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Abstract—The dc component is a special issue in transformerless
grid-connected photovoltaic (PV) inverter systems and may cause
problems regarding system operation and safety. IEEE standard
1547-2003 has defined the limit for dc component in the grid-side
ac currents, e.g., below 0.5% of the rated current. The dc compo-
nent can cause line-frequency power ripple, dc-link voltage ripple,
and a further second-order harmonic in the ac current. This pa-
per has proposed an effective solution to minimize the dc compo-
nent in three-phase ac currents and developed a software-based
approach to mimic the blocking capacitors used for the dc com-
ponent minimization, the so-called virtual capacitor. The “virtual
capacitor” is achieved by adding an integral of the dc component
in the current feedback path. A method for accurate extraction of
the dc component based on double time integral, as a key to achieve
the control, has been devised and approved effective even under
grid-frequency variation and harmonic conditions. A proportional-
integral-resonant controller is further designed to regulate the dc
and line-frequency component in the current loop to provide pre-
cise control of the dc current. The proposed method has been val-
idated on a 10-kVA experimental prototype, where the dc current
has been effectively attenuated to be within 0.5% of the rated cur-
rent. The total harmonic distortion and the second-order harmonic
have also been reduced as well as the dc-link voltage ripple.

Index Terms—Controller, dc component, proportional-integral-
resonant (PIR) transformerless three-phase PV inverters, virtual
capacitor.

I. INTRODUCTION

RID-CONNECTED photovoltaic (PV) systems often in-
G clude 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. Fur-
thermore, it ensures that no direct current (dc) is injected to the
grid [1]. However, the low-frequency (50 or 60 Hz) transformer
is bulky, heavy, and expensive and its power loss brings down
the overall system efficiency. To eliminate the transformer and
to achieve cost, size, and weight reduction as well as efficiency
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improvement, the research and interest on “transformerless”
power conversion is growing [1]-[5].

There are several issues associated with transformerless struc-
tures, such as dc component in the inverter output (grid) current,
ground leakage current (due to common-mode voltage and par-
asitic capacitance), and the voltage-level mismatch between the
solar panel (inverter) and grid [2], [6]. Among them, the dc com-
ponent 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) [7], [8]. Therefore, this paper will investigate effec-
tive 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 [9], [11]:

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 trans-
former is reduced as a result with further increased hys-
teresis and eddy current losses and noise.

2) The dc component can circulate between inverter phase
legs as well as among inverters in a paralleled config-
uration. 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 nor-
mal operation of the loads connected to the grid, for ex-
ample, causing torque ripple and extra loss in ac motors.

4) The corrosion of grounding wire in substations is intensi-
fied due to the dc component.

There are several sources leading to the dc components in
grid-connected inverters: 1) asymmetry in the switching behav-
ior of power semiconductor devices, 2) imparity in gate driver
circuits, 3) device turn-on and turn-off delays, 4) nonidenti-
cal device voltage drops (on-state resistance, saturation voltage,
etc.), and 5) sampling biases from the ac current and ac voltage
sensors, etc. [12]-[16].

Minimization of the dc component in transformerless PV
inverters has been extensively investigated in literatures [12].
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 compo-
nent. 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
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alternative or special inverter topologies such as two-level or
three-level half-bridge configurations [1, 17], which are not ex-
tendable to other inverter topologies. Regarding active methods,
autocalibrating techniques for dc-link sensors in two-level and
three-level single-phase inverters were proposed in [13] and
[14], 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. In [16] and [18]-[22], the
authors use different methods to extract the dc component from
the output current, and add feedback compensation to mini-
mize it, which are only used in single-phase systems. To the
authors’ knowledge, at the time of writing, only the technique
in [15] 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. The dc
component minimization methods of single-phase PV invert-
ers differ from that of three-phase PV inverters. In three-phase
PV inverters, dc component may exist in each phase and flow
between phases. It is more challenging to minimize the dc com-
ponent for all the three phases at the same time due to their
couplings.

Among the above solutions, “virtual capacitor” concept was
proposed in [22] to minimize the dc component in single-phase
PV inverters. It replaces the physical capacitor which could
block the dc component on the ac side with a novel control
strategy. Based on that, this paper further analyzes the differ-
ence and challenges of using this method for three-phase inverter
systems and extends the control strategy to three-phase PV in-
verters by integrating the extracted dc component and adding it
in the current feedback path. A proportional-integral-resonant
(PIR) controller is also designed to provide a precise control for
both dc and line-frequency signals [23], [24].

Note that though the dc component minimization method can
be implemented in each phase, e.g., by a per-phase PI controller,
this paper specifically investigates how to implement that in a
synchronous rotational frame (d, g frame) where existing three-
phase PV inverters control systems are normally based, e.g.,
with a dual closed-loop control. Therefore, the proposed dc-
component minimization method can be relatively easily added
to the existing three-phase systems. The virtual capacitor am-
plifies the dc component in the feedback loop to achieve an
effective minimization of the dc component. A comprehensive
method to design the virtual capacitor and the PIR controller
with simple implementation has been given in this paper.

In the proposed control strategy, an accurate dc component
measurement and extraction is critical. Several methods can be
used to measure the dc component, e.g., by shunt resistors [18],
voltage transformers [19], mutual coupled inductors [20], and
integral methods [8], etc. Among them, only the integral meth-
ods do not need extra hardware. However, the performance of
the conventional integral method based on fundamental-period
integral degrades under line-frequency variations. In this paper,
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Fig. 1. Transformerless three-phase PV inverter system.

a new integral method based on the sliding window iteration
algorithm and double time integral is presented. This method is
effective in the extraction of the dc component even for currents
with frequency fluctuations and harmonics.

The paper is structured as follows. The impact of the dc
component on the system power flow is analytically derived in
Section II and a line-frequency power ripple is found at both dc
and ac sides of the inverter. Then, the virtual capacitor concept
and its application in single-phase systems are explained, based
on which a dc component minimization strategy for three-phase
systems has been developed in Section III. Section IV presents
an accurate dc component extraction method based on the slid-
ing window iteration algorithm, which is critical to achieve the
proposed dc-component minimization. In Section V, a PIR con-
troller is designed based on the system model to meet both
dynamic performance as well as current-loop stability, and also
the design of the dc-link voltage loop is described. The effec-
tiveness of the proposed strategy for the dc component mini-
mization has been experimentally validated on a 10-kVA solar
power generation system and the results are given in Section VI.

II. IMPACT OF THE DC COMPONENTS ON PV SYSTEMS

A typical three-phase transformerless PV inverter system is
shownin Fig. 1. The PV array is connected to the grid via a three-
phase 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
[25].

In order to analyze the impact of dc components on the three-
phase 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 («/(3), and two-phase rotational (dg))

Fa:Fa()+Fal P - F J
a — a0 al d — £do dl

Fy = Fyo + Fin ,{ ,{

Fc:FcO+FC,1 Eg:F30+Fﬂl EI:Fq0+Fq1

ey
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where the subscript 0 denotes the dc component and the sub-
script 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 line-frequency components in a3 and dg
coordinates, respectively.

In a three-phase three-wire system, there is no current flowing

through the neutral point and hence
Foo + Fyo + Feo =0 )
Fo + Fy + Fp =0.

With (1) and (2), the coordinate transformations of the dc
components from abc coordinate to o3 and dg coordinate can
be expressed as

1 —1 —1 1 FaO
Fao 2 2 2 i
Y b
Fﬁo 3 0 @ _@ 0
2 2 1 LEew
Fn,[) )
X2Fy — L2F,
5 Fbo = =~ Feo |
3)
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Fyy 2| cosf sind 1 3 T3
Iy 3| —sinf cosh 0 @ 7@
2 2
Fuo F,ocosf + @(Fbo — F,)siné
Fyo
3
Fl.o %(Fbo — F.9)cos® — F,psinf

“)

where 6 is the angle between the dg coordinate and abc coor-
dinate, for example, the grid angle in a grid-voltage oriented
vector control.

As seen in (3) and (4), by the coordinate transformation, F},
Fyo, and Fy (dc components) in the stationary abc frame can
be transformed into F, o and Fj in the stationary a3 frame
and then Fy; and Fj; (line-frequency) in dq 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 decom-
posed in the frames shown in Fig. 2, where F is a stationary
vector. Since the dq frame rotates anticlockwise, the dc com-
ponent 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 p, . and reactive power q, . 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 Ug I,
2|0, I,

3 | wdo + uq1 140 + a1
Pac = = 5

Uqo + Uqg1 g0 + ig1
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F is stationary.

Fig. 2. Coordinate transformation of dc components.

3 . . . . . .
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DC component Line—frequency fluctuation
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—_——

2nd fluctuation
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DC component Line—frequency fluctuation

(6)

+ Ug1tg1 — Ug1iq1
—_———
2nd fluctuation

As seen, both the active and reactive power contains a constant
dc power (desired), a line-frequency, and a second-order power
fluctuation due to the dc component in the voltage and current
(undesired). Further, with grid-voltage orientated vector control
under unity power factor operation for PV applications, where
ugo = 0, iq0 = 0, (5), and (6) can be simplified to (7) and (8) if
assuming the second-order fluctuations is negligible compared
to the other two components

3 . . .
Pac = o Udoldo  +  Udola1 + Ud1ldo (7
2 —— N— ——
DC component  Line—frequency fluctuation
3 . .
e = 5 Uq1tdo — Ud0lql (8)
—_———

Line—frequency fluctuation

As seen in (7) and (8), line-frequency fluctuations will appear
in both active power p,. and reactive power g,. when the dc
components in the ac voltage and ac current are considered.
The reactive power only circulates in the inverter phase legs at
the ac side and does not affect the dc side. In comparison, the
line-frequency active power fluctuations will impact the dc-link
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Fig.4. Virtual capacitor concept of a single-phase grid-connected PV inverter:
(a) circuit diagram of a single-phase grid-connected PV inverter with the block-
ing capacitor, (b) current control loop diagram, and (c) equivalent transformation
of the current control loop with virtual capacitor concept.

power, e.g., causing voltage ripple in the dc-link [15], which in
return will generate a second-order harmonic in the ac current
[28]. Therefore, effective solution to minimize the dc component
is important apart from the reasons given in the introduction
part. The impact of dc components on PV systems is illustrated
in Fig. 3.

III. MINIMIZATION OF DC COMPONENT IN THREE-PHASE
GRID-CONNECTED PV SYSTEMS

A. Virtual Capacitor Concept of Single-Phase
Grid-Connected PV Inverters

One way to block the dc component is to put a capacitor C
in series with the ac side of the inverter as shown in Fig. 4(a).
However, in order to reduce the capacitive reactance at other fre-
quencies, the capacitor value needs to be large, which increases
the size and cost of the system. This series capacitor may also
affect the system dynamic response and reduce transmission
efficiency [18]. Nevertheless, the physical capacitor can be re-
placed by software-based method and advanced control strategy
which mimics the operation of the series capacitor in a single-
phase PV system [22].

3987

: Inverter ' Grid
J T ’ i -
PV array 1 v, L L: -~ &,
»- e — |
V, [ e,
b b b
" J > o e }
v, L €,
> = =
.
C,

Fig. 5. Circuit diagram of a three-phase grid-connected PV inverter with
blocking capacitors.

The circuit diagram of a single-phase PV inverter with a
blocking capacitor is shown in Fig. 4(a). The ac-side mathemat-
ical model in the time and frequency domain can be expressed
as in (9) and (10), respectively

dic, 1 [ L
LE+5\/ZOdt+RZQ*eg*UO (9)
Cs
() = 7o Ros 7118 — Vo)l (0)

where v, and i, are the inverter output voltage and current,
respectively; e, is the gird voltage; V,(s), I,(s), and E, (s) are
the Laplace transforms of v,, 7,, and e, in the frequency domain,
respectively; L is the filter inductance; R is the line equivalent
resistance; and C is the blocking capacitor. Substituting the
operator s in (10) with jw, I, (jw) equals zero when w = 0 (dc).
This indicates that the blocking capacitor can minimize the dc
component effectively.

The current control loop diagram of the single-phase PV
inverter with the blocking capacitor is shown in Fig. 4(b),
where 7 is the reference current; G(s) is the controller trans-
fer function, and Kpyy s is the gain of pulse width modula-
tor. If the capacitor voltage feedback terminal (1/Cs) is moved
to the front of the pulse width modulator (Kpw1r), the con-
trol diagram can be equivalently transformed to the struc-
ture shown in Fig. 4(c). As seen, the blocking capacitor C in
Fig. 4(b) is replaced with an integral and feedback block, the
so-called virtual capacitor. This virtual capacitor can be im-
plemented with software-based method and avoids the uses of
physically large and expensive ac capacitors to block the dc
component.

B. Mathematical Model of the Three-Phase PV Inverter
With Blocking Capacitors in the Synchronous Frame

Based on the virtual capacitor concept in the single-phase
system, this section aims to derive the three-phase system
models with blocking capacitors in different frame and ex-
amine the suitability of applying the virtual capacitor con-
cept to three-phase systems in each frame. Fig. 5 shows the
circuit diagram of a three-phase PV inverter with blocking
capacitors (C).

When deriving the mathematical model, the well-damped
LCL filter in Fig. 5 is treated as an equivalent L filter at low
frequencies [29]. The time-domain ac-side average model [30]
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in the stationary abc frame can be expressed as

Ldza

C/zadt+Rza—ea—va

d
le C/Zbdt—l—sz—eb—Ub

d(
Li—i-c/z(dt—l—ch—e( — Ve

QY

where L is the equivalent inductance, which includes the
inverter-side inductance L; and the grid-side inductance Lo.
The definitions of other variables in (11) are denoted in Fig. 5.
Especially, v,, vy, and v, are the average values of inverter side
voltage over a switching period. Note that the inverter duty cy-
cle is not included in the average model in (11) to simplify the
control design. A more rigorous inverter small-signal model can
be found in [31].

With the coordinate transformation, the system mathematical
model in stationary a3 frame is given in

dig
LL—i—C/Zth—i—Rza—ea—va

d’Ls

(12)
Li-‘r C/Zﬁdt-‘rRZj =eg — v3.

In order to further derive the models in frequency domain
on the synchronous rotational dg frame, complex vectors are
synthesized from scalars in o3 and dg frame as shown in

{faﬁzfa +jfﬂ (13)

qu :fd +]fq

where fis a general complex vector which can represent voltage
and current.

With the complex vector expression in (13), the system model
in -0 frame in (12) can be transformed to the complex vector
form as given in

d.a/ 1 . .
L top — /’L”‘gdt+R’laﬂ = €n3 — Vagj- (14)

i T C

Correspondingly, the mathematical model in the frequency
domain in the a3 frame is given by

Cs
LCSQ + RCS + 1 [E(U3 (8) - Va,ff(s)]

Los(s) = s)

If the operator s of the stationary o3 frame in (15) is sub-
stituted by the operator s + jw in the synchronous frame [32],
(15) can be transformed to (16) for the dg frame

C(s+jw)
LC(s+ jw)®> + RC(s+ jw) + 1
X [Edq(s) - qu(s)].

qu(s) =
(16)

Substituting (13) into (16), the mathematical model for the
three-phase system with blocking capacitors in dgq frame can be
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derived as

I;(s)(LCs* + RCs — LCw? + 1) — I,(s)(2LCws

+ ROW) = [Ea(s) — Va(s)|Cs — [Ey(s) — Vy(s)|Cw
I,(s)(2LCws + RCw) + 1,(s)(LCs* + RCs — LCW?
+1) = [Ea(s) = Va(s)]Cw + [Ey(s) — Vy(s)]Cs.

A7)

As shown in (17), after adding blocking capacitors to the ac
side of the power circuit, there are strong couplings between
the d-axis and g-axis (e.g., iq, %), wWhich is very difficult to
be decoupled. This indicates that the virtual capacitor concept
applied to the three-phase inverters should not be in the standard
synchronous rotational dg frame but in the stationary abc frame.

C. DC Component Minimization in Three-Phase PV Inverters
With DC-Component Feed-Forward and PIR Controllers

Based on the above analysis, this section investigates how
to implement the “virtual capacitor” concept for three-phase
systems in the stationary frame and to be further integrated to
the standard PV inverter current control loop in the dg frame
with a PIR controller.

The standard three-phase inverter current loop normally
adopts a proportional-integral (PI) controller in the dg frame to
regulate the d-axis and g-axis currents. The PI controller in dg
frame is equivalent to a proportional-resonant (PR) controller in
the stationary abc frame [33, 34], given the resonant frequency
of the R controller is selected as the line frequency (rotational
frequency). Therefore, the current control loop of three-phase
inverters with blocking capacitors in stationary abc frame can
be represented as shown in Fig. 6(a), where the variables with
the subscript abc denote the vectors of the three-phase voltages
and currents. The gain of the pulse width modulator (Kpwr)
is assumed to be unity to simplify the derivation.

The PR controller is effectively a proportional (P) controller
if only the dc component is taken into account, and the diagram
for the dc component is shown in Fig. 6(b), where the variables
with the subscript abc0 denote the vectors of the three-phase dc
components. If the capacitor voltage feedback terminal (1/Cs)
in Fig. 6(b) is moved to the feedback path as shown in Fig. 6(c),
where Kp is the proportional gain, the physical blocking ca-
pacitor C in Fig. 6(b) can then be replaced with an integral and
a feed-forward term (algorithm). Thus, the virtual capacitors
are achieved in a three-phase PV system in the stationary a-b-c
frame.

To achieve the zero steady-state error for the dc component,
Fig. 6(d) replaces the P controller in Fig. 6(c) with an inte-
gral (I) controller. Then, in order to apply the dc component
minimization method to the standard dual closed-loop control
system in a synchronous frame, Fig. 6(d) is then transformed to
a mixed abc and dg frame as shown in Fig. 6(e). The reference
current %.,.., the grid voltage €40, and the current controller
is implemented in synchronous frame (2., €4bc0, and the I
controller are transformed into i:}ql, €441, and the R controller,
respectively). The “virtual capacitor” in the feedback path is
still implemented in the stationary a-b-c frame.
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Virtual capacitor implementation for a three-phase PV inverter: (a) current control loop in stationary a-b-c frame, (b) dc component control loop in

stationary a-b-c frame, (c) equivalent transformation of the dc component control loop with virtual capacitor, (d) dc component control loop based on an integral

(I) controller, and (e) dc component control loop in a mixed frame (d-q and a-b-c).

With this approach, the standard three-phase inverter con-
trol structure based on the dg frame can still be used. Only an
additional R controller needs to be added to the conventional
PI controller. In addition, a feed-forward term, representing the
virtual capacitor, has been added to the current feedback path as
shown in Fig. 6(e).

The new control structure based on the dc component feed-
forward (in the feedback path of the inverter-side current [35])
and PIR controllers for dc component minimization is shown in
Fig. 7. As derived in Section II, the dc component in the ac-side
currents will appear in the inner current control loop (e.g., 24,
14) in the form of a negative-sequence line-frequency current.
Therefore, the R controller and PI controller are combined into
a PIR controller to provide a precise control for both the dc and
line-frequency (negative sequence) signals for the current loop.
The virtual capacitor concept is implemented by integrating
the measured dc component, which is added as a feed-forward
term on the feedback path, as shown in the dashed rectangle in
Fig. 7. In the outer voltage loop, a PI controller is used to enable
the dc link voltage uq, to track the reference voltage uy., thus
achieving maximum power point tracking (MPPT).

In Fig. 7, K is the integral gain of the dc component and
Ky = 1/C. The larger the value of K| is, the smaller the virtual
capacitor is, and the faster the integrator responses. However,

smaller virtual capacitor will lead to larger fluctuations in the
steady-state errors. On the other hand, smaller K, means larger
virtual capacitor and slower integral responses. The steady-state
errors become smaller and a stable operation of the PV systems
is achieved. Since the dc minimization does not need a very fast
response, a relatively small value of K, (large virtual capacitor)
is suggested in this paper.

IV. DC COMPONENT EXTRACTION BASED ON SLIDING
WINDOW ITERATION

In the control strategy shown in Fig. 7, an accurate dc com-
ponent measurement and extraction is the key to implement
the virtual capacitor concept and achieve the overall dc com-
ponent 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. In PV inverters, the Hall-effect cur-
rent 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) [36]. In this paper, an integral method based
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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 i,,, for example, i, can be
expressed as in (18) if considering both the dc component and
other ac components of different frequencies (e.g., harmonics)

Qo =0+ Y Ipsin(2rhfit+on) (18)
h=1,2,3-

where i, is the dc component, f; is the line frequency. I, h f1,
and ), are the amplitude, frequency, and phase angle of the fun-
damental and harmonic components. Averaging the integration
of (18) in the interval from #; to ty + 7" yields

to+T to+T
*/ Zadt |:/ ia()dt
to

to+T
+/ Z I, Sin(27‘f’hf1t+%0h)dt .(19)

0 p=1,2,3-
When T' = Ty = 1/ fi, the second term in the right side of
(19) becomes

to+T1
/ Z I, sin(2mh fit + ¢ )dt = 0. (20)

to h=1,2,3...

Hence, with (19) and (20), the dc component 7,y can be

obtained by
1 /t(» +T .
— g dt.
T1 to

The next step is to implement the expression in (21) to obtain
the dc component ¢, accurately without significant calculation
burden. If assuming the number of sampling times in a funda-
mental period (1) is N, dt in (21) can be substituted by the
sampling interval At and At = T1/N. If 7 is defined as #/N,
then I, (k) is the kth sampling value. Substituting the definite

ta = @

b+

iy
[e—— -

DC component feed-forward 4

DC component minimization strategy based on dc component feed-forward and PIR controllers.

integration in (21) by the accumulation of the integrand, the
discrete expression of 7, is given by

L L Vo
w0 = TA7 ]; in(kT) A = = k:ZO i (k7). (22)

To achieve a real-time dc component extraction, (22) should
accumulate the sampling values for N—-1 times in one fundamen-
tal period. The amount of calculation is therefore significant
given a high sampling frequency. To decrease the amount of
calculation, sliding window iteration is used in (23) to replace
(22)

1 Neur
g0 = N Z lq (k‘T)
k=N —N+1
1 S . . .
- N Z la (kT)_Z“ [(NCUT - N>T] + 14 (NcurT)
=Ncur—N

cur

(23)

where N, is the sliding pointer which represents the current
sampling point. After completing the summation of one funda-
mental period for initialization, N-1 additions of (22) is simpli-
fied as one addition and one subtraction of (23). As a result, the
amount of calculation is reduced. The dc component calculation
method based on the sliding window iteration is illustrated in
Fig. 8.

If the frequency of the fundamental component is constant
(e.g., fixed 50 or 60 Hz), the above calculation method is effec-
tive and accurate regardless of harmonic components. However,
in practice, the line frequency may vary in a certain range (e.g.,
within 1%). Even though this variation is small, it will degrade
the performance of the method. To test the performance of the
dc-component extraction method under line-frequency deriva-
tion, the line frequency f; is set to be 49.5 Hz. The measured
ac-side current signal ¢, is assumed to be in the form as shown
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iteration.

Diagram of the dc component calculation based on the sliding window

in (24), which contains a dc component (step signal at 0.08 s), a
fundamental component (f; = 49.5 Hz), and fifth- and seventh-
order harmonics

1o = 0.5¢(t — 0.08) 4+ 10sin(27 fit) + 1.5sin(107 f1t)
+0.5sin(147 f1 )
(24)

The dc component extraction method is implemented and
tested in MATLAB/Simulink. Simulation results of the dc com-
ponent extraction method under frequency deviation and with
harmonics [in the form of (24)] are shown in Fig. 9. Fig. 9(a)
shows the measured ac-side current signal which contains fifth-
and seventh-harmonics as well as a dc component appearing
from 0.08 s. Fig. 9(b) shows the dc component in the current
signal with amplitude of 0.5 A. Fig. 9(c) shows the simulation re-
sults of the dc component extraction method. As seen, although
the average value of the dc component is estimated correctly
as 0.5 A, line-frequency fluctuation exists in ¢, because of the
frequency deviation. However, compared to the original current
i, in Fig. 9(a), the ac components (including the harmonics)
have been attenuated effectively. To further eliminate the ripple
on the extracted dc component in Fig. 9(c), a second time inte-
gral is added over the result obtained in Fig. 9(c), with which
the ripple can be effectively attenuated, and the result is shown
in Fig. 9(d). As seen, the exact dc component can accurately
reflect the original dc signal [shown in Fig. 9(b)] after a short
transition time.

Note that the measuring time of one time integral is one line-
frequency period 77, and double time integral requires 277.
With more integral times, the precision of the measurement is
higher but the measuring time is longer. In practice, two time
integrals can achieve both satisfactory precision and measuring
speed.

In addition, dc biases (offset) in sensors, signal conditioning
circuits, and A/D chips have negative impact on the component
measurement as well. These biases should be calibrated either
online or offline and need to be subtracted from the measuring
results. In this way, the influence of the biases can be eliminated.

V. PIR CONTROLLER DESIGN

As mentioned, when taking the dc component in the ac-side
currents into account, the current loop in the dg frame is com-
posed of both a dc component and a line-frequency component
(negative sequence). The dc component in the rotational frame
comes from the line-frequency ac components in the phase cur-
rents. The line-frequency component in the rotational frame
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Fig. 9. Simulation results of the dc component extraction method with har-
monics and frequency deviation: (a) the measured phase A current ¢, , (b) the
superposed dc component, (c) the dc component extraction result with one time
integral, and (d) the dc component extraction result with two time integrals.
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Fig. 10. d-axis current control loop based on the PIR controller.

comes from the dc component in the phase currents. To provide
an effective control for both dc and line-frequency signals in
the dq frame, a proportional-integral-resonant (PIR) controller
is used. Taking the d-axis current control loop, for example,
considering the sampling delay and the PWM delay, the current
control loop based on the PIR controller is shown in Fig. 10,
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where T is the sampling period, K, is the proportional gain, K
is the integral gain, and K, is the resonant gain. w; is the reso-
nant (center) frequency of the R controller, which is the same as
the line frequency in this case. w, is the cutoff frequency of the
R controller to reduce the sensitivity against the slight frequency
variations [37].

In Fig. 10, the PI controller is used to regulate the dc com-
ponent transformed from the fundamental currents. The R con-
troller is used to regulate and minimize the line-frequency com-
ponent transformed from the dc component. The parameters of
the PI controller should be set to guarantee a good dynamic and
steady-state performance of the current loop. The parameters of
the R controller are set for the dc component minimization.

Regarding the PI controller, using the pole-zero compensation
technique, controller gains can be selected as K, /K; =L/R.
Considering dynamic response and stability, the parameters of
the PI controller are set as K, = 2.7 and K; = 300 for L =
2.7mH and R = 0.3 Q.

An infinite gain at the resonant frequency of the R controller
can eliminate the steady-state error. In the improved R controller
with 2w, added to the denominator as shown in Fig. 10 [34],
the gain at the resonant frequency is limited yet with improved
performance under line-frequency fluctuation. Nevertheless, the
gain can be adjusted by K, Regarding w,, smaller w, provides
better frequency selectivity but difficult for digital implementa-
tion. Larger w, leads to a wider bandwidth around the resonant
frequency and a better robustness for the frequency deviation.
However, the gain at the resonant frequency will be lower with a
subsequent larger steady-state error. In practice, a value between
5-15 rad/s of w.. has been found to provide a good compromise
[38]. w, is selected as 5 rad/s in this paper.

Merging the small time constants in Fig. 10, the open-loop
transfer function of the current loop can be expressed as, (25),
shown at the bottom of the page.

Further, the equivalent open-loop transfer function with re-
spect to the resonant gain K, is given by, (26), shown at the
bottom of the page.

With (26), the root locus of the current loop with K, varying
from O to infinite is represented in Fig. 11. As shown, when
K, < 985, the closed-loop characteristic roots are on the left-
half plane, which indicates a stable system. K, is selected as
69.5 in this case to achieve sufficient stability margin as well as
relatively high gain around the resonant frequency.

The theoretical and experimental open-loop frequency re-
sponses of the current loop with the designed PIR controller are
shown in Fig. 12. As seen, the experimental frequency response
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Fig. 11.  Root locus of the current loop with K, varying from O to infinite.

Bode Diagram

Gm=Inf dB (at Inf rad/scc), Pm=58.1 deg (at 1.02¢3 rad/sec)

Theoretical bode plot

é‘“ -45 ;Expn:rinn:nt:ll bode plot
“:; 90
@ :
=-135 [
-180 4 .
10' 10 10’ 10 10

Frequency (rad/sec)

Fig. 12.  Theoretical and experimental open-loop bode plot of the current loop
with a PIR controller for L = 2.7mH, R = 0.3Q, w. = 5rad/s, K, = 2.7,
K; =300, and Kr = 69.5.

agrees well with the theoretical design. As expected, the bode
plot has both high gain at dc and line-frequency. The phase mar-
gins (Pm = 58.1°) indicates that the designed current loop is
stable [39].

In addition to the current control loop, the dc-link voltage
loop can be designed [40]. Since the R controller only works
on the line-frequency component in the rotational frame which
comes from the dc component, and the dc component is very

B Kps3 + 2Kpw. + K + 2K, w.)s® + (pr% +2Kiw.)s + K;w?

1 1
Hom(s) = (5s57) Homo) (557 =

25
(1.5Tys + 1)(83 + 2wes? + w?s)(Ls + R) 25

Hp, (5) =

2K, w. s>

(1.5LTSs5 + (BLT.w. + L + 1.5RTy)s" + (1.5LT w} + 2Lw, + 3RTyw. + R+ K,)s® >

(26)

+(Lw? + 1.5RTw} + 2Rw, + 2K,we + Ki)s* + (Rwi + Kywi + 2Kiw.)s + Kiw}
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Fig. 14.  Experimental setup and test equipment.

small compared with the ac component, the R controller can
be neglected to simple the design of the dc-link voltage loop.
Then, the close-loop transfer function of the current loop can be
expressed as

_ Ki Kpww . KiKpwwm
]..5’115]“282 +RS+K1KPWM RS+K1KPWIE/127)

H.(s)

According to (7), and neglecting the switching losses, the
equation between the active power of the ac side and the power
of the dc side can be expressed as

3

§Udid R Udclde- (28)
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TABLE I
PARAMETERS OF THE TEST SYSTEM

Symbol Parameter Value
S Rated power 10 kVA
f1 Line frequency 50 Hz
URM S Grid phase voltage (RMS) 150V
U, Reference dc-link voltage 430V
fewam Switching frequency 5kHz
T Sampling period 0.2 ms
Cy Capacitance of the LCL filter 4.7 uF
Ry Damping resistor of the LCL filter 5Q
Cye DC-link capacitor 2200 uF
Ly Inverter-side inductance 1.5 mH
Ly Grid-side inductance 1.2 mH
K, Proportional gain of the current loop 2.7
K, Integral gain of the current loop 300
K, Resonant gain of the current loop 69.5
Ky Integral gain of the dc component 25
Ky Proportional gain of dc-link voltage loop 3
K, Integral gain of dc-link voltage loop 600

As shown in Fig. 1, the dc-side currents can be expressed as

dud
C(dcwc = lcap

icap = Z’dc - iin-

With (27)—(29), the dc-link voltage loop can be established
as shown in Fig. 13 where K, and K,; are the proportional
gain and the integral gain of the dc-link voltage loop, respec-
tively. Considering dynamic response and stability, as well as
the ability of regulating the line-frequency dc-link voltage rip-
ple, the parameters of the PI controller are set as K, = 3 and
K,; = 600 to achieve a cutoff frequency of 160 Hz with a larger
loop gain at the line frequency.

(29)

VI. Experimental Test and Results

A 10-kVA transformerless three-phase grid-connected PV
inverter system is set up to verify the proposed dc compo-
nent minimization strategy. The power generated from the PV
array is transferred to the grid via the inverter and a three-
phase autotransformer. The PV array is composed of 42 serial-
parallel-connected PV panels (every 14 panels in series then
paralleled). The maximum power, open-circuit voltage, and
short-circuit current of each panel are 240 W, 37.47 V, and
8.53 A, respectively, under the standard test conditions (Irra-
diance: 1000 W/m?; Spectrum AM: 1.5; Module temperature:
25 °C). The hardware setup and the main measurement instru-
ments are shown in Fig. 14. The control board is based on TI
TMS320F28335 DSP and Spartan-3 XC3S400 FPGA. The DSP
is mainly used for mathematical calculations and control algo-
rithm implementation. The FPGA is used for PWM generation,
inverter protection, and peripherals control.

The system parameters are given in Table I, including volt-
age and power ratings, filter components as well as parameters
for the PIR controller of the current loop, the PI controller of
the dc-link voltage loop (same as designed in Section V), and
the integral gain for the dc component feed-forward term. The
system switching frequency is 5 kHz.
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Fig. 15. Three-phase grid-side currents in the grid-connected PV inverters:
(a) Without the proposed dc component minimization strategy. (b) With the
proposed dc component minimization strategy. (¢) Zoom-in detail of Fig. 15(a),
and (d) Zoom-in detail of Fig. 15(b).
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In order to clearly see the effectiveness of the control strategy
on dc component minimization, bias voltages (2, 1, and —3 V)
are superposed artificially on the measured grid voltages (e,
ey, and e.), respectively, leading to large dc components in the
ac-side currents. Then, the proposed control strategy is tested to
verify the effectiveness of dc component minimization.

Fig. 15 shows the experimental results of the three-phase
grid-side currents. The current reference is 7-A rms. As seen
in Fig. 15(a), without applying the dc component minimiza-
tion strategy, there are dc offsets in the three-phase currents.
In comparison, as shown in Fig. 15(b), with the dc component
minimization strategy, the dc components have been effectively
reduced. In order to show the dc components (offset) of the
three-phase currents more clearly, the upper half of the currents
in Fig. 15(a) and (b) have been zoomed in as shown in Fig. 15(c)
and (d), respectively.

Tables II and III further show the percentage of the dc com-
ponent and each individual harmonics with and without the dc
component minimization as well as the total THD. The results
are obtained by the power quality analyzer (Fluke 43B). As
seen in Table III, with the proposed dc component minimization
strategy, both the dc component and the second-order harmon-
ics (induced by the dc component as explained in Section II)
in the three-phase currents are reduced, compared with the re-
sults shown in Table II. Especially, the dc component has been
effectively attenuated below 0.5% as defined by IEEE Standard
1547-2003. In addition, the THD has also been reduced from
(4.3%,3.3%,and 3.8%) to (2.7%, 2.6%, and 2.8 %), respectively.
These results have shown the effectiveness of the proposed dc
component minimization strategy.

Fig. 16(a) shows the transient response of the dc compo-
nents when the proposed dc component minimization control is
applied. As seen, the dc components have been successfully at-
tenuated with the proposed strategy after the control is applied.
Fig. 16(b) further shows the details of the dc components which
are effectively attenuated between —0.0125 and 0.0125 A.

Fig. 17 shows the comparison of steady-state errors of the
d-axis (Aiy) and g-axis (Ai,) currents with the standard PI
controllers and the control strategy with PIR controllers, re-
spectively. As explained in Section II, with the presence of dc
component, there will be line-frequency component in the d-
axis and g-axis currents. The standard PI controller has limited
control capabilities at the line-frequency in the dg frame. As
a result, there are steady-state errors in the d-axis and g-axis
currents as shown in Fig. 17(a). In contrast, with the PIR con-
troller, this error can be effectively attenuated with the resonant
controller as shown in Fig. 17(b). Therefore, the d-axis and g-
axis currents can track the reference well and the dc current is
minimized.

The inverter dc-link voltage and current waveform with and
without the proposed dc component minimization strategy is
further shown in Fig. 18. As explained in Section II, the dc
component will cause line-frequency ripple on the dc-link volt-
age (power), which is evident as shown in Fig. 18(a). With the
dc component minimization control, this ripple can be effec-
tively reduced as shown in Fig. 18(b). This again validates the
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TABLE II
HARMONICS AND THD OF THE THERE-PHASE CURRENTS WITHOUT THE DC COMPONENT MINIMIZATION STRATEGY

Three-phase Currents Harmonics Order THD
DC 1 2 3 4 5 6 7 8 9 10 11
iq Current value (A) 0.31 7.00 0.23 0.06 0.07 0.04 0.01 0.07 0.01 0.01 0.00 0.13
% of fundamental ~ 4.4% 100% 34% 08% 1.0% 05% 01% 1.0% 0.1% 0.1% 00% 20% 43%
ip Current value (A) 0.27 6.97 0.12 0.04 0.08 0.07 0.02 0.06 0.01 0.01 0.01 0.13
% of fundamental ~ 3.8% 100% 1.7%  0.6% 1.2% 1.0% 03% 08% 01% 0.1% 02% 1.9%  3.3%
ic Current value (A) 0.57 7.00 0.21 0.03 0.06 0.05 0.02 0.06 0.01 0.02 0.03 0.11
% of fundamental ~ 8.2% 100% 30% 04% 08% 07% 03% 08% 02% 03% 04% 1.6% 3.8%
TABLE III
HARMONICS AND THD OF THE THERE-PHASE CURRENTS WITH THE DC COMPONENT MINIMIZATION STRATEGY
Three-phase Currents Harmonics Order THD
DC 1 2 3 4 5 6 7 8 9 10 11
g Current value (A) 0.00 6.97 0.04 0.08 0.06 0.05 0.00 0.09 0.00 0.01 0.00 0.11
% of fundamental ~ 0.0% 100%  0.06% 12% 08% 07% 00% 13% 00% 01% 00% 15% 27%
i Current value (A) 0.01 7.00 0.04 0.04 0.04 0.06 0.01 0.11 0.02 0.01 0.01 0.11
% of fundamental ~ 0.2% 100% 0.5% 05% 06% 1.0% 0.2% 1.5% 03% 01% 01% 1.5% 2.6%
ic Current value (A) 0.01 6.94 0.07 0.02 0.04 0.13 0.01 0.06 0.01 0.01 0.01 0.08
% of fundamental ~ 0.1% 100% 1.0% 03% 05% 20% 02% 08% 01% 01% 0.1% 1.2% 2.8%
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Fig. 16.  DC components (a) transient response when the proposed dc com-  Fig. 17.  Steady-state errors of d-axis (Aiy) and g-axis (Aig) current with

ponent minimization strategy is applied, and (b) close up view after the control  (a) PI controller and (b) PIR controller.
strategy is used.
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proposed dc component minimization strategy and its impact on
the system performance.

VII. CONCLUSION

This paper has presented an effective method to minimize the
dc component in a three-phase transformerless grid-connected
PV system. The dc component can introduce line-frequency
power ripple in the system and further cause dc-link voltage rip-
ple and second-order harmonics in the ac currents. A software-
based “virtual capacitor” approach has been implemented to
minimize the dc component via a feed-forward of the dc com-
ponent. 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 com-
ponent 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 feed-
forward term as well as the resonant controller in the current
control loops.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 7, JULY 2015

[1

—

(2]

(3]

(4]

(51

[6

[t}

[7

—

[8

—_

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

REFERENCES

R. Gonzalez, E. Gubia, J. Lopez, and L. Marroyo, “Transformerless single-
phase multilevel-based photovoltaic inverter,” IEEE Trans. Ind. Electron.,
vol. 55, no. 7, pp. 2694-2702, Jul. 2008.

S. B. Kjaer, J. K. Pedersen, and F. Blaabjerg, “A review of single-
phase grid-connected inverters for photovoltaic modules,” IEEE Trans.
Ind. Appl., vol. 41, no. 5, pp. 1292-1306, Sep./Oct. 2005.

E. Koutroulis and F. Blaabjerg, “Design optimization of transformerless
grid-connected PV inverters including reliability,” IEEE Trans. Power
Electron., vol. 28, no. 1, pp. 325-335, Jan. 2013.

B. Gu, J. Dominic, J. Lai, C. Chen, T. LaBella, and B. Chen, “High
reliability and efficiency single-phase transformerless inverter for grid-
connected photovoltaic systems,” IEEE Trans. Power Electron., vol. 28,
no. 5, pp. 2235-2245, May 2013.

S. V. Araujo, P. Zacharias, and R. Mallwitz, “Highly efficient single-phase
transformerless inverters for grid-connected photovoltaic systems,” IEEE
Trans. Ind. Electron., vol. 57, no. 9, pp. 3188-3128, Sep. 2010.

O. Lopez, E. D. Freijedo, A. G. Yepes, P. Fernandez-Comesaa, J. Malvar,
R. Teodorescu, and J. Doval-Gandoy, “Eliminating ground current in a
transformerless photovoltaic application,” IEEE Trans. Energy Convers.,
vol. 25, no. 1, pp. 140-147, Mar. 2010.

V. Salas, E. Olias, M. Alonso, and F. Chenlo, “Overview of the legislation
of DC injection in the network for low voltage small grid-connected PV
systems in Spain and other countries,” Renewable Sustainable Energy
Rev., vol. 12, no. 2, pp. 575-583, Feb. 2008.

B. Wang, X. Guo, H. Wu, Q. Mei, and W. Wu, “Real-time DC injection
measurement technique for transformerless PV systems,” in Proc. IEEE
2nd Int. Symp. Power Electron. Distrib. Generation Syst., Hefei, China,
Jun. 2010, pp. 980-983.

W. Li, L. Liu, T. Zheng, G. Huang, and S. Hui, “Research on effects
of transformer DC Bias on negative sequence protection,” in Proc. Int.
Conf. Adv. Power Syst. Automat. Protection, Beijing, China, Oct. 2011,
pp. 1458-1463.

A. Ahfock and A. J. Hewitt, “DC magnetisation of transformers,” IEE
Proc.-Electr Power Appl., vol. 153, no. 4, pp. 601-607, Jul. 2006.

M. A. S. Masoum and P. S. Moses, “Impact of balanced and unbalanced
direct current bias on harmonic distortion generated by asymmetric three-
phase three-leg transformers,” IET Electr. Power Appl., vol. 4, no. 7, pp.
507-515, Jul. 2010.

F. Berba, D. Atkinson, and M. Armstrong, “A review of minimization of
output DC current component methods in single-phase grid-connected
inverters PV applications,” in Proc. 2nd Int. Symp. Environ. Friendly
Energies Appl., Tyne, UK., Jun. 2012, pp. 296-301.

M. Armstrong, D. J. Atkinson, C. M. Johnson, and T. D. Abeyasekera,
“Auto-calibrating DC link current sensing technique for transformerless,
grid connected, H-bridge inverter systems,” IEEE Trans. Power Electron.,
vol. 21, no. 5, pp. 1385-1393, Sep. 2006.

F. Berba, D. Atkinson, and M. Armstrong, “Minimization of DC current
component in transformerless Grid-connected PV inverter application,” in
Proc. 10th Int. Conf. Environ.Elect. Eng., Rome, Italy, May 2011, pp. 1-4.
Y. Shi, B. Liu, and S. Duan, “Eliminating DC current injection in current-
transformer-sensed STATCOMS,” IEEE Trans. Power Electron., vol. 28,
no. 8, pp. 3760-3767, Aug. 2013.

G. Buticchi, E. Lorenzani, and A. Fratta, “A new proposal to eliminate the
DC current component at the point of common coupling for grid connected
systems,” in Proc. IEEE 36th Ann. Conf. Ind. Electron. Soc., Glendale,
USA, Nov. 2010, pp. 3244-3249.

T.-F. Wu, H.-S. Nien, H.-M. Hsieh, and C.-L. Shen, “PV power injec-
tion and active power filtering with amplitude-clamping and amplitude-
scaling algorithms,” IEEE Trans. Ind. Appl., vol. 43, no. 3, pp. 731-741,
May/Jun. 2007.

W. M. Blewitt, D. J. Atkinson, J. Kelly, and R. A. Lakin, “Approach to
low-cost prevention of DC injection in transformerless grid connected
inverters,” IET Power Electron., vol. 3, no. 1, pp. 111-119, Jan. 2010.

R. Sharma, “Removal of DC offset current from transformerless PV in-
verters connected to utility,” in Proc. 40th Int. Universities Power Eng.
Conf., Cork, Ireland, Sep. 2005, pp. 1230-1234.

L. Bowtell and A. Ahfock, “Direct current offset controller for trans-
formerless single-phase photovoltaic grid-connected inverters,” IET Re-
new. Power Gener., vol. 4, no. 5, pp. 428-437, May 2010.

G. Buticchi, G. Franceschini, E. Lorenzani, C. Tassoni, and A. Bellini, “A
novel current sensing DC offset compensation strategy in transformerless
grid connected power converters,” in Proc. Energy Convers. Congr. Expo.,
San Jose, CA, USA, Sep. 2009, pp. 3889-3894.



YAN et al.: MINIMIZATION OF THE DC COMPONENT IN TRANSFORMERLESS THREE-PHASE GRID-CONNECTED PHOTOVOLTAIC INVERTERS

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

X. Guo, W. Wu, H. Wu, and G. San, “DC injection control for grid-
connected inverters based on virtual capacitor concept,” in Proc. Int. Conf.
Elect. Mach. Syst., Wuhan, China, Oct. 2008, pp. 2327-2330.

H. Xu, J. Hu, and Y. He, “Operation of wind-turbine-driven DFIG sys-
tems under distorted grid voltage conditions: Analysis and experimental
validations,” IEEE Trans. Power Electron., vol. 27, no. 5, pp. 2354-2366,
May 2012.

M. Liserre, R. Teodorescu, and F. Blaabjerg, “Multiple harmonics control
for three-phase grid converter systems with the use of PI-RES current
controller in a rotating frame,” IEEE Trans. Power Electron., vol. 21,
no. 3, pp. 836-841, May 2006.

B. Bahrani, A. Karimi, B. Rey, and A. Rufer, “Decoupled dq-current con-
trol of grid-tied voltage source converters using nonparametric models,”
IEEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1356-1366, Apr. 2013.

R. S. Herrera and P. Salmeron, “Instantaneous reactive power theory:
A comparative evaluation of different formulations,” IEEE Trans. Power
Del., vol. 22, no. 1, pp. 595-604, Jan. 2007.

A. Junyent-Ferreé¢, O. Gomis-Bellmunt, T. C. Green, and D. E.
Soto-Sanchez, “Current control reference calculation issues for the oper-
ation of renewable source grid interface VSCs under unbalanced voltage
sags,” IEEE Trans. Power Electron., vol. 26, no. 12, pp. 3744-3753, Dec.
2011.

P. Rioual, H. Pouliquen, and J. P. Louis, “Regulation of a PWM rectifier
in the unbalanced network state using a generalized model,” IEEE Trans.
Power Electron., vol. 11, no. 3, pp. 495-502, May 1996.

M. Liserre, F. Blaabjerg, and S. Hansen, “Design and control of an LCL-
filter-based three-phase active rectifier,” IEEE Trans. Ind. Appl., vol. 41,
no. 5, pp. 1281-1291, Sep. 2005.

C. Wan, M. Huang, C. K. Tse, S.-C. Wong, and X. Ruan, “Nonlinear
behavior and instability in a three-phase boost rectifier connected to a
nonideal power grid with an interacting load,” IEEE Trans. Power Elec-
tron., vol. 28, no. 7, pp. 3255-3265, Jul. 2013.

T. Messo, J. Jokipii, J. Puukko, and T. Suntio, “Determining the value
of DC-link capacitance to ensure stable operation of a three-phase photo-
voltaic inverter,” IEEE Trans. Power Electron., vol. 29, no. 2, pp. 665-673,
Feb. 2014.

F. B. del Blanco, M. W. Degner, and R. D. Lorenz, “Dynamic analysis
of current regulators for AC motors using complex vectors,” IEEE Trans.
Ind. Appl., vol. 35, no. 6, pp. 14241432, Nov. 1999.

X. Yuan, W. Merk, H. Stemmler, and J. Allmeling, “Stationary-frame
generalized integrators for current control of active power filters with zero
steady-state error for current harmonics of concern under unbalanced and
distorted operating conditions,” IEEE Trans. Ind. Appl., vol. 38, no. 2,
pp. 523-532, Mar. 2002.

D. N. Zmood and D. G. Holmes, “Stationary frame current regulation of
PWM inverters with zero steady-state error,” IEEE Trans. Power Electron.,
vol. 18, no. 3, pp. 814822, May 2003.

J. Dannehl, C. Wessels, and F. W. Fuchs, “Limitations of voltage-oriented
PI current control of grid-connected PWM rectifiers with LCL filters,”
IEEE Trans. Ind. Electron., vol. 56, no. 2, pp. 380-388, Feb. 2009.

S. Ziegler, R. C. Woodward, H. H. C. Iu, and L. J. Borle, “Current sens-
ing techniques: A review,” IEEE Sensors J., vol. 9, no. 4, pp. 354-376,
Apr. 2009.

R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for Photo-
voltaic and Wind Power Systems. Hoboken, NJ, USA: Wiley, pp. 315-334,
2011, ch. 12, sec. 3.

P. C. Tan, P. C. Loh, and D. G. Holmes, “High-performance harmonic
extraction algorithm for a 25 kV traction power quality conditioner,” [EE
Proc.-Electr. Power Appl., vol. 151, no. 5, pp. 505-512, Sep. 2004.

G. Ellis, Control System Design Guide, 3rd ed. San Diego, CA, USA:
Academic, 2004, pp. 40-45, ch. 3, sec. 4.

V. Blasko and V. Kaura, “A new mathematical model and control of a three-
phase AC-DC voltage source converter,” I[EEE Trans. Power Electron.,
vol. 12, no. 1, pp. 116-123, Jan. 1997.

Qingzeng Yan was born in Linyi, Shandong, China,
in 1988. He received the B.S. degree from the College
of Information and Control Engineering, China Uni-
versity of Petroleum (East China), Dongying, China,
in June 2011. Since September 2013, he has been
working toward the Ph.D. degree in the School of
Information and Electrical Engineering, China, Uni-
versity of Mining and Technology, Xuzhou, China.

His research interests include power electronics,
photovoltaic generation systems, and advanced topol-
ogy and control of multilevel converters.

3997

Xiaojie Wu was born in Hengyang, Hunan, China,
in 1966. He received the B.S. degree in industrial au-
tomation from the China University of Mining and
Technology, Beijing, China, in 1988, and the M.S.
and Ph.D. degrees in electrical engineering from the
China University of Mining and Technology, in 1991
and 2000, respectively.

From 2002 to 2004, he did postdoctoral research
at Tsinghua University, Beijing, China. Since 1991,
he has been with the School of Information and Elec-
trical Engineering, China University of Mining and

Technology, China, where he is currently a Professor. His current research
interests include the stability of ac machines, advanced control of electrical
machines, and power electronics.

il i

Xibo Yuan (S’09-M’11) received the B.S. degree
from China University of Mining and Technology,
Xuzhou, China, and the Ph.D. degree from Tsinghua
University, Beijing, China, in 2005 and 2010, respec-
tively, both in electrical engineering.

From 2007 to 2008, he was a Visiting Scholar
in Center for Power Electronics Systems, Virginia
Polytechnic Institute and State University, Blacks-
burg, VA, USA. In early 2013, he was a Visiting
Scholar in the Institute of Energy Technology, Aal-
borg University, Denmark. During 2010 and 2011, he

was a Postdoctoral Research Associate in the Electrical Machines and Drives
Research Group, Department of Electronic and Electrical Engineering, the Uni-
versity of Sheffield, Sheffield, U.K. Since 2011, he has been a Lecturer in the
Electrical Energy Management Group, Department of Electrical and Electronic
Engineering, the University of Bristol, Bristol, U.K. His research area include
power electronics, renewable power generation, control of high-power multi-
level converters, sensor-less drive of induction motor and permanent magnet
motor, control of electric vehicle and more electric aircraft technologies.

microgrids.

Yiwen Geng was born in Jiangsu, China, in 1977.
He received the B.S., M.S., and Ph.D. degrees from
the School of Information and Electrical Engineer-
ing, China University of Mining and Technology,
Xuzhou, China, in 2000, 2004, and 2014 respectively.

Since 2006, he has been with the Department of In-
formation and Electrical Engineering, China Univer-
sity of Mining and Technology, where he is currently
a Lecturer. His current research interests include pho-
tovoltaic inverters, harmonic mitigation, and power
electronics.

Qi Zhang was born in Jiangsu, China, in 1990. He
received the B.S. degree in electrical engineering
from the China University of Mining and Technol-
ogy, Xuzhou, China, in 2012. He is currently work-
ing toward the M.S. degree in electrical engineering in
the School of Information and Electrical Engineering,
China University of Mining and Technology, Beijing,
China.

His current research interests include power elec-
tronics modeling, simulation and control, distributed
power systems, renewable energy systems and




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


