (41)

When S1 is OFF and S3 is ON, the inductor voltage is

vLf = Lf
dio
dt

= −vo (42)

and OFF-state slope of S during S1 OFF-state (δS1,OFF) can be
expressed as

δS1,OFF =
dS(t)

dt
=

−voα
Lf

voα + ω0voβio. (43)

Similarly, in the negative half cycle, when the switch S2 is
ON, the voltage across Lf can be expressed as

vLf = Lf
dio
dt

= −VC2 − vo (44)

and when S2 is OFF and S3 is ON, the inductor voltage is

vLf = Lf
dio
dt

= −vo. (45)
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Fig. 12. Variation of instantaneous power S(t).

Fig. 13. Experimental prototype of the proposed converter.

TABLE II
EXPERIMENTAL TEST CONDITIONS AND PARAMETERS

The current slope of S during S2 ON-state (δS2,ON) and OFF-
state (δS2,OFF) can be expressed as

δS2,ON =
dS(t)

dt
=

−VC2 − voα
Lf

voα + ω0voβio (46)

δS2,OFF =
dS(t)

dt
=

−voα
Lf

voα + ω0voβio. (47)

As shown in Fig. 12, and based on predictive control the-
ory [26]–[35], the instantaneous power S at the next sampling
time (S[k + 1]) can be calculated from its current value (S[k]),
using the slopes in (40), (42), (45), and (46), i.e.,

S[k + 1] = S[k] + δS1,2,ONtON + δS1,2,OFF(1− tON) (48)

where tON is the S1 (or S2) ON-state dwell time.
The controller is intended to eliminate the error Se between

the reference instantaneous power (S∗) and S[k + 1], which

Fig. 14. Waveforms of VPV, vo, and io and output instantaneous power
(S) for (a) Pref = 500 W and Qref = 0 Var (PF = 1), (b) Pref = 400 W and
Qref = 300 Var (PF = 0.8 lagging), and (c) Pref = 400 W, Qref = 300 Var
(PF = 0.8 leading).

translates to

Se = S∗ − S[k + 1] = 0 ⇒
S∗ − S[k]− δS1,2,ONDTs − δS1,2,OFF(1−D)Ts = 0.

(49)

Then, tON and, consequently, the optimal duty cycle can be
obtained as

D =
(S∗ − S[k])− δS1,2,OFFTs

(δS1,2,ON − δS1,2,OFF)Ts
(50)

P : D =
Lf (S

∗ − S[k]) + (v2oα − Lfω0voβio)Ts

(VPV + VC1)voαTs
(51)

N : D =
Lf (S

∗ − S[k]) + (v2oα − Lfω0voβio)Ts

−VC2voαTs
. (52)

The grid side inverter instantaneous power controller aims to
track the Pref and Qref and shape the grid side current denoted as
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Fig. 15. iL1,2 and VC1,2 during DCM positive and negative half cycles.

Fig. 16. Voltage and current waveforms of switches and diodes.

io as a pure sinusoid. As shown in Figs. 11 and 12, the simple
dead-beat instantaneous power controller achieves this goal.

VI. EXPERIMENTAL VERIFICATION

To confirm the feasibility of the proposed common ground PV
inverter, a laboratory hardware prototype shown in Fig. 13 has
been implemented. The specifications of the proposed converter
and component parameters are presented in Table II.

Fig. 14(a) illustrates the performance of the proposed con-
verter grid connected, under unity power factor mode, steady-
state operation, and with output power references of 500 W
and 0 Var. It can be seen that the input PV side voltage is
100 V and the current of the grid is 4.54 A. Fig. 14(b) and (c)
shows the steady-state operation under 0.8 lagging and leading

Fig. 17. Transient waveforms from unity to (a) 0.8 lagging and (b) 0.8 leading
power factors.

Fig. 18. Transient waveforms in response to (a) step power jump from half-
load to full-load and (b) VPV jump from 100 to 180 V.

power factor, respectively (or 400 W and ±300 Var as the output
power references). It is clear from Fig. 14 that TSCG generates
highly sinusoidal current even considering that the grid voltage
is somewhat harmonically distorted.
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Fig. 19. Waveforms of operation performance based on volt-var setting of
IEEE 1547 for (a) +0.08 and (b) −0.08 changes of the grid voltage.

Fig. 20. Zoomed-in view of transient from negative to positive half cycles.

The voltage and current of the passive and active components
are shown in Figs. 15 and 16, respectively. These waveforms
validate the operation principle of the proposed converter which
is explained in detail in Section III.

The DCM operation of TSCG during the positive and the
negative half cycles are shown in Fig. 15. The values of VC1,2,
VPV, and vo with respect to D, d1, and d2 confirm the DCM
voltage gains of (10) and (20).

The transient performance of the proposed PWM and control
system has been investigated experimentally and the results are
shown in Fig. 17. A fast and smooth transient response from

Fig. 21. NPR of (a) lagging and (b) leading power factor.

unity power factor to 0.8 lagging is shown in Fig. 17(a) and
from unity power factor to 0.8 leading is shown in Fig. 17(b).

The transient response to a step change in the reference output
power and the PV side dc voltage are presented in Fig. 18(a) and
(b), respectively. Clearly, a fast-dynamic current performance is
achieved and the step change in the PV voltage has almost no
effect on the output current waveform. This verifies that the
DP-DBC controller, as already expected, offers a high dynamic
performance in response to any changes in the references, inputs,
and other disturbances.

As already mentioned, the proposed converter should be
capable of following the volt-var setting of IEEE 1547. Fig. 19
shows the performance of the proposed converter and control
system when the grid side voltage is increased or decreased
by ±0.08 of rated voltage. Based on the volt-var setting, the
proposed converter injects or absorbs 44% of the nameplate
power when the grid voltage level is decreased or increased,
respectively. In this case, grid voltage has been increased and
decreased to 118.8 and 101.2 Vrms, respectively; therefore, the
proposed converter absorbs and injects 220 Var to the ac grid.

With a closer look at the current waveform, one can detect
a very smooth mode transition from the negative to positive
half cycle as shown in Fig. 20. This ensures that the total
harmonic distortion (THD) of the proposed converter current
remains lower than 5%, and, in fact, the THD of injected grid
side current is 3.2%. Fig. 21(a) and (b) shows the zoomed-in
view of the grid side current and instantaneous power for 0.8
lagging and leading power factors, respectively. Again the grid
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Fig. 22. Harmonic spectrum of the grid side current at the rated power.

Fig. 23. Leakage and the PV side current waveforms.

current experiences a negligible distortion at transitions from
the negative to the positive half cycles of current and in the
NPR regions. The measured grid side current harmonic spectrum
under rated output power level is shown in Fig. 22. Clearly, the
grid current harmonic components are lower than IEEE 1547
limitations.

Based on the approach used in [10] and [21], the measured
leakage current waveform through the parasitic capacitors at
the positive (Cp) and negative (Cn) terminals of the PV side
are shown in Fig. 23. As we expect, the leakage current of the
proposed common ground inverter is zero.

Measured peak efficiencies of 96.8% and 97.5% are achieved
for the proposed converter when VPV = 100 and 180 V, respec-
tively, and these peak efficiencies occur at 300 W loading which
can be seen from Fig. 24(a). The power loss breakdown of the
proposed converter at the rated power is presented in Fig. 24(b).
It can be seen that a large portion of the losses is attributed to
the power loss of S1,2,3.

The sensitivity analysis based on the mismatch of inductance
value (i.e., ΔLf ) and THD of the injected current is shown in
Fig. 25. As can be seen in this figure, even while considering

Fig. 24. Proposed converter. (a) Efficiency curve. (b) Loss break down.

Fig. 25. THD of io versus the mismatch value of Lf .

±50% error in the estimated value ofLf , the proposed converter
performs as well as a standard grid connected inverter.

VII. CONCLUSION

In this article, the first TSCG PV inverter with the capability of
supporting reactive power provision to the ac grid is presented.
This converter also has the benefits of using a low number of ac-
tive switches. The proposed converter has utilized a direct power
dead-beat controller which ensures smooth and accurate control
for the grid side power. Active and reactive power regulation has
been successfully demonstrated using the developed prototype.
The prototype converter has a maximum efficiency of 97.5% and
96.8% at Vdc = 180 and 100 V, Vrms = 110 V, Pout = 500 W, and
fs = 20 kHz. The measured waveforms from the prototype have
validated the analysis and operation of the proposed converter.
The advantages of the proposed converter in terms of common
grounding, consequent mitigation of the leakage current issue,
and supporting reactive power to the ac grid by using of only
three active switches makes it a versatile topology compared
to previously published converters. The use of more diodes or
passive components is a drawback for the proposed converter.
However, the lower active switch count means that the proposed
converter can be implemented with a lower complexity control
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system, and a lower count of auxiliary driver circuits and fault
protection circuits, and a lower switching losses.
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