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A grid-connected inverter is equipped with an LCL filter at its output. This filter has a resonant characteristic and
many active damping methods have been researched to suppress the resonant effects. The inverter is often controlled
digitally and there is a control time delay, which is inevitable due to A/D conversion, computation times, etc. This
delay degrades the stabilities and damping effects of the inverter because the frequency characteristics are different
from the designed one, especially around the resonant frequency. This paper proposes a simple and effective compen-
sation method of the control time delay to improve the damping effects. It is based on an estimation method of future
state values advanced by the delay time. The proposed method is applied to the grid-connected inverter control and
its effectiveness is investigated and validated through determining transfer functions of the regulated current errors by

experiment.
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1. Introduction

A grid-connected inverter is equipped with an LCL fil-
ter at its output "®. This filter has a resonant characteris-
tic and many active damping methods have been researched
to suppress the resonant effects “'”. However, the inverter
is often controlled digitally and there is a control time de-
lay, which is inevitable due to A/D conversion, computation
times, etc. Effects of the delay have been extensively an-
alyzed "¥*¥. This delay degrades the inverter performances
and frequency characteristics which are different from the de-
signed ones. Especially the frequency characteristics around
the resonant frequency of the filter are affected and they have
large peaks and phase-shifts, which degrade the stability and
damping effects. It is one of the most important subjects how
to compensate the delay and realize the designed character-
istics. Papers have been proposed and their principles are
based on, for example, adjustment of the inverter output pulse
width ®, modification of sampling methods **®”, duty ratio
compensation “®, phase compensation ®, and so-called pre-
dictive control ®7¢V.

This paper proposes a simple and effective compensation
method of the control time delay to improve the damping
effects. It is based on a new predictive estimation method
which considers non-averaged modes of transients of the
state variables during the delay time. After description of
the proposed method, it is applied to a simple active damping
control of a grid-connected inverter of a single-phase type
with an LCL filter. Its effectiveness of the proposed com-
pensation is investigated and validated through determining
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transfer functions of the regulated current errors experimen-
tally by a DSP-based digital control system.

2. Active Damping Control of Grid-Connected
LCL-Type Inverter without Considering Con-
trol Time Delay

2.1 Discrete State Equations of Grid-Connected In-
verter with an LCL Filter A digital control scheme
is used for a grid PWM voltage-source inverter which is
a single-phase full-bridge configuration and connected to a
utility source of voltage v, as in Fig.1. An LCL filter of
Ly, C, L, is inserted at the inverter output to convert the volt-
age input v; = Eu to the current output i, and to reduce
its harmonic components sufficiently. The state variables of
Ly, C, L, are denoted as iz, , vc, iz, and their vector form sam-
pled at t = iT is as x[i] where T is a sampling time inter-
val. Its input voltage v;[i] is generated according to its input
u[i] where E is DC voltage of the inverter source. Continu-
ous and discrete state equations for the output current of L,
yli] = ipo[i], are as follows.

X(1) = Acx(D) + beu(t) + hevy(D),  y(t) = cx(1)

.................... (1)
x[i+ 1] = Ax[i] + buli] + huy[i], yli]l = ex[i]
.................... )
where
T
A=eAT p —f AT arh
0
T
c=c., h= f ATgeh, 3)
0
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2.2 Digital Control System with a Time Delay

A digital control system is designed where the sinusoidal
compensator is adopted to make the output y follow a refer-
ence y,r “”. The inverter is controlled according to a block
diagram in Fig. 2(a) where f is frequency, s and z~! are dif-
ferential and one-sample delay operators, and s = j27f and
z = e*T. All delays in blocks are unified into one de-
lay block z7™ where the total delay time is d = mT [usec]
(0 < m) from the i-th sampling to u[i] output. The symbol
S.u(s) = (1 —eT)/(sT) stands for a frequency character-
istic of the digital sampling. The sinusoidal compensator is
used to eliminate steady-state errors for a reference sinusoidal
waveform of an angular frequency wy. The transfer function
of the compensator is as follows because its denominator is
identical to that of z-transform of a sinusoidal waveform ac-
cording to the internal model principle.

kzZ + kl
22 —2cos(woT)z + 1

Glzl =

Two control gains &, k, in the numerator are design param-
eters.

The inverter input u[i] is computed according to the fol-
lowing state feedback rule (6) where w[i] and w[i + 1] are two
auxiliary variables.

uli]
wli + 2]

—fx[i] + kiw[i] + kow[i + 1]
—wl[i] + 2coswoTw[i + 1]

+(Yrer[i] = ylil)

The final form of the proposed control scheme is as fol-
lows.

455

V,(s) Inverter(analog)

Computionals
delay

uli]

>z "

Controller(digital)

sampling &hold
(a) Without control delay compensation

Controller(digital)

Computional
delay

I
Dli+2,m] (i Loelim]) Ll
P s 1 PR

Vo lim! z £S

v.(s) Inverter(analog)

e

+ sampling &hold
(b) With the proposed delay compensation
Fig.2. Control block diagrams

x[i+1] A 0 0 x[i]
wli+1]l=10 0 1 wli]
wli + 2] - -1 2coswT||w[i+1]
b x[i]
+ {o [-f &k k|| wli
0 wli+ 1]
0 [h
+ [0 yref[i] +10 Us[i]
1 10
A-bf bk bk, 1[ x[i]
= 0 0 1 [ wli]
—c -1 2coswT||wli+1]
0 (h
+ {O Yrefli] + O‘vs[i]
1 10
.................... 7
R+ 1] = AR[i] + hyr[i) + hogli] - (8)

Based on the above augumented system matrix A and the
input vector h, three feedback gains f and two compensator
gains ky, k, are determined according to the optimal control.

2.3 Active Damping Control with Virtual Resistors

A simple active damping control method with one virtual
resistor is utilized to suppress the filter resonance oscillations.
Inserting a resistor virtually just before the filter as in Fig. 3,
it is possible to enhance the suppression effects. The inverter
output voltage v; is converted to v} by the active damping con-
trol.

This addition is effective to suppress the resonant peak of
the filter characteristic. The resistor R; is adjusted to get
enough attenuation of the resonant peak. The state feedback
gains, f, and the compensator gains, ki, k», can be computed,
for example, generally by the optimal control. The final feed-
back gain f}" of iy, becomes f}" = fi + R;/E. Physical mean-
ing of this resistor is that the inverter output power from the
dashed rectangular is reduced by the consumption power of
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Fig.4. Extended active control with virtual resistors

R, Ry, G,
Table 1. Inverter circuit parameters
‘ parameters ‘ value ‘
input DC voltage 200V
output voltage (rms) 100V
output frequency 50Hz
filter inductance L; 0.76 mH
filter inductance L, 0.76 mH
filter capacitance C 9.3 uF
switching and sample frequency | 10kHz

Table 2. Control gains
(a) With one virtual resistor

f | [0.0576, 0.0006, 0.0380]
ki, k2 -0.0241, 0.0289

optimal control |

(b) With three virtual resistors

f | [0.0566, 0.0022, 0.0360]
ki, ky -0.0241, 0.0289

optimal control |

the resistor to damping oscillations.

This virtual damping method can be extended to a more
general case which can consider a series resistor for a induc-
tor and a parallel conductor for a resistor of any type of fil-
ters. For example, the circuit with the active damping control
can be designed to behave similarly as the damping circuit in
Fig. 4 with three resistors Ry, R, G¢. The idea is very simple
that all eigenvalues for the two circuits after feedback con-
trols are designed to have identical poles so that their damp-
ing effects behave similarly. The gain design is described in
Appendix 1.

2.4 Simulated and Experimental Results with the
Control Time Delay The simple active damping method
is applied to the single-phase grid-connected inverter to in-
vestigate basic characteristics of TFs of the regulated cur-
rent errors for the damping control, first, by simulation. The
input DC voltage is 200V, the system voltage 100 V(rms),
Ly = L, = 0.76mH, and C = 9.3 uF as listed in Table 1,
and control gains are listed in Table 2(a). Simulated TF char-
acteristics dependent on the delay time and they are shown
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Fig.5. Frequency characteristics of transfer function of
the regulated current errors

in Fig. 5(a) for m = 0,0.25,0.5 cases with R; = 5Q and an
assumed internal resistance 3 Q. Ideally the amplitude char-
acteristic is almost flat. However, as m increases, the charac-
teristic has a larger peak and the phase varies wider even for
such a small m.

These undesirable effects are investigated experimentally.
It is controlled with a DSP-based digital control system
which has a time delay of 50 usec at 100 usec sampling time.
The measured frequency characteristics of the TFs are shown
in Fig. 5(b). The dotted blue curve shows the TF without the
damping control and it has a peak around the resonant fre-
quency of 2.7kHz. The orange dashed curve shows the TF
with the damping control and still it has a peak around the res-
onant frequency. Theoretically the characteristic should be
damped. However, it is different from its designed character-
istic because the control time delay affects the TF especially
around the frequency. The time delay has to be compensated
to damp the peak effectively.

3. Time Delay Compensation Method

3.1 Basic Idea based on Averaging As a time delay
compensation method, this paper proposes to compute the
control input u not at # = iT but at # = (i + m)T which is the
advanced time by mT from ¢ = iT. A future value X[i, m] at
t = (i + m)T is estimated from x[i] at + = iT and it is used
to compute input i[i, m] using the modified z-transform as
follows where A,,, b, h,, are coeflicients of discrete state
equations from ¢t = iT to t = (i + m)T.

Ax[i] + b,0gli — 1] + h,u4i]
—fx[i,m] + kyw[i,m] + kow[i + 1, m]

X[i,m]
ali,m] =

IEEJ Journal IA, Vol.7, No.6, 2018



Time Delay Compensation Method for Grid-Connected Inverter (Masaki Semasa et al.)

sampled estimated
| | |
| | |
I P | |
~ i gl |
Vi | T, | |
[ [ I
| 1 ] IT 1] |
| | |
Vv | - T |
| | |
I I [
I I [l
—_ | 7 | |
Vi =W, /é%/// W atiom] 77\
7y, 2 Meall }
=Fu ! 7 N J/ !
l i [i-117, | '
I ; IxX[i+1,m
T x[i] |x[1 m] (il [ ]
1x[i-1,m] |
X T | |
I 4—5‘1 ¢
T ru >
{G-D)+miT T (1+m)T G+DT {(l+1)+m}T
(a) Proposed compensation principle
sampled estimated
| : | |
1 |
1 |
1-10)/4 a/4 | 0/4 1-10)/4
< < ::<—><—>:
! |
| ! | I
! 1/4 ! 1/4 ! :
« | m L '
' m : three
‘ m i i cases
I I
(b) Three cases for computation of the duty i4[i — 1] where &t =
ali —1,m]
sampled ali—1,m] estimated
|
|
|
7 |
700 / 00 / |
! 700
O B
PR D,
- |
| |
i }
|
|
T2 | T3 |
— - | | |
A R

ﬂ&»%h}——»%ﬂ»xpm]
(c) Precise estimation of the inductor current iry, considering three
modes

Fig.6. Proposed compensation principle

This compensation principle is illustrated as in Fig. 6(a).
State values are sampled as x[i — 1], x[i], x[i + 1], - -. There
is a time delay mT for generation of the inverter output pulse
based on u[i]. The input &t[i,m] at t = (i + m)T is computed
from X[i, m] estimated by (10). An inverter pulse is output
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fromt = (i + m)T to (i + 1 + m)T and it can be synchronized
with X[i, m].

A control block diagram with the proposed delay compen-
sation is shown in Fig. 2(b). Based on the sampled values at
t = iT, 7"-advanced state values at t = (i+m)T are estimated,
and they are used to compute #[i, m] which is an inverter in-
put at # = (i + m)T in the digital controller area. The input
i[i,m] is ready at + = iT. However, there is the time de-
lay z7, and the #[i, m] is actually delivered to the inverter
att = (i + m)T. The control delay z7™ is equivalently com-
pensated by the Delay Comp block according to the above
process.

It is noted that the inverter output length #z; which is shaded
with blue dashes, must be precisely computed, considering
timing relations. For example, when the delay time ratio is

= 0.5 as in Fig. 6(a), the dashed pulse v, — v, which is
one of the dual output pulses from 7 = {i + 0.25(1 — |&|)}T to
t ={i+0.25(1 +|a])}T is completely covered during the delay
time where #[i — 1,m] is abbreviated simply as &#. When m
varies between 0 < m < 0.5, there are three cases for cover-
ing the pulse during the delay as in Fig. 6(b). The averaged
duty ratio @i4[i — 1] is expressed as follows.

0.5l/m
if0.25(1 +a)) <m < 0.5

{m +0.25(a — 1)}/m

if 0.25(1 — [a]) < m < 0.25(1 + |a])
0

if m < 0.25(1 — |a))

litali = 111 =

The term m in the denoninator expresses averaging opera-
tion during mT. The sign of i1y[i — 1], or the polarity of the
pulse, is directly dependent on that of .

igli = 1] = sign(@)litgli = 1]|

Generally, the expression of #,[i — 1] is dependent on the
delay ratio m because the covered pulse length is dependent
on .

3.2 State Estimation Considering Waveform Ripples

Utilizing the averaging method, the state variables can be
estimated approximately. However, they are not precise be-
cause the inductor current iz, has large ripples. The state
variables have to be estimated precisely from state equations
without averaging.

The objective control system has a time delay of 0.5 sam-
ple, or T; = 0.5T. As shown in Fig. 6(c), the time interval 7,
from t = iT tot = (i + m)T is divided into three transition
modes, (T}, T, T3) where T, is the shaded output pulse width
|li[i — 1,m]|T /2 and the rest mT — T is divided equally into
T, and T5 The current decreases, increases, and decreases,
assuming the inverter output is a positive pulse. The situation
is quite opposite when the inverter output is negative.

The state variables are precisely estimated from the fol-
lowing three equations which express state transients of the
modes respectively. The sampling time assumed to be small
enough and vy[i] can be approximated to be constant for the
interval.

IEEJ Journal IA, Vol.7, No.6, 2018
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D@ x[i] = A x[i] + hyv[i]

for T, =0.25(1 —|a[i — 1,m])T
Q@  xy[i] = Aoxq[i] + bysign(uli — 1,m]) + hyv[i]

for T, =0.5ali — 1,m]|T
®  x[i,m] = Aszkz[i] + hsvli]

for T3 = Tl

................... (14)
where
Ty
A, = eA”T”, b, =f eA‘Td‘rbc,
0
T
h, = f ATdth,  (n=1,2,3)ceeeee (15)
0

These state modes are dependent on the delay time and the
input duty. They have to be modified when they form a dif-
ferent combination of transition modes.

For example, the proposed method can be applied for a
three-phase inverter of m = 1 case. The basic idea is the
same that it is based on the proposed predictive estimation
method which considers non-averaged modes of transients of
the state variables during the delay time. In the three-phase
case, the computation process of the inverter output voltage
becomes more complex because it needs further considera-
tion of modes of the neutral point voltage waveform ©*.

4. Experimental Results of the Proposed Control
with Compensation of the Time Delay

4.1 Effects of Control Delay Compensation and Active
Damping with One Resistor First, the proposed com-
pensation method is investigated to check the effectiveness.
The purple pulse shows the scaled inverter output voltage
Eu. The estimated current value iy [i, m] is checked if it is
close enough to the actual value iy;[i, m] and the results are
shown in Fig. 7(a). The oscillatory blue waveform is the cur-
rent i1 (f) with ripples, its sampled values iy [i] are denoted
as the red curve, and the estimated values i;[i, m] are de-
noted as the yellow curve. The delay is half of the sampling
time and the yellow actual values of iy [i, m] are located al-
most in the center of the ripples. A zoomed figure is shown
in Fig. 7(b). The yellow estimated i11[i, m] crosses the blue
actual iy () waveform at the estimated time ¢t = (i + m)T.

Effects of the proposed damping control with one virtual
resistor are investigated. The measured frequency character-
istics of the TFs are shown and compared in Fig. 8(a). With-
out the delay compensation and the damping, the TF is shown
as the blue dotted curve and it has a large resonant peak. Af-
ter the compensation, the TF is shown with the yellow rigid
curve and the peak is a little mitigated. After the damping
with one virtual resistor, the TF is shown as the dashed red
curve and the peak is considerably suppressed. However, the
TF gain after the damping is a little reduced, and there is a
trade-off between damping effects and control responses.

Not only the frequency characteristics but also time-
domain waveforms are also investigated. The current wave-
form in Fig.9(a) before the compensation has oscillations
near zero-cross timings where control performances are af-
fected apparently due to dead-time effects. Such oscillations
are effectively suppressed as shown in Fig. 9(b) after the de-
lay compensation and (c) after the damping with one-resistor.
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This validates effectiveness of the proposed delay compensa-
tion.

4.2 Active Damping Control with Multiple Virtual
Resistors Effects of the proposed damping control with
three virtual resistor are also investigated. The measured fre-
quency characteristics of the TFs are shown and compared in
Fig. 8(b). Control gains are listed in Table 2(b). The TFs are
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Fig.9. Output current and system voltage waveforms

shown as the red dashed curve with the one-resistor damping
and as the green curve with the three-resistor damping. The
green curve has a smaller peak. The current waveform with
the damping with thee-resistor is shown in Fig. 9(d).

The three-resistor damping is more effective than the one-
resistor damping. However the differences between them are
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small. Considering the trade-off between damping effects and
control responses and complexity of the methods, the one-
resistor damping is practically effective in this case.

5. Conclusions

A control time delay is inevitable for digital control of a
grid-connected inverter. The delay should be compensated to
make an active damping method effective. This paper pro-
posed a simple and effective delay compensation method and
it is applied to the damping control of a grid-connected in-
verter.

(1) The proposed delay compensation is based on an
estimation method of future state values advanced by
the delay time.

(2) The proposed compensation method was applied to
control of a grid-connected inverter. It is validated that
the estimated values coincide with the actual values.

(3) The proposed method was applied to the damping
control of a grid-connected inverter. Its effectiveness
is investigated and validated for TFs of the regulated
current errors by experiment.

(4) The damping method was compared between with
one and three virtual resistors. The three-resistor
damping is more effective than the one-resistor damp-
ing. However the differences between them are small.
There is a trade-off between damping effects and con-
trol responses. In this case, the one-resistor damping
is practically effective.

The proposed compensation method is also applicable to a
variety of power electronic system controls and more appli-
cations are investigates as future subjects.
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Appendix

1. Active Damping Control with Multiple Virtual Re-
sistors

The active damping method with one virtual resistor can
be extended to a multiple virtual resistor case. The basic idea
is very simple that all eigenvalues of the actual and the vir-
tual damping circuits after feedback controls are designed to
have identical poles so that their damping effects behave very
similarly. For example, the extended damping control can be
designed to behave as the circuit with three virtual resistors
Rl, Rz, GC in Flg 4.

The system equation of the circuit is expressed as follows.

X = AX Dot Rovg-eeevvveeee (AD)
where
L
L L
A ! Ge  _1 A2
.= c c ol ERRRRRRRERRERE (A2)
1 R
0 - 2
L L

Its system matrix with the state feedback control is as fol-
lows where f = [f1 f» f3]-

Ri+HE 1+HE  fE

L, (l;/l lil

Aconj-| L G 1
S C C C

1 R,

0 — _n

L, L,

Its characteristic equation becomes as follows.
s — Kl —kz —k3
- s-y «
0 -5 s—=0
sP - (y+o+ 121)_5‘2
+(Kyy +y6 + K6 + aff — Kra)s
—Klyé — I?3Q/,B — Klaﬁ + Kas

IsI — A, + b.f]

...................... (A4)
where
= L
Ge R,
= — R 6:——
YR L, )
. R+ fiE 9 1+ HE o E
KI:_ ! fl s K2:_ f2 5 K3:_f3_
L L L

The feedback gains f = [fi /> f3] can be determined by
the optimal control.

The system matrix of the circuit in Fig. 1 is as follows after
the state feedback control where f = [f; f> f3] which is set
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to have same eigenvalues of the circuit in Fig. 4.

_hE 1+ RE fE
b {41 (l)fl lil
R | C
0 — 0
L,
................... (A5)
Its characteristic equation becomes as follows.
s — K] —K2 —K3
|sI — A+ b.f| = —a K a
0 -5 s
=5 —K|s* + (af — Kra)s
—KzaB —Kjaf - (A6)
where
E 1 E E
koo DE o LeBE L AE
Ly L, L

The two sets of the coeflicients of (A4) and (A6) are com-
pared so that these constants K; — K3 are set to have the same
eigenvalues of the resistive circuit.

K, = Y+ 0+ f(3
(Z,B—Kza’ = k17+76+k15
+af - kg&’
-K;af-Kiaf = -Ky6-Kzap
—klaﬂ + kgd&
................... (A7)
K| — K; are calculated from K, — K3 as follows.
K, = v+ 0+ Kl
akK, = —{Iu{n/ + 0 + k15 - IU{QCY}
opK; = —(-Kiys - K;af - Kiap
+K>a6 + (y + 0 + Ky)apB}
................... (A8)

The state feedback gains with the proposed virtual damp-
ing become as follows.
L

LY

E

K>y Ly + 1
E

L

4 E
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