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Abstract

Grid-connected inverters (GCIs) with LCL output filter have the ability of attenuating high-frequency (HF) switching ripples.
However, by using only grid-current control, the system is prone to resonances if it is not properly damped, and the current
distortion would be amplified significantly under highly distorted grid conditions. In this paper, a synchronous reference frame
equivalent proportional-integral (SRF-EPI) controller in af stationary frame using the parallel virtual resistance-based active
damping (PVR -AD) strategy for grid-interfaced distributed generation (DG) systems to suppress the LCL resonance is proposed.
Although both proportional-resonant (PR) controller in o/ stationary frame and PI controller in dg synchronous frame achieve zero
steady-state error, the amplitude- and phase-frequency characteristics differ greatly from each other except for the reference
tracking at fundamental frequency. Therefore, an accurate SRF-EPI controller in of stationary frame is established to achieve
precise tracking accuracy. Moreover, the robustness, harmonic rejection capabilities, and influence of control delay are investigated
by the Nyquist stability criterion when the PVR-based AD method is adopted. Furthermore, the grid voltage feed-forward and
multiple PR controllers are integrated in the current loop to mitigate the current distortion introduced by the grid background
distortion. Besides, the parameters design guidelines are presented to show the feasibility and effectiveness of the proposed strategy.
Finally, simulation and experimental results are provided to validate the feasibility of the proposed control approach.

Key words: Synchronous frame equivalent PI, active damping, stability, LCL filter, PVR-AD scheme

connected inverter (GCI) plays an important role in ensuring

. INTRODUCTION high-quality power to be injected to the grid [1-4].

Recently, distributed generation (DG) systems based on
renewable energy systems, such as photovoltaics and wind
turbines, are attracting more and more attention. These
renewable energy sources are usually installed in a distributed
way and as an interface between DGs and the network, a grid-
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In a GCI, an L filter or an LCL filter is usually used as an
interface between the inverter and the grid. However, if only
an inductor is used, high-frequency (HF) switching is needed
to ensure that no excessive switching ripples are generated
from the pulse-width modulation (PWM) process, which
would be accompanied by undesirable problems of excessive
switching losses and electromagnetic interference (EMI),
especially in high-power applications [5]. Compared to the
classical L filter, an LCL filter has better attenuation capacity
of the switching harmonics and better dynamic characteristics,
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which usually yields to a lower volume and cost [6]. However,
the LCL filter is a three-order system and instability problems
may occur at the resonant frequency, thus proper damping
solutions are mandatory to stabilize the whole system [7].
The ways to damp the resonance problems can be classified
into passive damping (PD) and active damping (AD) methods.
PD is achieved by inserting an additional resistor in series or
parallel with the filter inductor or filter capacitor [8]. The PD
scheme by adding a resistor in series with the filter capacitor

has been widely adopted for its simplicity and highly reliability.

However, the additional resistor will result in power loss and
decrease the attenuation of the LCL filter [9]. In order to
overcome these drawbacks, the concept of virtual resistor was
proposed, which is called AD method [10], [11]. And an
interesting control strategy based on the feedback of the
splitting capacitor current was proposed in [12]. With this
method, the injected current is not controlled directly and the
damping capability relies on the LCL parameters. Therefore,
among the AD methods, the method involving feedback of the
capacitor current has attracted considerable attention due to its
simple implementation and wide application [2], [13-17].
Another interesting approach, which is the main focus of
this work, is to consider the current controller implementation
so that a better performance is ensured. It is well-known that
the proportional integral (P1) controller has an infinite gain for
dc component, thus guarantees a precise tracking for dc
references without steady-state error. However, for ac
references, the PI controller would lead to steady-state error
due to the finite gain at the selected frequency [18], [19]. The
proportional resonant (PR) controller can provide infinite gain
at the selected resonant frequency to suppress the effect of the
unwanted harmonics, thus ensuring zero steady-state error
when tracking an ac reference at the selected frequency [20-
22]. On the other hand, by applying PI controller in dq
synchronous frame can ensure zero steady-state error, since the
ac signal is transformed into dc signal, thus infinite gain is
achieved by the PI controller at the dc component [23], [24].

Distributed Generation

However, the synchronous frame Pl control scheme requires
accurate phase synchronization of the grid voltage by using a
phase-locked-loop (PLL), which may deteriorate the tracking
performance under grid disturbances [24]. Moreover, the
straightforward analysis method which is named PI model, i.e.,
to replace the PI controller in dg synchronous frame with Pl
plus resonant controller in of stationary frame. However, the
approximation is not accurate and the coupling terms are
ignored, either [25]. In [26], an accurate synchronous frame
equivalent Pl (SRF-EPI) in stationary frame with L filter was
presented, which shows robust performance under a wide
frequency range. However, the system with the LCL resonance
is not considered and the effects of the power-stage parameter
deviations and the grid background distortion were not taken
into account, and the discrete model and the control delay
effect were also neglected.

This paper proposes a novel parallel virtual resistance
(PVR)-based AD method integrated with the SRF-EPI control
strategy in af stationary frame for three-phase grid-connected
inverter with an LCL filter. The multiple PR controllers and
the grid voltage feed-forward loop for improving tracking
precision under background grid distortion conditions are
investigated when the proposed strategy is used. Moreover, the
SRF-EPI, PI and PR controllers are analyzed, designed and
compared, which show the feasibility and effectiveness of the
proposed strategy.

This paper is organized as follows. In Section 11, the system
description and the proposed control scheme are presented.
The damping characteristics of the various PD schemes, the
series virtual resistance (SVR)- and PVR-based AD strategies
are analyzed, and the use of the SRF-EPI, Pl and PR controllers
are compared in the stationary frame. Section 11 presents the
parameters design guidelines. The impact of LCL-parameter
variations based on the SRF-EPI controller in the stationary
frame is studied as well. Section IV presents the simulation and
experimental results of a 2.2 kVA three-phase DG system.

Finally, Section V concludes this paper.
LCL-Filter Grid

Fig. 1. System topology and control strategy of the three phase grid-connected inverters with LCL filter.
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Il.  SYSTEM DESCRIPTION AND CONTROL SCHEME

Fig. 1 shows the topology of three-phase grid-connected
voltage source inverter (VSI) based on the LCL filter, where
the inductor parasitic resistances are neglected. In addition, the
switch is used to choose the current controllers and Ggi(s),
Geq(S), and Gpr(s) correspond to the PI controller, the SRF-EPI
controller, and the PR controller, respectively. To achieve a
good filtering performance, the resonance frequency of LCL
filter should be in the range of 10fo<fes<(fs/2), where f, denotes
the fundamental frequency, f.s represents the resonance
frequency, and f; is the switching frequency [7], [18], [27].
Based on these guidelines, the parameters of the power-stage
are given in Table 1.

TABLE I
SYSTEM PARAMETERS OF THE LCL GRID-TIED INVERTER
Symbol Quantity Value
Udc Input voltage amplitude 650 V
Ug Grid voltage 311V
Ts Sampling and switching period 100 us
o Fundamental angular frequency 1007 rad/s
C Capacitor 10 uF
L Converter-side inductor 1.8 mH
Lg Grid-side inductor 1.8 mH

A. Stationary Frame SRF-EPI, Pl and PR Controllers

A major objective for ac current regulators is to achieve zero
phase and magnitude errors. Here, the synchronous reference
frame equivalent Pl (SRF-EPI) controller in the stationary
frame was presented as an alternative solution for fundamental
frequency reference signal tracking purposes [26], [28].

The synchronous reference frame equivalent integral
controller is F.£6, and n<0 means the signal is in negative
sequence.

o n=1 0 n=1
F=i 2 .., 0=1-90 (>)U(<0) (1)
@,|n-1 90° 0O<n<1

The proportional (P) controller in dg synchronous frame is
the same as the P controller in the af frame. Then, the SRF-
EPI controller transfer function is

G, (8) =k, + F£LO=k, +Fcosd+ jFsing 2)

Compared with the SRF-EPI controller, the integral and
resonant models of Pl and PR models are given by

0 n=0
F=ik o 6= (3)
w,n
) n=1 0 n=1
- . 6, =1-90° n>1
F 225. ne1’ OR > 4
o (n°+1) 90° n<1

The Pl and PR current controller are obtained by
substituting (3) and (4) into (2), respectively.

Fig. 2 shows the bode plots of the equivalent model Geq, the
resonant and integral controllers for the fundamental
frequency signal tracking. It can be seen that the models show
remarkable differences from each other in the low frequency
range, thus the direct implementation of the PR or PI model to
predict system performance would lead to inaccurate result. As
for the phase characteristic, equivalent Pl controller Geq in
positive sequence shows the same phase characteristic with
resonant model, while Gq in the negative sequence shows the
same phase-frequency characteristic with integral model.

= 50 Equivalent Tntegral
S Controller in Positive
= -
] Sequence
2 e ——— a il N
S 5 AT / 9.*
2 T T T DL o= N re,.
=2 .0 I RSREEE L et I\ NAIN e
b NEEN L LOINGE T LTI
100 e e N
11 ik\i | | ] Equivalent Integral
€ °°[ integral || Resonant T Controller in
s O Controller — Controller { Negative Sequence
[+
& 50
_1000 P »}1 13 I3 sz 13 I3 s
10 10 10 10

Frequency (Hz)

Fig. 2. Bode plots of the integral controller, resonant controller,
and equivalent integrator controller in positive and negative
sequences.
B. Passive Damping under Grid Current Feedback

As shown in Fig. 3, the grid current is conventionally used
as a feedback variable of the current controller to regulate the
current injected into the grid. An amplitude peak exists at the
resonant frequency of the LCL filter, which would limit the
design procedure of the current control-loop [6], [29].

oL R} ; :,,: i >~~3

irefup & i Ug,fw* 1 ¥ igp
e B> B9 [ RO @@»@—»

Fig. 3. Block diagram of various PD methods under grid current
control for the three-phase inverter with LCL output filter.

The direct way to damp the LCL filter resonance is to insert
a passive resistor in the inductor or capacitor of the LCL filter.
In this case, the open-loop transfer functions of the grid current
feedback control algorithm with various passive damping (PD)
methods can be obtained as
G (s)G,, (s
GSerlest(S) = 3 2 C( ) IW( )
S'LL,C +8°CLRy +s(L+L,)+Ry
G.(s)G,, (s
Gseriest‘] (S) — 5 > C( ) mv( )
SLL,C+sCLRy +s(L+L,)+Ry,
GC (S)Ginv (S)(SL + RPL)
S’LL,CR,, +5°LL, +5R, (L+L,)
6
Ge(5)G (S)6L, +Ro) ©)

SLLCR, +5°LL, +5R, (L+L,)

®)

GParaIIeI—L (S) =

GPaLralIIeI—Lg (5) =
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GSeriesfc (S) = 3 G (SZ)GInv (S)(SCRC +1) (7)
SLL,C+sCR.(L+L ) +s(L+L,)
GParaIIelfc (S) = G (S)Glnv (S) Rd (8)

S’LL,CR, +s°LL, + SR, (L+L,)
where Gin(s)=Uqc/Uyi is the gain of the PWM inverter, Ugc is
the inverter dc voltage, and Ugi=1 is the carrier amplitude.
Gseries-L aNd Gseries-Lg represent the open-loop transfer functions
from iver,qp tO ig, o5 When damping resistor is connected in series
with L and Lg, respectively. Gparaniel-. and Gparariel-Lg represent
the open-loop transfer functions when the damping resistor is
connected in parallel with L and Lg, respectively. Gseries-c and
Graraltel-c are the open-loop transfer functions when damping
resistor is connected in series and parallel with C, respectively.

g 100 e 4 Rsp/s=0 Q
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Fig. 4. Bode plots of the open-loop transfer function under grid
current feedback control with various PD methods (Magnitude,
phase are abbreviated as Mag, Ph). (a) The resistor in series with
L or Lg. (b) The resistor in parallel with L or Lg. (c) The resistor in
series with C. (d) The resistor in parallel with C.

Fig. 4 shows the bode plots of the open-loop transfer
functions with various PD schemes using the parameters in
Table | when a PI current regulator is used. As shown in Fig.
4(a), the LCL filter with PD methods has less attenuation in
the low frequency (LF) region when a series resistor is
connected with L or Lg. The less attenuation is caused in the
HF region when a parallel resistor is connected with L or Lg
which is shown in Fig. 4(b). As shown in Fig. 4(c), it can be
seen that the less attenuation is also caused when a series
resistor is connected with C. As shown in Fig. 4(d), there is no
impact on the LF and HF regions when a parallel resistor is
connected with C. However, an excessive power loss is always
existing among the various PD schemes.

C. Virtual #esistance based Active Damping (AD) Strategy

Compared with PD method, active damping (AD) strategy
is more flexible and more efficient, which adopts virtual
resistor to eliminate power loss and can be easily incorporated
to the existing control algorithm. The block diagram
transformation of traditional virtual resistor in series with
capacitor is derived in Fig. 5. It is reported that, the series
virtual resistance based AD (SVR-based AD) needs to
introduce differential element and it will cause noise
amplification problems and the system can be unstable due to
HF interference [17].

Controllers PWM Inverter LCL Fllter Ug,op
i
i, }» Gnl9) |—> é Set 7
T Uc op 2
©)]
LCL Filter
[+ Ug.op
Iref,ap |La |C aﬁ s lg,ap
% sL u
C aﬂ’
(b)

Fig. 5. Block diagram transformation of virtual resistor in series
with capacitor. (a) Passive damping of capacitor series with
resistor. (b) Equivalent SVR-based AD.

Therefore, an effective parallel virtual resistance based
active damping (PVR-based AD) method in parallel with
capacitor for LCL filter is proposed in this paper, which avoids
the LCL resonance problems, and the satisfactory stability and
robustness can be achieved. The principle diagram and its
block diagram transformations of PVR-based AD are shown
in Fig. 6.

The transfer function of the PVR-based AD describing the
grid current ig s as a function of voltage us .4 is given by

Cactve-iu (8) = s () = 5 L
o Ug ,5(S)  S(LL,CS™ + R, L,Cs+(L+Ly))
where Rq.eq is an equivalent proportional term, Rgeq =L/(CRq).

According to Fig. 6(b), the open-loop transfer function of
the PVR-based AD is given by

©)

d.eq g
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GC (S)Ginv (S)

Gopen(8) = (10)
pen 3 2
LL,CS® + R, L,Cs? + (L +L,)s
66hi}6iiéééEWM]H\}E&&' LCL Filter, . lug’aﬂ
iref,op g0
U ﬁ s
N7)
‘é’dhifbil’ér’é‘:'E\'/\'/’I\’A”lh\}éﬁér’
|ref af

—>©r> Gc(s) "‘ G.nv(S)

(b)

S’LC +5CR, , +1
Ug a/)‘ » SLL,C +5°CLyR, ,, +S(L+L,)

i
Iref a/)’ 9,08
T —>O>Bc(s) |->G'”V(S) LL,Cs® +R, o L, Cs +(L+Ly)s

deq g

(©
Fig. 6. Block diagram transformations of the PVR-based AD
method. (a) PD scheme using parallel-connected resistor across
capacitor. (b) Block transformation of PD control strategy in (a).

(c) The block diagram of parallel virtual resistance active damping.
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Fig. 7. Bode plots of the open-loop transfer function with PVR-
based AD strategy.

From (10), it shows that there is no unstable open-loop poles,

i.e.,, P=0. If the PI current controller is used, by using the
parameters in Table I, the bode plots of the open-loop transfer
function Gopen(S) with AD method when Rgeq is 0, 8 and 26 is
illustrated in Fig. 7, respectively. The corresponding parallel
virtual resistor Ry is o, 22.5 Q and 6.9 Q, respectively.
According to Nyquist stability criterion [7], the system is
stable if Q=0

Q=P+N,-N_ (12)
where P is the number of unstable open-loop poles, N+ and N.
are the number of times that the path crosses the line in the
clockwise and counter-clockwise directions. Hence, there is a
one-to-one correspondence between positive half of Nyquist
plot and the open-loop bode plot, and the N+ and N. are two
times the numbers of positive (from lower to upper) and
negative (from upper to lower) crossings of (2k+1)x (k is an
integer) in the open-loop bode plot in the frequency range with
gains above 0 dB. For minimum phase system, i.e., P=0, the
system is stable if N.=N. [29], [30].

1) When Ryeq =0, the PH-F contour cross -180< from
upper to lower at frs (in Mag>0 dB region). Thus, when
P=0, N.=0, N+=2, and Q=2, the system is unstable.

2) When the feedback gain Rgeq increases, the PH-F
contour cross -180<outside the Mag>0 dB region if the
value of Rqeq is appropriate. Thus, when P=0, N.=0,
N.=0, and Q=0, the system is stable. The case for Rgeq
=0, 8, 26 is shown in Fig. 8, respectively.

In order to intuitively show variation tendency of system
stability when Rgeq varies, the discrete pole-zero map for
feedback gains Rg.eq increases from 0 to 36 is illustrated in Fig.
8 by using the ZOH method. It can be seen that the system
stability changes along with delay time. The discrete open-
loop transfer function of current controller using PVR-based
AD scheme is

1-e~" 1
Gopen (2) =G (Z)XZ[G (S)va(s) x [L,Cs'+ R, L,C5' +(L+Ly)s
(12)
G,(s)=e"" (13)

where Gq (S) represents the delay in digital control, Ty is delay
time and it is related with analog-digital sampling process,
PWM generation process, and hardware filtering [6], [26], [30].
The PWM switching frequency and the sampling frequency of

the digital current controller are both selected to be 10 kHz.
1
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Fig. 8. Pole-zero map for close-loop transfer function with PVR-
based AD strategy. (a) No delay. (b) 3/2Ts delay
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Fig. 9. Bode plots of PVR-based AD scheme compared with PD
and no damping strategies.

12 -
105 ‘
|
T
2 08f L
El Increasing Ry.eq
506
E D Rd‘Eq:ls
04 Ryeq=20
————— Ryeq=25
02 Ryeq=30
— = — Rye=35
% 1 2 3 4

Fig. 10. Step response of tTHn(;e (BS\)/R-based AD scheme with
different Ra,eq.

Fig. 9 shows the frequency domain comparison among the
PVR-based AD strategy, PD method and no damping scenario.
It can be observed from Fig. 7 and Fig. 9 that the PVVR-based
AD method ensures effective damping characteristics and the
attenuations in LF and HF regions are not affected, which is an
advantage over the various PD methods.

Once again referring to Fig. 8, it can be seen that either too
small or too large Rqeq Values will affect the stability of the
system. By gradually increasing Rg.q, the poles can be moved
close to the center of the unit circle. However, the poles will
be moved away from the circle when Rqeq cONntinues increasing,
reducing the stability margin and leading to instabilities.
Hence, it is necessary to optimize the damping coefficient Rqeq,
thus ensuring that system has sufficient stability margin and
good dynamic performance.

Equation (9) is equivalent to a first order model combined
with a second order plant model, and the resonance is caused
by the second order system. Notably, the resonance of the
second- order system is determined by the damping ratio ¢
The damping ratio & in (9) is shown in (14). To eliminate the
resonance, let £&=0.707, thus the feedback gain is calculated as
Ra,eq=26.8, i.e., the parallel virtual resistor Rq is 6.7 Q.

i Rucs _Ruca [ LC w
2lo,, 2 \(L+L,)L

Fig. 10 shows the step responses of PVR-based AD method
with different Ryeq SCenarios. It can be seen that the dynamic
response is influenced by the value of Rqeq. The overshoots as
well as the oscillations are largely reduced with increasing Ry.eq
and the settling time is the shortest while Rge=26.8. In
summary, the optimal performance is achieved when Rgeq
equals 26.8, and changes along with the delay time.

D. Grid Voltage Disturbance Rejection
To mitigate the effect of the grid voltage distortion on the

quality of output currents of the LCL-filter, the proportional-
resonant (PR) was introduced to provide infinite gain at the
selected harmonic frequencies to guarantee the sinusoidal grid
currents [22], [31]. The method based on the concept of
harmonic impedance, which is to incorporate the grid voltage
harmonics in the control loop through an additional feed-
forward path could also suppress the effects of the unwanted
harmonics, would not affect the phase margin. However, the
compensation accuracy of this approach is not satisfactory [32].

Feedforward of Grid Voltage |

Ug, o)
SR, 1 vl
sCG (s)
ret.up iw/l
- Gc(s) O+ Ginf9) . &»
G (s

@)

Ugap

iret iy
reY,/Z g.0ff

ire.a
.

b c
Fig. 11. Block diég)ram transformation of the 53\)/R-based AD
control algorithm with the grid voltage feed-forward loop.

The block diagram transformation of the PVR-based AD
algorithm with the grid voltage feed-forward loop is shown
in Fig. 11, and the current injected into the grid can be derived
as

- _ W(s) . _1-Gy(5)G,(s)
Ig,aﬂ (S) - 1+W(S) Iref,aﬂ (S) 1+W(S) Gz (S)ug,aﬂ (S) (15)
=lg(s) +ig,(s)
where
G.(5)G,, (s)
G,(8) = 5wl 16
1) $’LC +SCRy ,, +1 (16)
’LC +sCR 1
G,(5)=— > > % Tem 7)
S'LL,C +s°CL R, ., +s(L+L,)

and W(s)=G1(s)G2(s).
The transfer function from the grid voltage to the grid side
current with PVR-based AD is derived as

IO S?LC +SCRy ., + (18)
Uy 0 (5) T G.(5)G,,, (5) +S *LL,C +s°CL, Rd‘eq +s(L+L,)
100 R
Lo
= 80 No damping Supy
§ 60 Passive damping
% 40 /A —
I A AR
IR AN
o \Active damping
10° 10° 10°

Frequency (Hz)
Fig. 12. Bode plots comparison of disturbance voltage to grid
current of the harmonic admittance without the feed-forward of
grid voltage.

Fig. 12 shows the bode plots of (18) under no damping, PD
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and PVR-based AD cases without feed-forward of grid voltage.

It can be observed that a voltage disturbance near the
resonance frequency results in large input currents under no
damping case. However, the PD and PVR-based AD schemes
provide efficient resonance damping characteristics, and the
PVR-based active damping scheme shows additional damping
performance without causing additional power losses.

In order to mitigate the effect of the grid voltage on the
quality of LCL-filter currents, a feed-forward loop of the grid
voltage and the multiple resonant regulators at the harmonic
frequencies of grid voltages are applied in the current loop.
According to (15), setting 1-Gn(S)Ga(s) to zero and adopting
approximate full compensation approach, the feed-forward
function is derived as

1 S’LC+SCR,, +1
G(s)  Gc(5)Gn(s)
Considering that derivative functions are difficult to be
implemented and mainly for middle- and higher-frequency
harmonics, and the noise amplification problems would reduce
the stability margin, hence (19) is approximated by a first order
low pass filter, and the higher order differential terms are
neglected to avoid high frequency instabilities [29], [33]. As
shown in Fig. 11(a), if the feed-forward control lies behind the
current controller, the feed-forward factor has a very simple
form and the proportional feed-forward is adopted, and
Gn(s)=1/Gin(s). Moreover, the multiple resonant controllers
are achieved by paralleling several resonant blocks tuned to the
desired harmonic frequencies to be compensated, which is
expressed as

Gy (s)= (19)

G )= 3 D (20)

h=5711... s+ (ha’o)2
where h is the harmonic order to be compensated, wo
represents the fundamental frequency, and Ki, represents the
respective resonant gain, which should be tuned relatively high,
but within the stability limits, for minimizing the steady-state
error. The dynamics of the fundamental PI, PR and SRF-EPI
controllers in the stationary frame is unaffected when the
multiple resonant controllers are added, since the resonant
controllers compensate only for frequencies that are very close
to the selected resonant frequencies.

I11. DESIGN GUIDELINES

A. Stability of the SRF-EPI, Pl and PR Controllers

The resonance damping and dynamic response have been
taken into consideration for the aforementioned active
damping design procedure. Thus, the current regulator G¢(s) is
designed to maintain suitable PM, GM and cutoff frequency f..
Generally, PM in the range of 30=-60°and GM>3~6 dB are
adopted for a compromise among the stability, dynamic
response and robustness [10], [14].

The cutoff frequency f. is typically restricted lower than fs,
considering the effect of attenuating HF noise and f. generally

can be chosen lower than 1/10 of f. Therefore, considering the

frequency response of the system below the cutoff frequency,

the influence of the capacitor of LCL filter can be ignored and

Gopen(S) €an be approximated as
G.(s)G,, (s)

G P A 1 A 21

open(s) (L+ Lg )S ( )

Here, PI controller is adopted to design the parameters for

the PR controller and SRF-EPI controller for comparison. At

the cutoff frequency, the magnitude-frequency characteristic
of the open-loop system is zero, hence

201g/G(j2rrt,)| ~ 2019 — S| g 2
T =] _— =
9(G(j27f; g(HLg)*jzﬁfC (22)
Thus, the controller gain k;, is approximately represented as
27t (L+L,)
R 23
P Ginv(s) ( )

showing that f. is approximately proportional to k,. Therefore,
a larger k, means a faster dynamic response and a larger loop
gain at low frequencies.

The steady-state error of ig,s at fundamental frequency wo
=2xfy is an important index of the controller parameters design.
As given by (15), assuming adoption of grid feed-forward
control, the steady-state tracking error of grid current ig s can
be calculated as

igl(s) - iref (S) _ W(S)

E,(s)= = - (24)
9 .
Iref (S) 1+W(S)
100
TTTTI
~ APl
§
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E TN
2 9 | i LT, ]
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Fig. 13. Bode plots of the open-loop transfer function with PVR-
based AD strategy.

The fundamental components of iz, and ug,.s are denoted by
ig2" and ug", respectively. As the influence of the filter capacitor
is negligible at fundamental frequency fo, considering (18), ig"
can be approximated as

u
i 25
*  G,G(j2rf,) #)
Considering equation (21) and (25), lg can be derived as
O T Yo (26)
G |Ge (127 F)| 27 T, |Gypens (27 1,)|
where I and Uy are the root mean square (RMS) values of ig"
and ug", respectively.
According to (21) and the transfer function of PI controller,
(26) can be rewritten as
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Fig. 14. Bode plots of the system considering the variations of the LCL filter parameters with PVR-based AD strategy. (a) C: 10

4F +30%. (b) L: 1.8 mH £30%. () Ly: 1.8 mH -30% ~ +100%.

Ginv(kp +- ki )

G f,) =201
openz( 0) g Jzﬂ'fo(l_+ Lg)

Gopenz(j27r fo)‘ = 20|g

Substituting (23) into (27), the integration gain is derived as

Gopenz (fo)

0 2 f)?-f2

K < 4z, (L+L,)
I Ginv
According to (17) and (18), the PM of the system can be
expressed as

(28)

PM =180°+,— Se()Cu(S) | (29)
LL,CS® + Ry oL Cs* +(L+Ly)s|
Substituting the transfer function of Pl into (29), and
2 _ g2 :
PM =arctan 2t — F) arctan k, (30)
inv 'c 2” fc p
Then, (30) can be rewritten as
27L(f% - £%)-G,, f.R,,, tanPM
ki —or fck T ( res c) inv 'C"'d,eq (31)

inv

P2rL(f? - f3)tanPM +G,, f.R,
Using parameters of Table I, the resonance frequency frs of
LCL filter is equal to 1.68 kHz, and the value of the cutoff
frequency fc is selected as 600Hz. In addition, the PM is
selected as 50 degrees. With the system parameters given in
Table I, the SRF-EPI, Pl and PR controller parameters are
selected as kp=0.02, ki=5.77. The bode plots of the open-loop
transfer function with PVR-based AD when Rgeq =26.8 is
shown in Fig. 13. When Pl compensator is adopted, the GM
and PM are 11.1 dB and 52.2 degrees, respectively. When the
equivalent model of synchronous-frame PI compensator in the
stationary frame is adopted, the GM and PM are 11 dB and
44.9 degrees, respectively. When PR compensator is adopted,
the GM and PM are 9.56 dB and 31.5 degrees, respectively.
As shown in Fig. 13, except for LF range, the open-loop bode
plots of the stationary frame equivalent model of Pl controller
in positive sequence and PR model are the same at
fundamental frequency, and similar in the HF range. Hence,
indicating that the SRF-EPI controller in stationary frame has
similar performance with PR controller in the stationary frame

when tracking the fundamental frequency reference. Thus, the
SRF-EPI controller has a better performance than the Pl and
PR controllers in all frequencies when they are used in
stationary frame. Except for reference tracking at the
fundamental frequency, the SRF-EPI controller in stationary
frame is not equivalent to Pl or PR controller in the af fram
B. Impacts of LCL-Parameter Variations

In fact, filter parameters drift away from the rated values due
to the parasitic parameters variations, the operating conditions,
temperature and grid impedance impact [10], [34]. To examine
the robustness of the system with PVR-based AD scheme of
the SRF-EPI controller in the o frame, the bode plots of the
compensated loop gain considering the variations of the LCL
filter parameters are given in Fig. 14. The grid impedance is
considered as a part of Lg. It is found that, although C varies
from 7 to 13 uF (10 uF %£30%), L varies from 1.26 to 2.34 mH
(1.8 mH %£30%), or L4 varies from 1.26 to 3.6 mH (1.8 mH -
30% ~ +100%), the lowest cutoff frequency is still higher than
417 Hz, the PM is larger than 37.7 degrees, the GM is larger
than 9.84 dB. The frequency response characteristics in Fig.14
verify that the designed system has a strong robustness.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed control
strategies, the simulation and experimental results of the
proposed control strategy are presented and compared. The
simulation studies were implemented using Matlab/Simulink.
As shown in Fig. 15, the experimental setup was built and test,
which consists of two 2.2 kW Danfoss inverters, one working
as grid-connected inverter and the other controlled in voltage
control mode to emulate the grid with distortion. The
dSPACE1006 platform was used to implement the control
algorithms. In order to provide effective comparison, all the
control parameters are the same for the simulation and
experiments. The system parameters are given in Table | and
the SRF-EPI, Pl and PR controllers parameters are selected as
k,=0.02, ki=5.77.
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Fig. 16. Simulation result of the SRF-EPI control strategy

when PVR-based AD strategy is disabled at 40ms.

Fig. 16 demonstrates the performance of the PVR-based AD
strategy when the SRF-EPI controller is adopted. When PVR-
based AD strategy is enabled, the system is stable without
resonance. However, when active damping is disabled,
resonance appears and the system becomes unstable. It shows
that PVR-based AD method is necessary for the SRF-EPI
controller to maintain stability and ensure harmonic-free grid

The simulation and experimental results of the steady-state
waveforms for different controllers in stationary frame
with the proposed PVR-based AD method are shown in Fig.
17 and Fig. 21, respectively. As shown in Fig. 17, the
fundamental RMS value of iga (A phase) in Fig. 17(a), (b) and
(c) are 1.63 A, 1.422 A and 1.42A with a reference value of
1.414 A (RMS). The measured steady-state errors in Fig. 17(a),
(b) and (c) are 15.3%, 0.57% and 0.42% respectively and the
total harmonic distortion (THD) are 1.22%, 1.16% and 1.12%,
respectively. As shown in Fig. 21, the measured steady-state
errors in Fig. 21(a), (b) and (c) are consistent with simulation
results. However, the current THD are 1.28%, 4.8% and 4.75%,
respectively. It is noted that the THDs of the experimental
results with the PR and SRF-EPI controllers are worse than
that of the PI controller because the current of the PI controller
has a higher amplitude due to the effect of steady state error.
Therefore, the sufficient accuracy can be achieved by using
SRF-EPI controller, which is slightly better than the PR
controller.

The simulation and experimental results of the transient
responses when the reference steps up from 1.0 kW to 2.0 kW
for different controllers in stationary frame with the PVR-
based AD method are shown in Fig. 18 and Fig. 22,
respectively. As shown in Fig. 18, good dynamic performances
are achieved when the PR and SRF-EPI controllers in the af
frame are adopted. Fig. 22 shows that the transient response of
the SRF-EPI controller is slightly better than PR controller.
The experimental results are consistent and in good agreement
with the theoretical analysis and simulation results.

In order to evaluate the robustness of the SRF-EPI control
scheme with the PVR-based AD method, the simulation and
experimental results under different virtual parallel damping
resistance in case of control delay and the effect of grid voltage

currents.
kuga )\ \/Uga

harmonics are presented.
Uga
\g

lga

\

e/
WA A
\VA\VAR

iga (2AVdiV), Uga (200V/div)
—

iga (2AVdiV), Uga (200V/div)

\GQ\

]
ARV
BRAR

NQ\

iga (2AVdIV), Uga (200V/div)

Time (10ms/div)

Fig.
The PR controller. (c) The SRF-EPI controller.

Time (10ms/div)
(@) (b)
17. Steady-state simulation results under 50% load condition with the proposed PVR-based AD strategy. (a) The PI controller. (b)

Time (10ms/div)

(©

Uga

\d "

=

Uga

A A e Nl

AWAN

\ N/

WA
A \/

\/ M AT

iga (2.5A/diV), Ugs (200V/div)

iga (25AVdiV), Uy, (200V/div)

/
\AR\VAR\VARVIRY
J Y

iga (25A/diV), Ugs (200V/div)

\ \

Time (10ms/div)

@

Time (10ms/div)

Time (10ms/div)

(b) ©
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The PI controller. (b) The PR controller. (c) The SRF-EPI controller.
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Fig. 19. Simulation results of different Ra,eq with the delay time T¢=1.5Ts when the SRF-EPI controller is used in the proposed PVR-based
AD strategy. (a) Rd,eq =26.8. (b) Rd,eq =18.8. (C) Rd,eq =6.8.
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Fig. 20. Simulation results of the SRF-EPI controller with PVVR-based AD strategy when grid voltages are highly distorted. (a) Without

grid voltage feed-forward control. (b) With grid voltage feed-forward control. (c) Combine with resonant controllers and grid voltage
feed-forward control.
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Fig. 21. Steady-state experimental results under half-load condition with the proposed PVVR-based AD strategy. (a) The PI controller. (b)
The PR controller. (c) The SRF-EPI controller.
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Fig. 22. Experimental transient waveforms when the reference of iga steps from half load to full load with the proposed PVR-based AD
strategy. (a) The PI controller. (b) The PR controller. (c) The SRF-EPI controller.
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Fig. 23. Experimental results of different Ra.eq With the delay time Ta=1.5Ts when the SRF-EPI controller is used in the proposed PVR-
based AD strategy. (a) Rd,eq =26.8. (b) Ra,eq =18.8. (C) Rd,eq =6.8.
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Fig. 24. Experimental results of the SRF-EPI controller in stationary frame with the PVR-based AD strategy when the grid voltages are
highly distorted. (a) The SRF-EPI controller without grid voltage feed-forward control. (b) The SRF-EPI controller with grid voltage feed-
forward control. (c) The SRF-EPI controller combines with the resonant controllers and grid voltage feed-forward control.

Fig. 19 and Fig. 23 show the effect of the feedback gain Ryeq
of the PVR-based AD method on the output current quality
with the control delay time of T4=1.5Ts, and Rqeq Of the SRF-
EPI controller is chosen to be 26.8, 18.8 and 6.8, respectively.
The simulation and experimental results under different Rg,eq
with Tq=1.5Ts are shown in Fig. 19 and Fig. 23, respectively.
Although the system is stable, the harmonic content increases
dramatically when the value of Rqeq increases and the current
THDs (phase A) in Fig. 19 (a), (b) and (c) are 35.82%, 6.04%,
2.95%, respectively. The current THDs (phase A) of the
experimental results in Fig. 23(a), (b) and (c) are 45%, 6.5%
and 3.6%, respectively. Therefore, it is necessary to optimize
the value of Rqeq to ensure a sufficient stability margin and a
good dynamic response when the control delay is introduced.

To validate the performance of the control algorithm in case
of distorted grid conditions, the grid-emulator was distorted
with 5th and 7th harmonics, with voltage THDs of 3% and 2%,
respectively. The simulation and experimental results of the
grid currents with the SRF-EPI controller in stationary frame
under different control scenarios are shown in Fig. 20 and Fig.
24, respectively. The multiple resonant controllers tuned at 5th
and 7th harmonic with Ki,=5 for h=5 and 7 are added to the
SRF-EPI controller in stationary frame with the proposed
active damping method. The THDs of simulated grid current
iga under different control scenarios are shown in Fig. 20,
which are 64.27%, 38.33%, 3.22%, respectively. As shown in
Fig. 24, the current THDs of the experimental results are about
54.38%, 29.12% and 3.92%, respectively. It shows that when
only the SRF-EPI controller is used, the grid currents are
highly distorted due to harmonic distortion of grid voltages.
When the grid voltage feed-forward scheme is used in
combination with proposed control strategies, the current
distortion can be effectively suppressed. However, the THD of
the grid current is still high and the distortion in grid currents
cannot be rejected by the voltage feed-forward loop alone.
However, when the SRF-EPI controller is adopted in
combination with the grid voltage feed-forward loop and the
multiple resonant controllers in the current loop, the sinusoidal
waveforms are guaranteed in the grid currents.

V. CONCLUSIONS
In this paper, the stationary frame SRF-EPI control

algorithm using PVR-based AD method is proposed for three-
phase LCL type grid-connected DG system, which achieves a
compromise between the resonance damping and the dynamic
performance and makes it easier to stabilize the whole system.
The accurate stationary frame of SRF-EPI controller is
introduced to achieve a high closed-loop bandwidth and good
robustness. It is found that the SRF-EPI controller is equivalent
to the PR controller in stationary frame at fundamental
frequency, but shows different phase characteristics at other
frequency ranges compared to the PR or PI controller in the
stationary frame.

In order to guarantee the quality of the grid currents under
non-ideal grid conditions, the grid voltage feed-forward
control with the multiple resonant controllers in harmonic
frequencies is adopted, and the performance under no damping,
PD and AD methods are compared. Furthermore, the design
guidelines of whole system of the SRF-EPI, Pl and PR
controllers are presented. Finally, simulation and experimental
results of a three-phase LCL-based grid-connected inverter are
presented to validate the proposed control approach.
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