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Abstract

This paper proposes a filter capacitor design for a single-phase grid-tied inverter operating under
islanded-mode with discontinuous current mode current control to reduce an inverter-side inductance
and a filter capacitance without worsening output voltage distortion. The design considers the worst case
of load, which is the non-linear load. A voltage source is applied to the circuit model of the load to
obtain the harmonics of the current. By using these harmonics and the disturbance transfer function, the
output voltage amplitude of the each harmonic components are obtained to calculate the output voltage
total harmonic distortion (THD). Then, the filter capacitor satisfying the output voltage THD is
determined by the theoretical output voltage THD calculation formula. The simulated output voltage
THD agrees with the calculation value with the error of below 10%. As experimental results with 1.5-
kVA prototype, the output voltage THD with the CCM/DCM control method and the current
feedforward is reduced by 88.8% compared to that of the continuous current mode control method even
with the minimized inductor impedance of 0.19% and minimized capacitor admittance of 6.7%.

Introduction

In recent year, photovoltaic (PV) systems have attracted many attentions due to an increasing demand
of renewable resources [1]-[5].

In general, an islanded-mode operation is required for the grid-tied inverters to supply the power to
the load during a black out [2], [4], [10]-[12]. In the islanded-mode operation, the grid-tied inverter
needs to regulate the load voltage regardless of the load characteristic, i.e. the achievement of the
sinusoidal voltage regulation even with the nonlinear or low-power-factor load. The non-linear effect
due to the dead-time is small when the inductance of the inverter-side inductor is large. Therefore, the
regulation of the output voltage total harmonic distortion (THD) can be satisfied even with a small
capacitance of the filter capacitor. However, the disturbance characteristics of the current control
induced by the dead-time decays in the reduction of the inverter-side inductance for the achievement of
high power density. Consequently, the inductance reduction leads to the increase in the grid current
THD when the inverter is operated in continuous current mode (CCM) [12]. In the islanded-mode
operation, this current distortion acts as a disturbance of a voltage control, and the small capacitance of
the filter capacitor cannot compensate for such disturbance. As typical solution, it is necessary to satisfy
the regulation with output voltage THD by increasing the filter capacitance. Consequently, it is difficult
to miniaturize both the inverter-side inductor and the filter capacitor.

Meanwhile, many dead-time error compensation methods have been proposed for the purpose of
improving the disturbance characteristics of the current control system [5]-[9]. However, the
conventional dead-time error compensations either cannot compensate completely the nonlinearity
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induced by the dead-time, or become dependent on the inductance. In order to solve these problems, a
current control method for both CCM and discontinuous current mode (DCM) is proposed for the single-
phase grid-tied inverter [9]. In this method, the duty ratio at the previous computation period is utilized
to compensate the DCM nonlinearity induced by the dead-time. In the CCM/DCM feedback current
control method, the low output current THD can be achieved in any load condition even with a small
inductance. However, the island mode operation for the single grid-tied inverter operating in both CCM
and DCM, and the design of the filter capacitor with small LC filters have not been considered.

This paper proposes a filter capacitor design for the single-phase grid-tied inverter operating under
islanded-mode with a CCM/DCM current control to reduce the inverter-side inductance and the filter
capacitance without worsening the output voltage distortion. The islanded-mode operation with the
CCM/DCM feedback current control are compared to that with the CCM feedback current control under
conditions of the same voltage controller and same current controller. The new contribution of this paper
is the filter capacitor design satisfying the IR =R
output voltage distortion constrains even with 1 !
the small inverter-side inductance and filter
capacitance. The filter capacitor design based
on the disturbance characteristics of the control
system can satisfy the desired output voltage
THD with the smallest reducible filter Fig. 1. Single-phase grid-connected inverter with LCL filter.
capacitance. In particular, by using the output
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Fig. 1 indicates the circuit configuration of  o» /(\ W/o dead-time /\
a single-phase grid-tied inverter with a LCL ™\ ~ N ~
filter. In this paper, a single-phase H-bridge
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Fig. 2 shows the zero-crossing current PN d
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shown in Fig. 2(a) and Fig. 2(b), when the Bead-tirme Time (5 ps/div)
dead-time is not applied, the inverter output ™= =< fEswr1 T W7 8=-
current flows continuously over entire the % T L oot T
. . . . . (c¢) Zoomed-in current and switching signals with dead-time
switching period; hence, a sinusoidal current Fig. 2. Zero-crossing current distortion.
waveform is obtained. However, the zero-

current clamping occurs during the dead-time 120 cem Inductor L:160 uH
interval due to the influence of the period when 100 De-link Voltage Vee:350 V
all switches are turned off as shown in Fig. 2(a) & °° Switching frequency f,: 100 kHz
and 2(c). The circuit mode changes fromCCM = ig I
to DCM due to the zero-current clamping. 3 20
Fig. 3 depicts the duty to current gain in 0
CCM and DCM. The duty to current gain of 20k
DCM has a strong nonlinearity compared the -40 . . . . . -
duty to current gain of CCM. This worsens the 10 100 1k 10k 100k 1M 10M

Frequency f [Hz]

current response in DCM if the same controller Fig. 3. Duty to current gain in CCM and DCM.

in CCM is employed in DCM.
Fig. 4(a) and Fig. 4(b) show the CCM
feedback current control system and the
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Fig. 4. CCM feedback current control and CCM/DCM feedback current control.

CCM/DCM feedback current control system, respectively [9]. The same PI controller which is designed
in CCM s applied in the feedback current control for both the CCM operation and the CCM/DCM
operation, because the DCM nonlinear factors are completely compensated in the CCM/DCM control
method. Furthermore, the important characteristic of the CCM/DCM control method is that the DCM
duty generation is independent from the inductance.

Islanded-mode Operation and Filter Capacitor Design

Fig. 5 describes the filter capacitor design algorithm base on the output voltage THD. The filter
capacitor design starts with the initialization of the following parameters: the current control cutoff
frequency f. ;, the current control damping factor &, the voltage control cutoff frequency fc v, the voltage
control damping factor ¢, the output voltage vc, the cutoff frequency of disturbance observer fqop, the
output frequency fg, the filter capacitance C, the damping capacitance Cq, the damping resistor Rq. First,
the desired output voltage THD is selected based on the regulation of IEC 62040-3. In step 1, the
harmonic components of the load current when connecting an ideal voltage source is obtained from
simulator such as PLECS (Plexim Inc.). Next, in step 2, the transfer function of the voltage control loop
is derived to calculate the compensation gain K. Finally, in step 3, the filter capacitor C: satisfying the
output voltage THD is determined by the theoretical output voltage THD calculation formula.

Step 1: Harmonic analysis of load current

Fig. 6 shows the non-linear load configuration connecting with an ideal voltage source. In this paper,
the non-linear load with crest factor of 2.3 is considered as the worst case of the load. The non-linear
load contains a diode-bridge rectifier connecting a capacitor and a load resistor in parallel at the output,
i.e. the rectifier load. The disturbance current harmonic component at the maximum load is required to
design the filter capacitor that satisfies the output voltage THD at the worst condition of load. The
disturbance current harmonic component of non-linear load is obtained by connecting the ideal voltage
source as shown in Fig. 6. The disturbance current of the non-linear load with the harmonic analysis up
to 40"-order are obtained to calculate the output voltage THD.

Fig. 7 shows the harmonic analysis of the non-linear load current with the output frequency of 50 Hz
as the fundamental component. The harmonic components of the non-linear load current are dominated
by the odd-order harmonic components. Therefore, the calculation of the output voltage THD uses only
the load current value of the fundamental wave components is A;, and the load current harmonic
components of Ax.+1, where n is a natural number from 1 to 20.

Step 2: Derivation of transfer function and calculation of compensation gain K

Fig. 8 shows the block diagram of the voltage feedback control for islanded-mode operation. Note
that subscript M indicates a nominal model value. The filter capacitor voltage control and the current
control are designed based on the 2"-order transfer function. The bandwidth of the current control is
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disturbance from the load current ijaq in the x A
voltage control system. As shown in Fig. 8, the Hioad R,
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g2y _Pig, P Fig. 6. Non-linear load configuration connected to ideal voltage source.
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function of the current control is the 2"-order Harmonic order
system_ Meanwhile’ in the case of the CCM Fig. 7. Harmonic component of non-linear load current.
control method, the response transfer function
of the current control changes due to the DCM nonlinearity induced by the dead-time.
The plant model for the voltage control and the nominal plant model for the voltage control are
expressed by
B _ R,Cys+1 2
Fols)=Feu ()= RiC,C;s*+(C4 +C, )s @

The voltage controller G,i(s) and the reference filter F(s) are expressed by, respectively

1 2rf, 3
F(s) =t = (4)
2zt

where Ky, and Ti, are gains calculated from Cy, Cq, fc v and &.. Note that the cutoff frequency of the
voltage controller and the cutoff frequency of the current controller are designed to be separated by 5
times or more. The feedback transfer function of DOB is expressed by

2 f
G — dob (5),
o0s (%) s+2xfy,
where fqop is the cutoff frequency of DOB. The disturbance estimation value igis is expressed by
Iy = Gpos (9) |:iout — PR 71(S)Vc] (6)

Fig. 9 shows the transfer functions of the disturbance and the response. The response transfer function
Gref(s) of the voltage control is the transfer function from the output voltage command to the output
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Fig. 9. Transfer functions of disturbance and response.

voltage. The disturbance transfer function Ggis(s) of the voltage control is the transfer function from the
load current to the output voltage. The response transfer function Gret(S) of the voltage control and the
disturbance transfer function Ggis(s) of the voltage control are expressed by, respectively

. F(5)G,i ()G(s)P. (s) (@),
ref (S) - _

14G, (S)G(S)P: () ~ o (5)G(8) [ 1~ Py ()R- (S) |
G (5)= P (8)[1~Gpos (S)G(5)] (8)

1+G,; (S)G(S)P- (5) ~ G ()G (S) [ 1= Poyy ()P () |
The transfer functions of the disturbance and the response include the voltage controller, the response
transfer function of the current control, the plant model for the voltage control and the transfer function
of DOB. Therefore, the transfer function of disturbance and response are mutually dependent on each
other. In the proposed filter capacitor design method, the disturbance transfer function satisfying the
output voltage THD is designed by selecting the filter capacitance design, whereas the low-bandwidth
response transfer function is compensated using the compensation gain K:. As shown in Fig. 9 and (7)-
(8), the output voltage is expressed by

Ve =G (Ve = Gyis (8)iigaa (9)
If the transfer functions and input parameters on the right equation are known, the output voltage can be
estimated. The output voltage command is expressed by

Ve* =V sin(27f,t) (20),
where V. is the output maximum voltage. In the islanded-mode operation, the fixed output voltage and
fixed output frequency are used as command values. In addition, according to (7), the voltage control
system is a two degree of freedom system. Thus, the gain of the output frequency of (7) can be set at
0dB by the compensation gain K; of (4). The calculation for the gain compensation at the output
frequency of (7) is expressed by

G (j271y)|=1 (11)
Then, the compensation gain K; satisfying (11) is expressed by

K, :;—\/{ i”v ~(c, +¢,)(2xf, )ZT{KW(zzzfg )] = {1_[ ffngT{zg ffg T (12)

pv iv c_

The current control interference is ignored as being sufficiently separated from the voltage control in
term of the control bandwidth.

Step 3: Determination of filter capacitor satisfying output voltage THD

By using the result of the harmonic components analysis of the load current in Fig. 7 and the
disturbance transfer function of (8), the output voltage amplitude of the fundamental component V; and
the output voltage amplitude of the odd-order harmonic components V.1 are expressed by, respectively
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Next, THD of the output voltage is calculated as
THD = \/\/22 +V32 +"'+V2n+12 (]_4)
V

1

Substituting (13) into (14), the theoretical output voltage THD is expressed by

20 20
ZV2n+12 \/ZI:AZHH ‘Gdis(jzﬂ(zn-‘rl) f )HZ
THDV (Cf ) — n=1 _ n=1 . (15)
’ Vi V. + A Gy (27 )|
Thus, the output voltage THDv. is a function of the filter capacitor Cx.

Fig. 10 depicts the comparison between simulated and calculated results of voltage THD while
varying the filter capacitance. The simulated results of the CCM control method without dead-time, the
CCM control method with dead-time and the CCM/DCM control method with dead-time are compared.
The disturbance of the voltage control is compensated by the current feedforward in Fig. 10(a) and Fig.
10(b), whereas the disturbance of the voltage control is compensated by DOB in Fig. 10(c). Note that
the base impedance Z, and the base admittance Yy, is expressed by

2 ¥ 1 (16)
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where C is the filter capacitance.

As shown in Fig. 10(a), the voltage
THD of the CCM control method without
dead-time agrees to the calculated value
with the error of less than 10%. Thus, the
validity of (15) can be confirmed.
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the voltage THD of the CCM/DCM control method with dead-time does not match the calculated value.
This is because the output voltage THD is so high that it causes an error with the assumption of the use
of the ideal voltage source as shown in Fig. 6. Thus, it is necessary to increase the cutoff frequency of
DOB, the cutoff frequency of voltage controller and the cutoff frequency of current controller. By
employing the CCM/DCM control method and using the proposed filter capacitor design method of Fig.
5, it is possible to design a minimized filter capacitance that satisfies the desired output voltage THD.

Experimental Results

Table | shows the system parameters for the
experiments. The impedance %Z of the inverter-
side inductor is minimized to 0.19%. In the
islanded-mode, the inverter regulates the output
voltage, whose frequency is 50 Hz, and
amplitude is 200 Vms.

Fig. 11 shows the prototypes of inverter-side
inductor. The inductor volume is reduced by
53% thank to the reduction of the inverter-side
inductor impedance %Z from 0.68% to 0.19%.

Inverter Operation with Linear Load

Fig. 12 shows the output voltage, the load
current and the inverter output current when the
CCM control method  with DOB
at %2=0.68%, %Y=6.7%, and linear load power
factor of 1.0. The zero-crossing distortion is
observed with the CCM control method even
with the relatively large inductor impedance of
0.68%.

Fig. 13 shows experimental waveforms of the
CCM control method and the CCM/DCM
control method with DOB at the linear loads
under the power factors of 1.0 and 0.85,
respectively.

As shown in Fig. 13(a) and 13(c), the zero-
crossing distortion is observed with the CCM
control method. Furthermore, the output voltage
THD is over 5.6% under the power factor of 1.0
and 0.85, respectively. On the other hand, as
shown in Fig. 13(b) and 13(d), the CCM/DCM
operation can be observed clearly from the
inverter output current. In the CCM/DCM
control method, the DCM nonlinear factors are
effectively compensated, resulting in the
reduction of the output voltage THD.

Fig. 14 depicts the comparison of output
voltage THD characteristics between the CCM
control and the CCM/DCM control under
constant effective power condition. As shown in
Fig. 14, the output voltage THD of the CCM
control method is higher than 3.0% over output
power range from 0.2 to 1.0p.u.. According to
standard such as IEC 62040-3, the output voltage
THD with the linear load must be lower than 3%;
hence, the islanded-mode operation with the

TABLE | System Parameters.

Circuit Parameter
Vbe DC link Voltage 350 V
Ve Output Voltage 200 Vrms
Sn Nominal Apparent Power 1.5 kVA
Switching Device SCT3030AL
fy Grid Frequency 50 Hz
Zy Base Impedance 26.7Q
Yy Base Admittance 0.0375 S
Ly Inductor (%Z = 0.19%) 160 uH
L, Inductor (%Z = 0.68%) 580 puH
L¢ Filter Inductor 20 uH
Ci1 Filter Capacitor (%Y = 1.7%) 2 uF
Ci, Filter Capacitor (%Y = 3.4%) 4 pF
Ci 3 Filter Capacitor (%Y = 6.7%) 8 uF
Cia Filter Capacitor (%Y = 20%) 24 uF
Cis Filter Capacitor (%Y = 41%) 49 pF
Cy RC Damping Capacitor 4 pF
Ry RC Damping Resistor 4.7Q
fow Switching Frequency 100 kHz
T dead Dead-Time 500 ns
Non-linear load crest factor 2.3
Controller Parameter
fsamp Sampling Frequency 25 kHz
fe i Cutoff Freqg. of Current 1.8 kHz
Gi Damping Factor of Current 1.2
faob Cutoff Freq. of DOB 1.5 kHz
fe v Cutoff Freq. of Voltage 0.3 kHz
& Damping Factor of Voltage 1.0

L=580 uH (%Z,=0.68%)  L=160 pH (%Z,=0.19%)
Vol =856 cm*(1.0 p.u) Vol =401 cm3(0.47 p.u.)

134 mm
134 mm

h

h

<
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Df————

=90 mm >
Fig. 11. Prototypes of inverter-side inductor.

Output voltage: 200 Vs
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Fig. 12. Inverter operation waveforms with CCM control method and
DOB at %Z=0.68%, %Y = 6.7, and linear load power factor of 1.0.
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Fig. 13. Inverter operation waveforms with CCM control method and CCM/DCM control method at %Z = 0.19, %Y = 6.7 and different linear
load power factor.

CCM control method, of which the output voltage
THD at the linear load is 4.2%, does not satisfy the I @O g ..
harmonic constrains. On the other hand, the output
voltage THD of the CCM/DCM control method is
maintained below 3.0% over the output power range
from 0.2 to 1.0p.u.. In particular, at the rated power,
the output voltage THD with the CCM/DCM control
method is reduced by 84.6% from 4.2% to 0.6%
compared to the CCM control method.
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Fig. 15 shows the experimental waveforms of the Output power Py [p.u.]

CCM control method and the CCM/DCM control  Fig. 14. Comparison of output voltage THD.

method with current feedforward and DOB at the non-

linear load. Note that additional current sensors lead to cost increase if the current feedforward is applied.
Fig. 15(a) and 15(b) depict the CCM control method with current feedforward and DOB, respectively.
Meanwhile, Fig. 15(c) and 15(d) depicts the CCM/DCM control method with current feedforward and
DOB, respectively. The zero-crossing distortion is observed with the CCM control method as shown in
Fig. 15(a) and 15(b), whereas the smooth current control is confirmed with the CCM/DCM control
method in Fig. 15(c) and 15(d). The CCM/DCM control method can be observed clearly from the
inverter output current. It is possible to compensate the DCM nonlinear factors with the CCM/DCM
control method even with non-sinusoidal current such as the non-linear load current.

As shown in 15(d), the voltage THD is lower with the current feedforward than that with DOB
compared to Fig. 15(c). This is because with the low cutoff frequency of DOB, the phase delay of the
estimated disturbance current and the circuit parameter errors occur, leading to the insufficient
disturbance compensation. Note that the control system becomes sensitive to noise when the high cutoff
frequency of DOB is applied. As shown Fig. 15(a), the output voltage distortion is observed with the
CCM control method even with the current feedforward. It is difficult to improve the output voltage



OUtPUt voltage 216 vrl:ns OUtPUf V0|tage Ve (250°VIdiv) Output voltage 201 Vrms Output voltage Ve (250 Vldlv)

oV

T™H DvC 10. 8%

Load current
noad_ (10 A_ldrv)

AR R N
THDv5187%' : ; : : :

: Load current
" ljoag (10 A/div)

Inverter output current i.mn (10 A/div) Tirrte (4 nts/div). inverter output current Tout (10 A/div) Time 4 rrts/div)

(a) CCM control method and current feedforward (b) CCM control method and DOB
Output voltage 197 Vrms Output voltage ve (250 V/drv) Output voltage 199 Vrms Output voltage Ve (250 V7d|v)

oV oV

TH DvC 5. 3%

THDvC 2.1%

Load current

LA Loadauent | D T
! ioag (10 AVdiv) : e 0n /\ itoag (10 A/div) /\ P

0A

inverter output current i.out (10 A/div) Time (4 m.s/div). inverter output current lout (10 A/div) Time 4 rrts/div).
(c) CCM/DCM control method and current feedforward (d) CCM/DCM control method and DOB
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load with crest factor of 2.3.
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Fig. 16. Comparison of output voltage THD.

THD due to the DCM nonlinearity even if the disturbance current is compensated by the current
feedforward.

Fig. 16 depicts the output voltage THD versus the filter capacitance between the CCM control and
the CCM/DCM control and the calculated output voltage THD with current feedforward and DOB under
the non-linear load condition. As shown in Fig 16(a), the output voltage THD with the CCM/DCM
control method is reduced by 88.8% from 18.7% to 2.1% compared to the CCM control method. The
percentage admittance %Y with the CCM/DCM control method is reduced by 83.7% from 41% to 6.7%
compared to the CCM control method. Moreover, the output voltage THD of CCM/DCM control
method with current feedforward agrees to the calculated voltage THD in (15) with a maximum error of
-13.7% at the percentage admittance %Y of 20%. As shown in Fig 16(b), the output voltage THD with
the CCM/DCM control method is reduced by 51.2% from 10.8% to 5.3% compared to the CCM control
method. However, the output voltage THD of CCM/DCM control method does not match the calculated
voltage THD in (15). This is because the output voltage THD is so high that it causes an error with the
assumption of the use of the ideal voltage source as shown in Fig. 6. Thus, it is necessary to increase the



cutoff frequency of DOB, the cutoff frequency of voltage controller and the cutoff frequency of current
controller.

Conclusion

This paper proposed the filter capacitor design for the single-phase grid-tied inverter operating under
islanded-mode with discontinuous current mode current control to reduce the inverter-side inductance
and the filter capacitance without worsening output voltage distortion. The design considered the worst
case of load, which is the non-linear load. The voltage source was applied to the circuit model of the
load to obtain the harmonics of the current. Then, these harmonics were inputted to the equation
calculated from the transfer function of the control system to calculate the required capacitor. The
simulated output voltage THD agreed to the calculation value with the error of below 10%. As
experimental results, the CCM/DCM control method achieved the low voltage distortion even with the
minimized inverter-side inductance, whose impedance %Z was 0.19%. At the non-linear load, the output
voltage THD with the CCM/DCM control method and the current feedforward is reduced by 88.8%
compared to that of the CCM control method even with the minimized inductor impedance of 0.19%
and minimized capacitor admittance of 6.7%. The output voltage THD of CCM/DCM control method
with the current feedforward agreed to the calculated voltage THD in (15) with a maximum error of -
13.7% at the percentage admittance %Y of 20%.
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