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Abstract—Microgrid converters are required to have the
capability of both grid-tied mode and islanding mode operation.
For this dual-mode operation, large shunt capacitors are often
used in the interfacing converter output LCL filter, as it can help
to stabilize supply voltage and to reduce switching ripple pollu-
tions to sensitive loads during autonomous islanding operation. At
the same time, this modification causes a few challenges, including
the low-frequency harmonic distortions, the steady-state tracking
errors and the slow dynamic response, to the line current regula-
tion during grid-tied operation. To overcome these drawbacks, a
modified weighted average current controller is developed. First, to
realize a fast line current response, a deadbeat control of weighted
average current is developed based on a reduced-order virtual fil-
ter plant. Second, a grid voltage feed-forward term is added to
the weighted average current reference to mitigate the steady-state
line current tracking errors. Note that this compensation term is di-
rectly added to the current reference, thus, it is very well decoupled
from the closed-loop current regulator. In addition, it can be seen
that the low-order line current harmonics caused by grid voltage
distortion is inherently compensated by this proposed corrective
feed-forward control.

Index Terms—Active damping, deadbeat control, LCL filter, mi-
crogrid, virtual filter, weighted average current control.

I. INTRODUCTION

ITH the growing penetration of distributed generation

(DG) units in low- and medium-voltage power distribu-
tion systems, microgrid has been popularized in order to realize
better operation of multiple DG systems [1]-[3]. Compared to
a conventional grid-tied converter with only grid-tied operation
capability, the microgrid application usually requires an inter-
facing converter to provide continued electricity to local critical
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loads in the case of utility grid interruptions [3]-[5], [26]. Thus,
amicrogrid interfacing converter is often named as “dual-mode”
converter. Conventionally, an interfacing converter with only a
single series choke can be used for both grid-tied and islanding
operation. However, the series choke is bulky and the switching
ripples can be injected into the grid or the local sensitive loads
[17]. Thus, the selection of series choke-based filter is mainly
determined by the grid integration requirement and the type of
local load. As a better solution, the smaller size LCL filter is
also widely adopted and the capacitor voltage of the LCL filter
shall be controlled in islanding operation mode [7], [8]. Note
that for an islanding operation, a relatively large filter capacitor
is often needed to minimize the supply voltage ripples [9]-[11].
However, this modification of filter capacitor may violate a few
LCL filter design criteria that mainly focus on the operation of
converters in grid-connected mode [12]-[14], [44]. Due to the
adoption of large shunt capacitors, the cutoff frequency of LCL
filter may be too low to ensure good control of the line current.
Specifically, the following problems often appear:

1) line current can be more distorted with low-frequency
resonances, due to the decrease of LCL filter resonance
frequency;

2) there are noticeable steady-state tracking errors in the line
current, as the filter plant response has lower open-loop
gain and larger phase shift at around the fundamental
frequency. In addition, the dynamic response of the line
current can be affected.

To address the first problem, active damping is considered as
an effective tool [15], [35]-[39], [45]. Among all these methods,
the internal mode line current control methods with active damp-
ing, such as the single-loop control with lead—leg compensators
[14], [39] and the double-loop cascaded current regulator [16] ,
[36]-[38], maybe the most well understood options. In addition,
a few active damping methods, such as using the nonlinear con-
trol in [18], the adaptive control in [20], and the observer-based
control in [20] have been reported in the recent literature. When
using these advanced current controllers, the computational load
for interfacing converter microcontroller may increase and the
parameter tuning is not very straightforward. Alternatively, the
control of weighted average of inverter output current and line
current is also proposed [21]-[23]. It can be seen that the reso-
nance of the filter is easily mitigated by using weighted average
current controller, but the line current is not directly regulated.
It is also necessary to note that when relatively large shunt
capacitor is used in the output filter and the grid voltage or
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the local load has significantly harmonic distortions, the shunt
capacitor branch essentially provides a low-impedance branch
to pass through harmonic current excited by grid harmonic volt-
age or local load [41]. In this case, the effectiveness of many
conventional active damping methods has not been examined.

When the grid voltage is highly distorted, its impact on the
line current tracking must be properly addressed [55]. A good
option to solve this problem is to use point of common cou-
pling (PCC) voltage-based feed-forward terms. In [38], [52],
and [53], the full-feed-forward control term is added to a double-
loop controller to reject the impact of grid voltage distortions
in a wide-frequency range. In addition, an interesting bandpass
filter-based feed-forward control method was recently proposed
in [54] to reject the impact of grid voltage harmonics at a few
selected harmonic frequencies. Through the detailed analysis in
[54], it can be known that the abovementioned methods essen-
tially reduce the admittance of the converter closed-loop equiv-
alent circuit to enhance line current quality. Nevertheless, these
compensation terms are highly relevant to the parameters of the
current regulator and they are usually added to the inner loop
current reference or voltage reference of the system. Therefore,
current regulators and compensation terms should be designed
together to get an improved performance. It would be favorable
if the compensation term and current regulators can be decou-
pled to simplify the parameter design procedure.

To address the second problem as indicated above, the rapid
current controller can be used [24]. It has been evaluated in [15],
[27], [46], [49] that various types of current controller, includ-
ing proportional and integral (PI ) controller, proportional and
resonant (PR ) controller, and deadbeat controller, can realize
similar fast dynamic response. However, only the inverter output
current is controlled in [15]. In this case, the offset current from
the filter capacitor leg is not compensated. As an accurate power
control is needed for DG interfacing converter, the closed-loop
power regulation scheme, such as that in [48], can be adopted.
Nevertheless, this control could further increase the computa-
tional load of DG controllers. To remove the closed-loop power
regulators, the open-loop power control through direct regula-
tion of line current reference is also widely accepted. In this
case, the accurate control of line current is needed but the im-
pact of large shunt filter capacitor could affect both the dynamic
response and the steady-state tracking accuracy of line current
[41]. To the best of our knowledge, this specific problem has
rarely been researched in the previous literature. Therefore, a
schematic study of current controllers for microgrid converters
with nonstandard output filter is definitely necessary.

In this paper, a quasi-deadbeat controller is developed to
maintain both rapid line current response and proper resonance
damping, even for a dual-mode converter with nonstandard LCL
filter. First, a reduced-order virtual filter plant is established and
the deadbeat control of weighted average current is designed
without the involvement of shunt capacitor of the LCL filter.
In addition, to reduce the existing steady-state line current er-
rors caused by using the weighted average current approxima-
tion and the harmonics caused by grid voltage disturbances,
a corrective grid voltage feed-forward term is developed for
the proposed deadbeat controller. With the aforementioned two
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Fig. 1. Diagram of a grid-tied converter controlled by conventional weighted
average current feedback.

steps, an accurate and a fast line current control can be achieved
even for dual-mode microgrid converter with adverse LCL filter
parameters.

II. WEIGHTED AVERAGE CURRENT CONTROL

The control of grid-tied converter using the conventional
weighted average current feedback is briefly reviewed in this
section, with emphasis on the filter resonance and the line cur-
rent control accuracy.

A. Principle of Weighted Average Current Control

The upper part of Fig. 1 shows a diagram of a three-phase
grid-tied system. The inverter bridge is connected to the PCC
via an LCL filter. The inverter side choke inductance is L.; and
the stray resistance is R;. The grid-side choke inductance is
Ly and the stray resistance is Ry. The capacitance of shunt
capacitor and the equivalent series resistor (ESR) or passive
damping resistor in the middle of the filter are C; and Ry,
respectively.

There are two types of ac current measurements, inverter
output current I o3 = [I1.4, IW;]T and line current Ir .5 =

[I5.0,I2,5]" in this system. Note that the subscript o3 in this
paper is also applicable to a vector with two components in the
« and (3 reference frame. For an internal mode current regulator,
such as a conventional single-loop PI control or PR control, ei-
ther the inverter output current Iy .3 or the line current Ir 3
can be chosen as the feedback. Note that single-loop control
schemes often suffer from LCL filter resonances, and accord-
ingly, a stringent constraint of the controller open-loop gain is
required to ensure the stability of the system. Due to this limi-
tation, the line current tracking dynamics using a conventional
single-loop PI or PR control is typically slow, particularly when
the output filter has a relatively low cutoff frequency due to the
adoption of large shunt capacitors.
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Fig. 2. Diagram of a grid-tied converter controlled by conventional weighted
average current feedback. (a) Per-phase equivalent circuit of the LCL filter.
(b) Per-phase equivalent circuit of the virtual filter.

To avoid this limitation, an interesting weighted average cur-
rent feedback as shown in the lower part of Fig. 1 was recently
proposed [22] [23]. The weighted average current 15 5 in the
two-axis stationary reference frame is expressed as

-[12.(1'[1 =" Il,aﬁ + (]- - "Y) : IZ,(LS (1)

where the weighting factor Y is determined according to the
inductance ratio of two series chokes in the LCL filter as follows:

Ly

= — 2
I+ L, 2

v

Since the output LCL filter circuits in the o — 3 reference
frame are decoupled, a per-phase output LCL filter circuit as
shown in Fig. 2(a) is used for illustration. The response of the
output current I; .5 and the line current I, .3 can be easily
obtained as follows:

Gu(s) : ‘/:)ut,aﬁ - Glz(s) : VPCC,aﬂ (3)
G21(5) - Vout,ap — G22(8) - Vecc,ap “4)

Il.aﬂ =
IQ,QS =

where Viut,ap and Vpcc g are the inverter output voltage and
PCC voltage, respectively. The gains G (s) to G2 (s) in (3) and
(4) can be derived based on a per-phase circuit as follows:

22 +Zc —Zc
Ghi(s) = , Gia(s) =
n(s) 2129 + 212c + 222¢ 12(5) 2129 + 212c + 222¢
Ze —(21 + %
Gor (s) = , Gas(s) = (=1 )

2120 + 2126 + 202 2120 + 212 + 292,

where z1 = sLy + Ry, 29 = sLy + Ry, and zc = 1/sCj.
By substituting (3) and (4) for the line current I3 .3 and the
output current I; o3 in (1), the weighted average current can
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be expressed as follows:

Laas = 7 (G11(5)  Voutap — G12(5) - Vecc.as)
+ (1 - 7) : (GZI(S) : ‘/out.aﬁ - G22 (S) : VPCCJ)’d)‘ (5)
Reorganizing (5) and ignoring the small stray resistance R,
and Ry of the series chokes, the response of the weighted average

current to inverter output voltage and PCC voltage can be simply
obtained as follows:

V;ut,agﬁ - VPCC,aB
(L1 —+ Lg) - S

= G1127V0ut(3) . (V;)ut,aﬁ - VPCC,(MQ)' (6)

Il?,aﬂ

When the weighted average current I15 .5 is selected as a
control objective, a third-order LCL filter plant with a resonant
peak can be transformed into a first-order virtual filter that only
consists of two series inductors, as shown in Fig. 2(b). The trans-
fer function is depicted as Gr12-vout (8) = 1/(L1 + L1)s.In
this case, the response of the weighted average current ;5 o3
can be regulated by controlling the voltage difference across
the series virtual choke Ly + Lo. With this virtual filter plant,
the resonance of an LCL filter can be mitigated without any
additional active control.

In the previous research, both the PR controller in the sta-
tionary reference frame [22] and the PI controller in the syn-
chronous rotating reference frame [23] have been applied to
control the weighted average current. Due to the favorable fea-
ture of weighted average current measurement, PR and PI with
higher loop gains can be used to realize a faster tracking of
weighted average current Iy g . It has been reported in [8] that
the WAC is equivalent to add a virtual damping impedance in
parallel with the LCL filter capacitor leg. Thus, the resonance
peak can be effectively attenuated. On the other hand, Shen
et al. [22] also pointed out that the stability of the system can
still be sensitive to very high-current regulator loop gains. To
overcome this limitation, a small passive damping resistor in se-
ries with shunt filter capacitor is needed in some circumstances
and the PI/PR control parameters should be properly designed.

B. Frequency Domain Analysis

As the weighted average current feedback provides an effec-
tive way to simplify the current controller design and to mitigate
the resonance of grid-tied converters, it was intensively studied
in recent research work. This section further conducts an anal-
ysis of the weighted average current feedback algorithm with
emphasis on the line current tracking accuracy and the resonance
damping in adverse situations.

1) Current Tracking Accuracy: Considering that the line cur-
rent is directly injected into the utility grid but only the weighted
average current is involved in the closed-loop current control,
the difference between the weighted average current and the line
current is calculated here. First, it is easy to get:

Il.a‘@ = I‘Z.a@ + Ic,a/)’ (7)
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Fig. 3.  Open-loop response of weighted average current considering filter

parameter variation.

where I , g is the LCL filter capacitor current. Then, the differ-
ence between I3 5 and I , 3 is given as follows:

Lows —Doap =1 Tiap+ (1 —7) Loagl — Dap
=y {208 + Ic.ap)
+(1—=7) Irasl —I2ap
=7 1eap- ®)

When the filter converter side choke inductance L; is much
higher than the grid-side inductance Lo, such as the case of
using only isolation transformer leakage inductance as L , the
weighting factor can be close to 1. Accordingly, the weighted
average current 1o is close to ;. In this case, the current
flowing through the filter capacitor can cause noticeable line
current control errors.

As mentioned earlier, dual-mode operation of a converter
needs relatively large shunt capacitors in the LCL filter to min-
imize supply voltage ripples in the standalone islanding opera-
tion. From (8), it can be seen that the adopted large capacitor
could further aggravate the line current tracking errors when the
weighted average current is selected as the control objective.

2) Filter Resonance: The changes of LCL filter parameters,
especially the uncertainty of line side inductance Lo , may also
affect the performance of a system using the weighted average
current feedback. When filter parameters have noticeable varia-
tions, the weighted average current /1o to inverter output volt-
age Vot cannotbeideally simplified as a first-order system and
the open-loop response may have a resonant peak. Fig. 3 shows
the performance of the system with varying line side inductance
Ly , but a fixed weighting factor Y is determined according to
an assumption that Ly = 0.5L;. The parameters of the filters
are listed as L; = 3mH, Ly = 1.5mH, and C; = 60 uF. It
can be seen that when the inductance Lo is a half of L, , the
weighted average current /1, has a linear response to converter
output voltage V. On the other hand, the response has a res-
onant peak at around 571 Hz when Loy is 1.5 times larger than
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Fig. 4. Closed-loop response of line current /o and weighted average current
112 when various types of current measurements are adopted.

L, . This resonance moves to 498 Hz and its magnitude is further
amplified when a larger Ly = 3.75 mH is adopted.

Since the line current [, is selected as the final control objec-
tive, the closed-loop responses of line current and the weighted
average current are also compared in Fig. 4. First, the response
of line current is studied when different measurements (/; and
I, ) are used in the single closed-loop current control. The PR
controller as shown in [14] is used as the current regulator. In
this case, the proportional and resonant gains are 4 and 255, re-
spectively. It can be easily seen that the conventional PR control
using only single current feedback cannot mitigate the response
peak at around 500 Hz.

On the other hand, when the weighted average current is
selected as the feedback, the closed-loop responses of weighted
average current and line current are provided in Fig. 4. It shows
that the response of weighted average current /12 has very low
gain at high-frequency region to suppress the harmonics in ;5
However, even in the case of using weighted average current
as the feedback, the response of line current /> has a high
closed-loop gain at around 650 Hz. This is mainly because
the offset of capacitor current is not fully compensated by the
weighted average current control [22]. As a result, weighted
average current control might adversely cause some resonances
when a large shunt capacitor is selected for the LCL filter.

III. PROPOSED DEADBEAT CONTROL

Since the conventional weighted average current control may
cause resonance problem in dual-mode converter grid-tied oper-
ation and the line current tracking has some steady-state errors, a
deadbeat current controller with feed-forward term is proposed
to overcome these problems. This section is organized as fol-
lows. First, the capacitor current is estimated in the continuous
s-domain and then its discretized expression in the z-domain
is given. Second, the discrete-time domain expression of dead-
beat controller for weighted average current control is obtained
based on the virtual filter plant. Finally, the characteristics of a
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Fig. 5. Diagram of the capacitor current estimator. (a) Capacitor current es-
timation using voltage cross-coupling feed-forward. (b) Frequency Selective
capacitor current estimation.

converter using the proposed method are analyzed by using root
loci and Bode plots.

A. Current Tracking Error Estimation

To improve the line current tracking accuracy, the offset term
(8) as shown in the previous section shall be properly compen-
sated. Considering the capacitor current measurement is typi-
cally not available in a grid-tied converter system and the PCC
voltage is measured for grid synchronization, an estimator using
the detected PCC voltage as the input is proposed here as Fig. 5.
First, considering the voltage drop on the line side inductor I is
small comparing to the magnitude of PCC voltage, the capacitor
current can be approximated as follows:

Leap,ap = 8Cr - Veoap = sCy - Vpcc,ap )

where s is a differential operator.

As the differential operation of PCC voltage may amplify the
high-frequency noise at PCC, a practical estimation method is
discussed here. When the PCC voltage has small disturbance
due to the strict requirement of the PCC voltage quality and
considering that the fundamental frequency component of filter
capacitor current is the root cause for the line current tracking
error, the capacitor current can be estimated through a simple
cross-coupled voltage feed-forward term as follows:

Leap,ap = sCr - Vpcc,ap = jBwoCy - Voo ap (10)

where wy is the fundamental angular frequency determined by
the phase-locked loop (PLL). When (10) is expressed in the real
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and imaginary axis, it is easy to get
Leapap =1ea +71.5 = jwres Ve = jwrerVpcoco
= jwrer(Vpeo,a +5Vrco,s)
= —wyrerVpoe,p +jwrerVeoc,a (11)

On the other hand, according to the emerging fault ride-
through concept, an interfacing converter is also required to
have continued operation even when the main grid voltage has
significant distortions. In this case, the impact of the grid voltage
harmonics must be properly considered when estimating the ca-
pacitor current. A frequency-selective extraction is considered
here as follows:

Leap,ap = 8Cy - Veoap = sCr - Vecc,ap (12)

where it can be seen that the filter capacitor current Ic,p, o5 1S
estimated by the components at a few characteristic frequencies.
h is the harmonic order.

Considering that the capacitor current at a specific frequency
is 90° leading of the corresponding voltage across the capacitor,
amodified bandpass filter G ey, (s) with 90° leading phase shift
is used to estimate PCC voltage at each characteristic frequency
as follows:

—2wWeyt (hwo)

Gaet,n(s) =
et, l( ) s2 4+ 2Weyt S + (h(v‘)o)2

(13)

where w.,t is bandpass frequency of the extractor, 4 is the
harmonic order, wy is the fundamental angular frequency de-
termined by the PLL. As a result, the center frequency of the
extractor in (13) can be adaptive to the small variations of the
main grid frequency to achieve an accurate extraction.

Afterward, the capacitor voltage is estimated by multiplying
the magnitude of capacitor admittance with the estimated PCC
voltage component with leading 90° phase shift

Zlcap af,h

= Z (hwon)
h
Z —2Weut hwo) cy

52+ 2wen s + (hwo)

Cdp af

[Gaet.n () - Veec,apl

“Vecc,ap. (14)

The response of the estimator (14) is shown in Fig. 6, where
it can be seen this method can accurately estimate the current of
the filter capacitor at the selected characteristic frequencies. In
addition, the high-frequency ripple current of the capacitor is au-
tomatically filtered out by the estimator. Compared to the simple
feed-forward term in (11) or the direct derivative operator-based
estimation in [41], the proposed grid voltage feed-forward term
in (14) can properly emulate the impact of grid harmonic distur-
bance at selected harmonic frequencies, but without amplifying
the harmonics with frequencies close to the resonance frequency
of LCL filter.

When the capacitor current estimation is obtained in the con-
tinuous time domain, the corresponding capacitor current can
be expressed in the z-domain using bilinear transformation as
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follows:

Icap.aﬁ (k) = Z
h

f2wcut(hwo)20f
82 + 2Went S + (hwu)2

: VPCC.aﬂ (k:)

_2(z-1)
T Ts(z+1)

15)
where T is the sampling frequency of the system.

B. Principle of the Proposed Controller

The traditional one-step deadbeat current controller can be
sensitive to the sampling and processing delay of the system
[29], [34], [47]. As aresult, many delay compensation methods,
including the oversampling method in [25], unsymmetrical sam-
pling and modulation method in [40], and the delay compensated
PWM method in [34], were proposed to minimize the impact of
processing and sampling delay in a digitally controlled system.
When the delays are compensated, the current and voltage sig-
nals sampling can be assumed at the beginning of a switching
cycle and the deadbeat controller aims to realize zero current
tracking errors at the end of the switching cycle [19], [30]-
[33]. For a per-phase virtual output filter circuit as shown in
Fig. 2(b), the voltage difference V,,,; — Vpcc can be dynami-
cally regulated to control the weighted average current /15 on the
choke L; + Ly. The detailed control law is derived by the pro-
cess as shown in Fig. 7. Note that the PCC voltage is measured
and the voltage drop on the choke (V. — Vpcc) is directly
controlled to regulated the weighted average current /;5. Thus,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 4, APRIL 2017

the grid impedance only has minor impact of the tracking of
weighted average current ;5.

If the reference of the line current is given as Lie o (k) and
the difference between the weighted average current and the
line current is estimated as Icom o g (k) = Y1lcap (k) according
to (8), the reference of weighted average current in Fig. 7 can be
derived to ensure an accurate line current regulation as follows:

Ir(‘f _WAC,ap (k) — dyef,ap (k) + Icomp,aﬁ(k) (16)

With this modified reference, the deadbeat controller in the
discretized time domain can be given as follows:

o*ut‘aﬂ (k)

L+ L
= Wocave,ag (k) + % “(Lretwac,ap (k) = Lo ap (k)
= 1.5Vpcc,ap (k) = 0.5Vhcc.ap(k —1)
L+ L
+% : (Ircf,aﬁ (k) + Icmnp,aﬁ (k) - Il?,ub’ (k)) (17)

where V%, , 5(k) is the reference inverter output voltage at the
kth switching period, Voo ave,qp (k) is the predicted average
PCC voltage at the kth switching period as 1.5Vpcc ap(k) —
0'5VPCC.(}'ﬂ(k — 1), VPCC,M’J (k) and VPCC,a[i(k — 1) are the
measured PCC voltage at the beginning of the kth and the k£ — 1
th switching period, respectively, I er o5 (k) is the line current
reference, I12 5 (k) is the weighted average current, and Ty is
the switching period.

With this modified deadbeat control in (17), the harmonic of
the LCL filter can be effectively mitigated, and at the same time,
the system has an accurate control of line current at both the
steady and the transient states. The mitigation of line current
harmonics can be understood in the following way. First, as the
weighted average current controller can regulate the weighted
average current I3 o on a first-order filter plant with no reso-
nance, the response of 112 3 can be ripple free if the correspond-
ing reference current I..r wac,ap in (17) is also sinusoidal.
However, the current difference I o3 — 12,03 = T ¢ o3 iSnOt
addressed by the conventional weighted average control without
compensation. Therefore, if T/, .3 has some harmonic compo-
nents, the line current I5 4 can still be highly distorted. This
is particularly serious for LCL filters with large shunt capaci-
tor connecting to distorted grid voltage. To address this prob-
lem, the compensation term is added to the reference current
as Lot wac,a8 = Iret,a8 + Icom,a - In this case, the line current
Iy .s waveform is improved at the expense of some harmonic
distortions in the weighted average current I3 5 .

It is important to note that previous compensation methods
that are highly coupled with the current regulator and circuitry
parameters and they are usually added to the inner loop refer-
ence or the output voltage reference. In this proposed method,
compensation term is directly added to the single-loop current
reference, resulting in very well decoupled with the current reg-
ulators. Therefore, the compensator and the current regulator
can be designed independently.

The complete control diagram with three control blocks is
shown in Fig. 8. First, the three-phase PCC voltage is mea-
sured and this signal is transformed into the quantities in the
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Fig. 8. Diagram of the proposed control deadbeat scheme with weighted
average current feedback and line current tracking error compensation.

stationary two-axis reference frame. Afterwards, the average
voltage in each switching cycle is estimated. Second, a com-
pensator using PCC voltage feed-forward control is added to
the current reference. Third, the weighted average current is
calculated and it is regulated by a one-step deadbeat current
controller based on the virtual series choke plant in Fig. 7.

Finally, it is necessary to note that the controller in
Fig. 8 ensures an accurate control of line current. But when
the harmonic-free line current flows to a highly distorted grid,
the instantaneous power from the dc link to the PCC has sig-
nificant ripples. In this case, the dc-link voltage ripple may be
amplified [42], [43]. However, as this paper focuses on the com-
pensation of line current harmonics and the switching frequency
is much higher than the frequency of dominate dc-link voltage
ripples, a further discussion on the dc-link voltage ripple is out
of the scope of this paper.

C. Analysis of the Proposed Method

The stability of a converter using the proposed deadbeat con-
troller in (17) has been verified by investigating the root loci in
the zero-pole map. Selective analysis results are provided here.

First, the converter circuit parameters are chosen to be the
same as these in the real-time simulation, as shown in Table I.
When the weighting factor T in the proposed current controller
changes from 0.8 to 0.2, the root loci of the system are shown
in Fig. 9. It can be noticed that there are three moving poles,
among which the pole P1 is located in the inner part of the unit
cycle and poles P2 and P3 are located in the boundary of the
unit cycle. As a result, the performance of the system is more
sensitive to the changes of P2 and P3. When the weighting factor
is lower than 0.35, P2 and P3 are pushed to the outside of unit
cycle, leading to an instable operation of the system.
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TABLE I
PARAMETERS OF THE SIMULATED AND EXPERIMENTAL SYSTEM

Circuit Parameter Value

Rated grid voltage
DC-link capacitor
LCL filter

Three-phase 400 V/50 Hz
Cpc = 2000 uF
Ly =3mH-R; =8mQ;Cy =
60 uF; Ly =1.5mH, Ry = 6mQ

Reference DC-link voltage 600 V
Dead time 2.5 us
Control parameter Value
Switching frequency 10 kHz
Weighting factor B3=2/3
Bandpass angular frequency went = 0.38 Hz

Deadbeat controller parameter Ly =3mH, Ly =1.5mH t, = 100 us

Imaginary Axis
S
o

S
N

-4 08 06 04 -02 0
Real Axis

Fig. 9. Root loci of the system when the weighting factor Y in the proposed
deadbeat controller changes from 0.8 to 0.2.

200%

2 0
Real Axis

Fig. 10.  Root loci of the system when the physical inductances L and Ly of
the LCL filter change from 200% to 20% of the nominal value.

Since parameters mismatch often exists in the output LCL
filter, the stability of the system is also investigated considering
the variations of inductance. In this test, fixed parameters (L, =
3mH, Ly = 1.5mH) are used in the proposed controller in
(17), but the physical filter inductance L; and Lo in the output
LCL filter changes from 200% to 20% of the nominal value.
The root loci of the system are shown in Fig. 10. In contrast to
Fig. 9 where P2 and P3 can lead to instability of the system,
the root loci in Fig. 10 demonstrate that P2 and P3 are stick to
the boundary of the unit cycle, but the pole P1 can be pushed
to the outside of the unity cycle when the filter inductance is
lower than 50% of the nominal value. As a consequence, serious
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Fig. 11.  Closed-loop equivalent circuit of a converter controlled by the pro-
posed method.
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Fig. 12.  Frequency domain response of the shunt admittance.

inductance attenuations shall be avoided for grid-tied converters
using the proposed deadbeat control method.

The performance of line current against grid voltage distur-
bance is briefly examined here. It has been reported that the
closed-loop response of line current can be depicted using a
Norton equivalent circuit [6], [SO], as shown in Fig. 11. The
sensitivity of the line current to PCC voltage disturbance can be
examined by the frequency domain response of the shunt admit-
tance Y4 p(z) in Fig. 12. From Fig. 12, it can be clearly seen
that the shunt admittance at the selected fundamental and low-
order harmonic frequencies are attenuated using the proposed
feed-forward compensation method, resulting in an improved
capability to reject the impact of grid voltage disturbance.

IV. VERIFICATION RESULTS

To verify the effectiveness of the proposed control method,
comprehensive simulated and experimental results are obtained
in this section.

A. Simulated Results

Simulations have been conducted in the MATLAB/Simulink
environment. The control and circuitry parameters can be found
in Table I. In these simulations, a relatively large shunt capacitor

—— in |14}
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Fig. 14. Performance of the system using the proposed deadbeat control
method and the method in [14]. (From top to bottom: (a) grid voltage Vgyiq;
(b) line current I5; (c) output current /; ; (d) current tracking errors (I;of — I2)).

at 60 pF is selected for the LCL filter, in order to verify the
performance of the proposed method in adverse situations.
First, the weighted average current controller without the
compensation term is adopted and the reference current mag-
nitude is set to 5 A. The performance of the system is shown
in Fig. 13, where the second and the third channels are the line
current and the output current, respectively. It can be seen that
the system is stable with sinusoidal line current. Nevertheless,
the difference between the reference current and the line current
as shown at the bottom of this figure is around 4.5 A, which
is obviously not acceptable for low-power converters. When
the compensation term Icomp, a5 (k) using PCC voltage feed-
forward is adopted to reduce the line current tracking errors at
0.5 s, the waveform of line current is still sinusoidal but the line
current tracking error reduces to less than 0.65 A in this test.
As mentioned earlier, the stability of the conventional cur-
rent controlled system can hardly be maintained when design-
ing the control parameters without properly considering the
effects of large shunt capacitor. This conclusion is examined
as demonstrated in Fig. 14. In the beginning of the simula-
tion, the stable operation of the system is achieved by using
the proposed weighted average current control method with
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inductance L ;. (b) Harmonic spectrum of line current before and after the use
of the feed-forward compensation.

feed-forward compensation. At the time 0.2 s, the well-
understood PR current control method with lead-leg compen-
sator in [14] is applied to the system and the PR control param-
eters are determined according to the design guideline. It can
be clearly seen that the system immediately becomes unstable
when the conventional controller is applied to the system.

The performance of the system under adverse grid voltage
situation with rich harmonics is also tested, as shown in Fig. 15.
In this simulation, 5% 5th harmonics and 0.8 11th harmonics
are added to the main grid voltage. In the beginning of the test,
the deadbeat weighted average current control without using
the feed-forward compensation is applied to the system. As
there is insufficient rejection against grid voltage harmonics
disturbances, it can be noticed that the line current is highly
distorted and the total harmonic distortion (THD) of the line
current is 11.12%.

When the proposed feed-forward control using the estimator
in Fig. 5(b) is activated at 0.5 s, it can be seen that the line
current harmonics are mitigated and the corresponding THD
is only 1.78%. It is important to emphasis that when a three-
phase balanced current is injected into a highly distorted grid
or imbalanced grid, the instantaneous output power has some
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Fig. 16. Performance of the system using the proposed deadbeat control
method with feed-forward control. Grid frequency changes from 50 to 50.15 Hz
at 0.2 s. (From top to bottom: (a) Grid voltage Vyiq; (b) line current o}
(c) output current /7 ; (d) weighted average current /;2).

oscillation [51]. They are some methods to dynamically regulate
the oscillations in both real and reactive power. However, a
deeper analysis is out of the scope of this paper. At 0.55 s,
the grid impedance of the system increases to 150% of the
nominal value, the waveforms in Fig. 15 also demonstrates that
the system line current control is not affected. From the above
tests, it can be concluded that the proposed method with feed-
forward control is insensitive to the variation of grid impedance
or the harmonic disturbances from the main grid. The detailed
spectrum for the line current in Fig. 15(a) is shown in Fig. 15(b)
for comparison.

To test the performance of the system when the main grid
voltage frequency has some variations, more simulations are
conducted and the results are shown in Figs. 1618, where the
main grid has 6.5% harmonic distortions. First, an enhanced per-
formance using the proposed method with adaptive frequency
extractor-based feed-forward control is illustrated in Fig. 16,
where it can be clearly seen that line current is sinusoidal be-
fore and after the change of grid voltage frequency. At the same
time, the inverter output current is distorted as the harmonic
current from the shunt capacitor are inherently compensated by
the inverter output current.

To have a better understanding of the principle of line cur-
rent harmonic compensation, the performance of the system
using the deadbeat control method but without the feed-forward
control is given in Fig. 17. As the weighted average current
reference is a sine wave in this case, the weighted average
current as shown at the bottom of Fig. 17 has very good quality
with only 5.01% THD. Note that the dominate distortion in the
weighted average current comes from the switching ripple of [;
Nevertheless, the almost ripple-free weighted average current
cannot guarantee an enhanced quality of line current that injects
into the main grid. The THD of the line current in Fig. 17 is
12.91%.

According to the previous analysis, the feed-forward control
is not always effective if other current regulators are used. To
verify this conclusion, the deadbeat controller is replaced by
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the PI controller in the rotating reference frame in [23] and the
corresponding performance with feed-forward control is shown
in Fig. 18. As indicated in the second channel of this figure, the
line current harmonic in this case cannot be properly mitigated
when using PI regulator with reduced control bandwidth.

B. Experimental Results

Experimental results have been obtained from a laboratory
three-phase converter prototype. The detailed system parameters
are also listed in Table I. The dc-link voltage is powered up by
an isolated dc-power supply.

In the first test, the proposed weighted average current regu-
lator without using PCC voltage feed-forward control is applied
to the system. The magnitude of the reference current is set to
10 A. The steady-state performance of the converter line cur-
rent is illustrated in the middle of Fig. 19. The bottom waveform
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Fig. 19. Performance of the system using the proposed deadbeat control
method but without using the compensation term. (From top to bottom: (a) ref-
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Fig. 20. Performance of the system using the proposed deadbeat control
method. The compensation term is determined by differential operation. (From
top to bottom: (a) reference current /,.¢; (b) line current /5 ; (c) current tracking
errors (Iyer — I2)).

shown at the bottom of Fig. 19 depicts that there are significant
steady-state current tracking errors in the line current.

When the filter capacitor current is estimated by using a direct
derivative operation, the performance of the system is shown in
Fig. 20. Comparing to the performance in Fig. 19, it can be
noticed that the adoption of derivative operation-based filter
capacitor current estimation can improve the line current track-
ing accuracy. Nevertheless, the tracking errors as shown at the
bottom of Fig. 20 are still noticeable and there are some har-
monics in the tracking errors.

When the proposed deadbeat control of weighted average
current with the feed-forward term using the estimator in Fig.
5(b) is applied to the system, the enhanced performance is shown
in Fig. 21. In this case, the waveform of converter line current
in the middle of the figure is fairly close to the reference current
as shown in the top. Accordingly, the current tracking error as
illustrated in the bottom is around zero. Due to the removal of
differential operation in the estimation of capacitor current, the
line current in this case is highly smooth with only 2.58% THD.

The performance of the proposed controller under the situa-
tion of significant filter parameter variations is also compared
with some well-understood controllers. In this test, the converter
side choke L and the line side choke L, are 2.0 and 1.2 mH, re-
spectively. To fully demonstrate the impact of choke inductance
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Fig. 23.  Steady-state performance of the method in [28].

Fig. 26.  An enhanced performance using the proposed deadbeat control with

mismatch to line current resonance, a ripple-free three-phase PCC voltage feed-forward compensation.

grid voltage is used here, as shown in Fig. 22.

First, when the deadbeat controller with pole-zero to system, the resonance in the line current is still effectively
cancellation-based active damping in [28] is applied to the sys- mitigated, as shown in Fig. 24.
tem, the performance is captured in Fig. 23. It can be seen that When the main grid has significant distortions with 6.0% 5th,
with significant parameters variations, conventional pole-zero 1.0% 7th, 1.0% 11th and 0.8% 13th harmonic voltages as shown
cancellation-based active damping can hardly suppress the res-  in Fig. 25,the performance of the system is also verified. In this
onance current. When the deadbeat control of weighted average  test, an enhanced performance using the proposed deadbeat con-
current with a proposed feed-forward compensator is applied trol with PCC voltage feed-forward in (16) and (17) is shown in
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Fig. 26, where it can be seen that the line current low-frequency
distortions are mitigated and the THD is only 5.99%.

V. CONCLUSION

An enhanced current controller is proposed in this paper. The
research work of this paper is summarized here:
1) in order to realize rapid control of converter current, the

2)

3)

(1]

[2]

[3]

[4]

(5]

[

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

deadbeat control is applied to regulate the weighted aver-
age current based on a virtual filter plant;

the feed-forward compensator is developed to mitigate the
steady-state fundamental current tracking errors caused by
conventional weighted average current control;

the frequency-selective capacitor leg current estimation is
proposed and the corresponding compensation term can
be used to increase the robustness of the converter against
grid harmonic distortions. The design and implementa-
tion of this compensator are highly decoupled from the
closed-loop deadbeat current regulator. Thus, both the cur-
rent regulator and the compensator can be independently
designed.
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