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ABSTRACT

The main aim of project is dc component is a
special issue in transformer less grid-connected
photovoltaic (PV) inverter systems and may
cause problems regarding system operation and
safety. This paper has proposed an effective
solution to minimize the dc component in three-
phase ac currents and developed a software-
based approach to mimic the blocking capacitors
used for the dc component minimization, the so-
called virtual capacitor.. A proportional integral-
resonant controller is further designed to
regulate the dc and line-frequency component in
the current loop to provide precise control of the
dc current. The proposed method has been
validated on a 10-kVA experimental prototype,
where the dc current has been effectively
attenuated to be within 0.5% of the rated current.
The total harmonic distortion and the second-
order harmonic have also been reduced as well
as the dc-link voltage ripple. Grid connected
photovoltaic (PV) systems often include a line
transformer between the power converter and
the grid. The transformer guarantees galvanic
isolation between the grid and the PV systems,
thus fulfilling safety standards. Furthermore, it
ensures that no direct current (dc) is injected to
the grid . However, the low-frequency (50 or 60
Hz) transformer is bulky, heavy, and expensive

and its power loss brings down the overall
system efficiency.

Index terms: Grid connected PV inverter, PIR
controller, virtual capacitor, harmonics

LINTRODUCTION

There are several issues associated
with transformerless structures, such as dc
component in the inverter output (grid) current,
ground leakage current (due to common-mode
voltage and parasitic capacitance), and the
voltage-level mismatch between the solar panel
(inverter) and grid. Among them, the dc
component can affect the normal system
operation and cause safety concerns. Standards
have therefore been established in many
countries to limit the level of the dc component,
for example, below 0.5% of the rated output
current (e.g., IEEE Standard 1547-2003).
Therefore, this paper will investigate effective
solutions to minimize the dc component in a PV
system. The dc component can have negative
impacts on the power system in the following
ways: 1) The dc component can affect the
operating point of the transformers in the power
system. The transformer cores are driven into
unidirectional saturation with consequent larger
excitation current. The service lifetime of the
transformer is reduced as a result with further
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increased hysteresis and eddy current losses and
noise. 2) The dc component can circulate
between inverter phase legs as well as among
inverters in a paralleled configuration. The dc
component circulation affects the even current
and loss distribution among paralleled inverters.
3) The dc component injected to the grid can
affect the normal operation of the loads
connected to the grid, for example, causing
torque ripple and extra loss in ac motors. 4) The
corrosion of grounding wire in substations is
intensified due to the dc component. There are
several sources leading to the dc components in
grid-connected inverters:

1) asymmetry in the switching behavior of
power semiconductor devices,

2) imparity in gate driver circuits,
3) device turn-on and turn-off delays,

4) nonidentical device voltage drops (on-state
resistance, saturation voltage, etc.), and

5) sampling biases from the ac current and ac
voltage sensors, etc.

Minimization of the dc component in
transformerless PV inverters has been
extensively investigated in literatures. Several
solutions have been developed which can be
grouped
into two categories: passive methods and active
methods. For example, coupling transformers
and blocking capacitors are inserted on the
inverter ac side to minimize the dc component.
The main disadvantage of this kind of passive
methods is the increased cost, weight, and
physical size of the system as well as extra
power loss. There are other methods by using
alternative or special inverter topologies such as

two-level or three-level half-bridge
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configurations, which are not extendable to other
inverter topologies. Regarding active methods,
auto calibrating techniques for dc-link sensors in
two-level and three-level single-phase inverters
were proposed which are effective to minimize
the dc component caused by sampling biases of
the ac current sensors. However, these methods
are not suitable for the dc component caused by
other sources, e.g., asymmetry in switching
behavior and an extra dc-link current sensor is
required. The authors use different methods to
extract the dc component from the output
current, and add feedback compensation to
minimize it, which are only used in single-phase
systems. To the authors’ knowledge, at the time
of writing, only the technique in is for three-
phase systems, which detects and uses the line-
frequency voltage ripple on the dc-link to build
an indirect feedback loop to compensate the dc
component of the output current. However, since
the dc components are not measured and
feedback directly, the method cannot guarantee
that the dc component in each phase is
minimized effectively.

I1I. OPERATION OF PROPOSED SYSTEM

A typical three-phase transformerless PV
inverter system is shown in Fig. The PV array is
connected to the grid via a threephase voltage-
source two-level inverter and an LCL filter. The
capacitors of the LCL filter can be configured
with a delta or star connection. In this paper, a
delta connection is used to reduce the required
capacitor and cost as opposed to the star
connection, which has the benefit of smaller
short-circuit current. The dual closed-loop
control strategy, which comprises a current loop
and a dc-link voltage loop in the synchronous
rotational frame, is a relatively common control
strategy in three-phase PV inverters
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Fig. 1. Transformerless three-phase PV inverter system.

In order to analyze the impact of dc components on the threephase PV systems, the dc
components have been added in the system model in addition to the line (fundamental)-frequency
components. If other harmonics are neglected and only the dc and line-frequency components are
concerned, F can be defined as an electrical variable (e.g., for ac-side voltage and current) and is
expressed as in (1) in each coordinate (three-phase stationary (abc), two-phase stationary (af), and two-
phase rotational (dq))

F,=Fo+F

Frl = Fn(l +Fnl E{ :Rm +R”
AR T +Fy | F,=Fy+F
F.=Fy+Fa A Ao il q q0 ql

(1)

where the subscript 0 denotes the dc component and the subscript 1 denotes the line-frequency
component. Note that the zero component in conventional coordinate transformation is
not taken into account due to the three-wire system. If there are dc components in the abc coordinate, they
will also exist in the form of dc or Iline-frequency components in «f and dg
coordinates, respectively. In a three-phase three-wire system, there is no current flowing through the
neutral point and hence

Fo+Fg+Fy=0

(2)
Fu+Fi+F; =0

With (1) and (2), the coordinate transformations of the dc components from abc coordinate to af
and dq coordinate can be expressed as
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where 6 is the angle between the dgq coordinate and abc coordinate, for example, the grid angle in
a grid-voltage oriented vector control. As seen in (3) and (4), by the coordinate transformation, Fa0, Fb0,
and FcO (dc components) in the stationary abc frame can be transformed into Fo0 and Fp0 in the
stationary of frame and then Fdl and Fql (line-frequency) in dg frame. Therefore, the voltage and
current in the control loop of each frame will contain both dc and line-frequency components. The
synthesized vector F of dc components can be decomposed in the frames shown in Fig, where F is a
stationary vector. Since the dg frame rotates anticlockwise, the dc component in the synchronous dg
frame appears in the form of a negative-sequence line-frequency component. According to the
instantaneous power theory [26], [27], the system active power pac and reactive power gac can be
expressed in (5) and (6) in the dg frame, where the mark “” and the mark “x” are the inner and outer
product of vectors, respectively

T
3| Ua I,
Pac= = : =

21U, I, Ugp + Ugy tgn + ig1

T . .
wdn + g1 tdn + td1

b | S

HI.DC COMPONENT MINIMIZATION STRATEGY BASED ON DC COMPONENT FEED-
FORWARD AND PIR CONTROLLER

In the control strategy shown in Fig, an accurate dc component measurement and extraction is the key to
implement the virtual capacitor concept and achieve the overall dc component minimization. As
mentioned, the dc component needs to be minimized within 0.5% of the rated output current (e.g., IEEE
Standard1547-2003). Compared with the ac component, the dc component is very small and an accurate
dc component extraction is challenging.

DG component e ed-formard

Fig 2.DC component minimization strategy based on dc component feed-forward and PIR controllers.
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In PV inverters, the Hall-effect current sensors are widely used to measure the ac-side currents
(including both ac and dc components) due to their smaller size, isolated output, and wide bandwidth
(e.g., from dc to several hundred kilohertz). In this paper, an integral method based on the sliding window
iteration algorithm is used to accurately extract the dc component from the ac-side currents. Taking the
ac-side Phase A current ia, for example, ia can be expressed as in (18) if considering both the dc
component and other ac components of different frequencies (e.g., harmonics)

HIL.SIMULATION RESULTS
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Fig 3. MATLAB/SIMULATION Circuit diagram of proposed system

Fig 4. Three-phase grid-side currents in the grid-connected PV inverters
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Fig 5. single phase voltage
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Fig 6. DC link voltage simulation and theretical

IV.CONCLUSION

The dc component can introduce line-frequency power ripple in the system and further cause dc-link
voltage ripple and second-order harmonics in the ac currents. A softwarebased “virtual capacitor”
approach has been implemented to minimize the dc component via a feed-forward of the dc component.
The dc component can be accurately obtained using the sliding window iteration and double time integral
even under frequency variation and harmonic conditions. A PIR controller has been designed to enable
the precise regulation of both the dc and line-frequency components in the d-g frame. Experimental
results have validated the proposed method, where the dc component has been reduced below 0.5% and
the dc-link voltage ripple has been attenuated as well. The proposed method can be well adopted in the
existing PV systems for dc component minimization by adding software programs for dc-component
extraction, dc-component feedforward term as well as the resonant controller in the current control loops.
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