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This paper proposes an islamwbde voltage control method using an of@p controlthat appliesa highgain disturbance
observer (DOB) for a singlphase inverter with a lowapacitanceutput filter. The output voltage is distorted with low capacitance
obtained fronthe conventional methdtiatconsists of a PID regulator for an automatic voltage regulator and a Pl regulator for an
automatic current regulatofo compensatéor the output voltage distortion, the higiain DOB for the output voltage is applied
for openloop-based voltage control. DOB is implemented into a figldgrammable gate array with higbeed sampling. In the
LC filter of a 1-kW prototype, the impedancé the inductor is minimized to 1.0% of the normalized inverter impedance, whereas
the admittance of the capacitor is reduced to 0.25% of the normalized inverter admitsangthe proposed method, the inverter
output voltage total harmonic distortionreduced by 82.4% even with the diode rectifier load compared to conventional voltage
control, whereas the constant output voltage is achieved regardleas abnditions

Keywords : Grid-tied inverter, Islandnode, Minimized LC filter, Opetoop-basedvoltage control

control response of the voltage controbed the current controller
are increased to enhance the disturbance suppression performance.
In recent years, gritled inverters such as photovoltaic systems, However, the increase in the control response is based on the limited
fuel cell systems, and wind turbine systems have been activelydetection delay time and the sampling frequency. Moreover, to
studied for energy conservatiér?). An inverter must have a small  improve the output voltage distion, voltage control methods,
volume to increase the pewdensity of the systeff %. Because such as an uninterruptible power supply (UPS) system, are
interconnected inductors account for most of the inverter size, it isproposed in (11), (12). It is not necessary to consider the FRT
desirable to reduce the size of the interconnected inductors. Byoperation for the operation of a UPS. Thus, it is possible to increase
reducing the inductance, it is possible to reduce the volume of thehe capacitance of the filtevapacitor of the output filter. The
inductor. Ths can be achieved using high switching frequency voltage control methods of (11) and (12) do not consider the output
silicon carbide (SiC) or gallium nitride (Gaijpsed devices, of the low capacitance filter. Therefore, in the gi@ll inverter, the
applied using the same current ripple. Moreover, the capacitance ofoltage control with low capacitance must be considered. Moreover,
the filter capacitor can be reduced by designing a filter with a highit is necesary to implement a complex control or sampling method
cutoff frequency. Therefore, it is possible to apply a high resonancefor the control methods of (11) and (12).
frequency output filter for the inverter by increasing the switching  This paper proposes a new ogeap-based islananode voltage
frequency. On the other hand, the inverter output current overshootontrol method equipped with higiain disturbance suppression in
rate becomes high during the voltage sag when the tawice of order to achieve low total harmiz distortion (THD) of the output
the interconnected inductor is reduced. Thus, the authors propose eoltage. The originalityf this paper is that an islandode voltage
high-speed gatélock method and the design of an LC or LCL filter control with a minimized LC filter can compensate for an output

1. Introduction

to meet the fault rid¢hrough (FRT) requiremen{s?, In particular, error voltage for the load current without a current feedback loop.
to meet the FRT requirements, a filteapacitor with low Moreover, it is nohecessary to consider the interference between
capacitance is designed to reduce the resonance. the voltage controller and the current controller. This control is
The gridtied inverter is required to perform the islamdde defined as the voltage disturbance compensation-tmogncontrol
operation to supply power to the lgashen a blackout in a long  (VDCOLC) in this paper. The proposed VDCOLC compensates for
period that exceeds the FRT requirements océ&d?s In order to the load currendisturbance by using the output voltage detection

output the voltage, it is necessary to implement a voltage controllervalue to calculate the disturbance through a{gigim disturbance
for the inverter. However, the disturbance suppression performancebserver (DOBY'*%9), In order to compensate for the disturbance
of the voltage controller worsens due to the low capacitance of thewith high-speed sampling, the higiain DOB is implemented
filter capacitor in the minimized LC filterThe inverter output using a fiéd-programmable gate array (FPGA). By using this
voltage is distorted when the islantbde operation with low  proposed VDCOLC, a reduction of THD for the inverter output
disturbance suppression performance is connected to a nonlinearoltage is confirmed with a-&W prototype.

load, such as a rectifier load. As a solution to this problem, the

2. Problem of Island-mode Voltage Control with

a) Correspondence tdurtichi Itoh. E-mail: itoh@vos.nagaokaut.ac.jp Minimized LC Filter
Nagaoka University of Technology ) o ) . . o
16031, Kamitomiokamachi, Nagaoka, Niigatdapan 94188 Figure 1 shows a circuit configuration of a singlease grietied
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mode with the minimized LC filter.
where Ci is the capacitance of the filter capacitdf; is the Figure 3 shows the filter capacitor current detection value under
proportional gainTi is the integral timesis the Laplace operator;  the same output voltageith different detection delay time of the
and the current contr@ain is unity. The disturbance suppression filter capacitor current, where the impedance of the interconnected
performance worsens due to the increiasthe disturbance gain  inductor is 1.0% of the normalized inverter impedance, and the
when the capacitance of the filter capaci@eis decreased in (1).  admittance of the filter capacitor is 0.25% of the normalized
Thus, it is necessary to improve the disturbance suppressioninverter admittancen the kW system. The detection of the filter
performance to dgeve the islangnode operation with the capacitor average current for one switching period is required, as
minimized LC filter. shown in Fig. 2. However, the filter capacitor current has a large
current ripple when the low capacitance of the filter capacitor is
applied, because the switching frequency becomes higher than the
fundamental frequency component of the output current. Thus, it is
3.1 Current Detection Problem of Filter Capacitor impossible to detect the filter capacitor average current per the
Figure 2 shows a conventional clodedp-based islananode switching period due to the current detection delay time. InJig
voltage control with a current controller consisting of a Pl regulator. (a) and (b), it is possible to detect the average filter capacitor current
In general, islangnode voltage control is carried out by a voltage as a sinusoidal wave when the detection delay time is O s or half the
controller that has an inner loop of ttrrent controller. Note that  carrier period (6.25s). However, the detection point of the output
the disturbance suppression performance is improved by using theurrent is different from the averagalue, i.e., the filter capacitor
filter capacitor current contré®). The disturbance for the voltage current detection value becomes a +sorusoidal wave when the
controller, such as the load current, is included in the filter capacitordetection delay time of the filter capacitor current becomes longer,
current. Thus,hte disturbance compensation for the output voltage as shown in Fig. 3(c) as H®. Thus, it is impossible to detect the
controller is not necessary by the filter capacitor current feedbackfilter capacitor averge current due to the above problem. As a
control. Moreover, it is necessary to increase the control responseesult, the inverter output voltage THD becomes worse. It is
which is limited due to the controller hardware, to achieve thadsl  necessary to apply multirate sampling for the average capacitor

3. Openloop-based Voltage Control for Island
Mode Operation
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current detectioft™: 12to solve above problem.
3.2 Proposed Operloop-based Islandmode Voltage
Control
The resonant frequency of the filter is shifted to the high
frequency range when the LC filter is minimized. The transfer
function for the atput voltage command with the opkrop
operationGeom_oi(S) is expressed as

Fig. 4. Control block diagram of conventional ogeap-based
islandmode voltage control for islarthode operation.

Gcom7 OL( S) =

OSSP UTPTTPOO (2). Control System | Circuit
SLC +1 CroA

The transfer function becomes wide bandwidth for the output Ve

voltage commanuk” with the minimized LC filter by (2). Therefore, A - =

an opeHroop-basedvoltage control can be employed without the S+ W, i
occurrence of the output voltage resonance. Nevertheless, the Yo [W Y”’e‘l;%__vl;
output voltage with the opdnop-based voltage control varies P S

highly, dependent on the load, because the output voltage is not fed Fig. 5. Control block diagram of proposed VDCOLCitdand
back and is notegulated by the voltage controller. Furthermore, an  ,q4e operation. To compensate for the output voltage in
odd number of harmonic components occur in the output voltage high-gain, the DOB is implemented using an FPGA.

due to the nonlinear output current when a diode rectifier load is

connected to the inverter. Therefore, it is necessary to compensate 3.3  Application Area of Proposed Openloop-based

for the disturbance of the output current to obtain a stable and Voltage Control for Island Mode
constant output voltage regardless of the load. In the disturbance compensator of (3), the-juags filter (LPF)
Figure 4 shows the conventional odenp-based islangnode is implemented into the DOB in order to suppress the resonance

voltage control with typical deatime compensation. The output components of the LC filter for the voltage command in the voltage
voltage error due to thideadtime error voltage is compensated by controller. The resonant frequency of the LC filtes_c is
using this method. However, the harmonic components due to a&xpressed as
nonlinear load, such as the diode rectifier, cannot be compensated. 1

Figure 5 shows the proposed VDCOLC. In order to achieve high fres_1c = W '''''''''''''''''''''''''''''''''''' (4)-
gain compensation, th@mpensator is implemented by an FPGA. !
Moreover, the compensator is operated as a DOB that compensatds order to reduce the resonance component of the LC filter by using
for the disturbance due to the output curiignt The disturbance  an LPF, the cutoff frequency of the LPF is designed to be less than

estimation value¥;, is expressed by 1/10 to 1/2 for the resonant frequency of the LC fifier.c Thus,
. W . ow it is possible to reduce the effect of the LC filter resonance.
‘Fais zﬁvconv - ﬁvcdet ------------------------------ (3), However, in order to increase the performance of the disturbance
c c compensator, it is necessary to increase the cutoff frequency of the
where ue is the cutoff angular frequency of the DOBsnv is the LPF. Due to the output current disturbance caused by tide di
voltage command after the disturbance compensationyaads rectifier load, the od@rder harmonic components are included in
the detection value of the filter capacitor voltage. the inverter output voltage. For instance, when considering the

Moreover, a gridied inverter is disconnected from the grid when reduction of the harmonics to 11th order for the fundamental wave
a blackout or a long period voltage sag occurs in the grid and theof the output voltage, the 11th order harmonic wavé@stdz when
inverter is only connected to the load. Switching behavior from the fundamental wave is 50 Hz. Thus, it is necessary to increase the
grid-tied to island operation is determined by detection of the LPF cutoff frequency of the DOB to greater than 550 Hz. Therefore,
blackout or the long period voltage drop. The transitiomefgrid in order to consider the suppression of the harmonikstder, the
tied operation to islarthode operation is carried out when the proposed method is applied subjecttte following condition:
following conditions are detected: (i) drop of the grid voltage below f a3 W
the threshold of the voltage drop defined by the FRT requirements,  Kf,, < f, <=, 20:2~10,f, =% ..o, (5),
such as the E.ON grid cod®); (ii) occurrene of a long period n ¢ 2P
voltage drop exceeding the FRT operation duration defined in thewherefou is the frequency of the output voltage; ani$ the ratio
FRT requirementd!?). Thus, the voltage source inverter (VSI) for the resonant frequency of the LC filfek L which implies a
control is switched from the griled operation with the current  DOB cutoff frequency from 1/10 t&/2 for the resonant frequency
control to the proposed voltage control fine island operation  of the LC filter. In this paper, the resonant frequency of the LC filter
mode when the above conditions are detected. Moreover, thés approximately 10 kHz, wheteis 1.29 mH (%Z = 1.0%), antk
proposed island mode operates with the DOB to obtain theis 0.2nF (%Y = 0.25%); therefore, K is eleven, it is possible to
sinusoidal waveforms based on the voltage command. Therefore, imeet (5). Furthermore, to compensate for the 11th order harmonic
is possible to supply the power to the load during titansition without interfering with the resonant frequency of the LC filter, the
operation because the output voltage and frequency commands af@OB cutoff frequency is set to 2 kHz.
the same as the grid voltage and grid frequency. However, when a Figure 6 shows the comparison of the disturbance gain
nonlinear load, such as a diode rectifier load, is connected, an inruskharacteristics of a conventional clodedp-based voltage control
current prevention method, such as aniahitharge circuit or an  and the proposed VDCOLC. The controller of the conventional
output current limiter, is necessary to stabilize the inverter operationmethod is similarly constructed as in Fig. 2, where the angular
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frequency of the voltage controller is 3000 rad/s, and thelangu
00,

frequency of the current contro]ller s 30 000 rad/s. Mor eover

disturbance suppression gain is calculated from the transfer Conventional island mode

[aa]
O
function, where the output curremt: is the input, and the output 3 % &/
voltagevc is the output. Furthermore, the disturbasoppression E 0
performance is analyzed by sweeping the frequency of the g
disturbance suppression gain from 1 Hz to 100 kHz, as shown in % -50 Bropocedimethod
Fig. 6; the disturbance gain is reduced with the proposed control £ P
from 30 Hz to 1 kHz of the disturbance frequency, whidtitides & 100
the harmonic components from 1st to 20th for the fundamental e
frequency of the output voltage. Thus, it is possible to reduce the '1501 10 100 1000 10000 100000
output voltage distortion by using the proposed method. Disturbance frequency [Hz]
4. Simulation Resultsfor ProposedVDCOLC Fig. 6. Characteristics afisturbance gain from output currésik

] ) N to output voltageve. The resonance due to the controller
Table 1 shows the simulation conditions for the proposed methodgffacted to the output voltage distortion with the conventio
The LC filter parameter and the DOB cutoff frequency are changed yethod.

in the simulation results.
Figure 7 shows the simulation results of the proposed method
with the dode rectifier load. In Fig. 7(a), it is possible to suppress

Tablel. Simulation conditios.

the inverter output voltage THD to less than 5.0%, when the Output power | Pow|1 kW f|Carrier fre. | fery |80 kHz
resonant frequency of the LC filter is 10 kHz% 1.29 mH; %Z = DClink vol. |V [380V ?S%ge' fs |80 kHz
1.0%,Cs = 0.2nF; %Y = 0.25%), and the DOB cutoff frequency is Output volt. | . 1509y, [[Crest factor 3.0

2 kHz The LC filter parameter is designed to suppress the output command of load :

current overshoot with low inductance during the voltagesdg

order to reduce the resonance of the output current at the voltage (b) Linear load, such as resistance load.

fluctuation, the capacitance of the filter capacitor isgiesd to be (c) Nonlinear load, such as diode rectifier load.

small. The inverter output voltage THD is 1.56%. Moreover, with ~ Table 2 shows the experimental conditions. By considering the
the DOB cutoff frequency lower than the resonant frequency of thefrequency of the voltage command as 50 Hz, the angular frequency
LC filter, it is possible to reduce the resonance component in theof the voltage controller for the conventional closeap-based
inverter output voltage. Thus, the resonancenmanent of the islandmode voltagecontrol is designed to ten times the voltage
inverter output voltage in Fig. 7(a) does not octear, the condition ~ command frequency. Thus, the angular frequency is set to 3000
of Fig. 7(a) meets (5). In Fig. 7(b), the resonant frequency of the LC rad/s. Moreover, in order to prevent interference, the angular
filter and the DOB cutoff frequency are 2 kHz. The inverter output frequency of the current controller is designed to ten times the
voltageTHD is higher than 5%in addition, the resonance occurs angular frequency othe voltage controller. Thus, the angular
in the inverter output voltage. This is because the condition of Fig.f T equency of the current control
7(b) does not meet (5), i.e., the LC filter resonance component ighe minimized LC filter parameter is designed such that the FRT
included in the voltage command. In Fig(c), the resonant requirements are met during the voltage €agrhe islanemode
frequency of the LC fikr is 10 kHz and the DOB cutoff frequency ~OPerations areompared with the conventional closledp-based

is 200 Hz. The inverter output voltage THD is higher than 5.0% in Voltage control, the conventional opkop-based island mode
this condition. This is because the disturbance suppressiorith deadtime error compensation, and the proposed VDCOLC.
performance of the DOB decreases due to the low DOB cutoff 5.1 No-load Operation

frequency. Thus, the inverteutput voltage THD is worse for the Figure 8 shows the experimental restdt the neload operation.
diode rectifier load due to the disturbance. In addition, the-dead In Fig. 8(a), (b), and (c), the output voltage THD of the three
time error voltage compensation by the DOB is not effective methods are suppressed to less than 5.0%. However, the inverter
enough due to the low DOB cutoff frequency. In Fig. 7(d), the output voltage THD in Fig8(a) is high in the conventional closed
resonant frequency of the L@tér is 2 kHz and the DOB cutoff loop-based voltage control. This because the filter capacitor
frequency is 200 Hz. The inverter output voltage THD is also highercurrent detection has a delay time that is different from the half
than 5.0% in this condition. The inverter output voltage includes thePeriod of the carrier, as shown in Fig. 3(c). Thus, it is impossible to
distortion due to the low resonant frequency of the LC filter. detect the average value for the filter capacitor current. Therefore,
Furthermore, the distbance compensation value is not effective the inverter otput voltage is distorted in Fig. 8(a). In particular, the
enough for the diode rectifier load due to the low DOB cutoff distortion of the inverter output voltage with the proposed method
frequency. Thus, the inverter output voltage THD in Fig. 7(d) is IS reduced by 70.2% compared with the conventional cses
higher than the condition of Fig. 7(c). In conclusion, the proposedbased voltage control. In addition, the output voltage in Fig.i8(a)
method can onlyéapplied in the area of (5). higher than the voltage command due to the high gain of the current
controller. In order to regulate the output voltage in Fig. 8(a), it is
necessary to reduce the gain of the current controller. Moreover, the
In the experimental verification of the islamibde operation, ~ Outputvoltage in Fig. 8(b) is also higftaan the voltage command

three cases of load test are considered. The load conditions are &4!€ to typical deatime compensation. The de#the error voltage
follows: does not occur in the Foad operation. Thus, the output voltage

(a) Noload. increases by the dediine compensation value. On the other hand,

5. Experimental Results
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Fig. 7. Simulation results for any condition of resdrfaequency of LC filter and DOB cutoff frequency with the proposed VDCOI
The inverter output voltage THD isigpressed to less than 5% when (5) is met.

the output voltage in Fig. 8(¢$ almost same compared with the Table2. Experimental conditions.
voltage command.
5.2 Linear-load Operation
Figure 9 shows the experimental resutir the linear load

Output power |Pox|L KW  [ICarrier fre. fay [80 kHz

DClink vol. |V [380V fisamp. fre. of DSP [f, |20 kHz
Output volt. v 200 Ve

operation. In Fig. 9(a), (b), and (c), the output voltage THD at the  |command Angl. fre. of AVR | a | 3000 rad/s
rated power with three methods aso suppressed to less than I((r;t% Induc. 1) (1123)/”)“" Angl. fre. of ACR | |30000 rad/s
0. .U70

5.0%. The inverteroutput voltage THD in Fig. 9(a) is high
compared with both methods of Fig. 9(b) and (c), for the same
reason as in Fig. 8(a). In particular, the inverter output voltage THD
with the proposed method is improved by 61.4% compared with thethe same as the voltage command.

conventional closetbop-based voltage control at the rated load. In Figure 10 shows the output voltage THD characteristic and the
addition, the output voltage in Fig. 9(a) is higher than the voltage output voltage variation against the linear load. In Fig. 10(a), the
command for the same reason as in Fig. 8(a). Moreover, the outpubutput voltage THD wih the proposed method is reduced more
voltage in Fig. 9(b) decreases due to the load current compared witkffectively than with the conventional closkbp-based voltage
Fig. 8(b). On the other hand, the output voltage in Fig. 9(c) is almostcontrol. The maximum improvement of the output voltage THD is

- Samp. fre. of DOB
Filter cap. [C; |0.2nF p.1re.0 f» [80kHz
(%Y) (0.25%) ||Cutoff fre. of DOB | fc |2 kHz
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Output vol tage 250 V/dlv

THD: 3.69%

4 mgdiv

(a) Conventional closetbop-based voltage control.

Output vol tage 250 V/dIV

Output voltage: 208 Vims

THD: 1.83%

4 ms/div

(b) Conventionabpenloop-based voltage control.

Output voltage 250 V/dIV

THD: 1.10%

4 mg/div

Output voltage 250 V/dlv

Output voItage 209 Vrms

THD: 3.08%

Output current 5 A_/div

4 mg/div

(a) Conventional closetbop-based voltage control.

Output voltage 250 V/dlv

Output voltage 184 V,ms

THD: 1.57%

Output current 5 A/div

4 mg/div

(b) Conventional opetoop-based voltage control.

Output voltage 250 V/d|v

THD: 1.19%

0¥

4 mg/div

(c) Proposed VDCOLC.
Fig. 8. Experimental resuglfor no-load operation. The outpu
voltage THD is suppresseo less than 5.0% in both the
conventional method and the proposed method.

(c) Proposed VDCOLC.
Fig. 9. Experimental resulfor linear load opeation at rated
load. The output voltage THD is suppressed to less than £
in both the conventional method and the proposed methou

80. 8% at @.ulMoreoder, thed invérter dutput voltage voltage. However, the output voltage with the conventional -open

THD characteristic witthe conventional opeloop-based island loop-based voltage control varies significantly depagdon the

mode or the proposed method are approximately constant comparelad. This is because the inverter output voltage decreases due to
with the conventional closddop-based voltage control in the load the decreasi the filter capacitor current by the load current. On
range from O p.u. to 1.0 p. u.theTother handh the @utpud Voltagehmith treipfofosed methodis f o
inverter output viiage THD with the conventional closémbp- constant. In the proposed control, the DOB tkegletection value

based voltage control is that the variatiothe load current causes of the output voltage to estimate the output current and then

the error of the filter capacitor average current detection value. Duecompensates for the disturbance of the output cur@mtother

to the detection error of the filter capacitor average current, theperspectivethe output voltage is indirectly regulated by a feedback
inverter output voltage becomes a fsinusoidal wave. Thus, the loop in the DOB. Therefore, in the praged method, it is possible
operation of the conventional closkmp-based voltage control to have the inverter output a constant voltage during the island
becomes unstable. On the other hand, in Fig. 10(b), the invertemode with a linear load.

output voltage with the conventional clodedp-based voltage 5.3 Nonlinear-load Operation

contr ol is almost constant i n t Rigurellloshows the xparimenthl resutts fod themonlinear lbad 1
This is because the voltage controller regulates the inverter outpubperation. The diode rectifier is applied as a nonlinear load. The
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