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Controller Design and Implementation of Indirect Current Control Based
Utility-Interactive Inverter System

Sunjae Yoon, Hyeongmin Oh, and Sewan Choi

Abstract—The utility-interactive inverter with critical load
should be able to provide critical loads with a stable and seamless
voltage. This letter proposes an indirect current controller which
does not include any nonlinear factors in the control block, so that
the classical control theory can be applied to the controller design.
Also, a phase-locked loop algorithm is proposed to maintain the
constant frequency across the critical load during the unintentional
islanding since the magnitude is well regulated, but the frequency
may vary with the proposed controller. Further, an islanding de-
tection method is proposed for the controller, which does not cause
a change in magnitude and frequency of critical load voltage.

Index Terms—Anti-islanding, indirect current control, phase-
locked loop (PLL), seamless transfer, utility-interactive inverter.

I. INTRODUCTION

HE utility-interactive inverter with critical loads should
T operate in stand-alone mode as well as grid-connected
mode to provide uninterrupted and continuous power. During
the grid-connected mode the inverter is operated to inject power
to the grid. In the event of a grid fault, the inverter should detect
the islanding and cease to energize the grid by disconnecting
the utility-interactive inverter from the grid [1]. During this
unintentional islanding, the magnitude, and frequency of the
voltage across the critical load may experience severe transient
state, since the inverter switch is still closed and the critical
load voltage is determined by the amount of injected power and
unknown load condition. Further, there exists a large transient
across the critical load at turn OFF of the inverter switch if the
controller is changed from current controlled mode to voltage
controlled mode. Thus, the utility-interactive inverter requires
seamless transfer during the unintentional islanding as well as
the mode transfer [2].

Several control techniques have been proposed to mitigate
large transient associated with mode transfer of the utility-
interactive inverter [3]-[6]. However, they did not consider the
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transient state during the unintentional islanding. The concept
of indirect current control method for seamless transfer of the
utility interactive inverter was introduced in [7]. An indirect
current control of three-phase utility-interactive inverters has
been proposed for seamless transfer during whole transition pe-
riod including both the unintentional islanding and the mode
transfer [2].

However, controller design of the indirect current control
technique has been on the trial-and-error basis since nonlinear
factors, sine and cosine tables, are included in the control block.
The frequency of voltage across the critical load may vary in
accordance with the amount of injected power and unknown
load condition during the unintentional islanding even though
the magnitude of the voltage across the critical load is well
regulated, which may cause bad effects on the critical load.
Further, the conventional islanding detection method based on
voltage and frequency variation cannot be applied to this indirect
current control, since the voltage across the critical load should
always be regulated at the rated values.

In this letter, a modified controller for the indirect current
control is proposed to eliminate the sine and cosine tables in
the control block, so that the controller design could be based
on the classical control theory such as bode diagram and root
locus. Also, a phase-locked loop (PLL) technique is proposed to
maintain the constant frequency during the unintentional island-
ing. An active islanding detection method based on harmonic
injection which is suitable for indirect current control is also
proposed.

II. PROPOSED CONTROL ALGORITHM

Fig. 1 shows the circuit diagram of a three-phase utility-
interactive inverter with critical load. The proposed indirect
current control is to regulate grid-side inductor current iy, by
controlling the magnitude and phase angle of capacitor volt-
age V¢ s so that desired magnitude of grid current which is in
phase with the utility voltage is injected to the grid as shown in
Fig. 2. From Fig. 2, the nominal value of desired magnitude of
dg-capacitor voltage can be expressed as

d Lq*
VCf,nom = ‘VLg| = Z%g X Q}Lg (1)

V(,({f,nom = “/Ii‘ : (2)

Fig. 3 shows the proposed control block diagram for
grid-connected and stand-alone operations of the three-phase

0885-8993/$31.00 © 2012 IEEE



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 1, JANUARY 2013

. 1
SW ¢ Ig recloser
%E
—zg Grid
;5
]+
s
Critical ~

load

Fig. 1. Circuit diagram of a three-phase utility-interactive inverter.

Fig. 2. Phasor diagram illustrating the proposed indirect current control.
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Fig. 3. Block diagram of the proposed indirect current control for a three-
phase utility-interactive inverter.

utility-interactive inverter. The controller consists of an outer
current control loop for regulating desired amount of injection
current and an inner voltage control loop for controlling in-
stantaneous capacitor voltage. A double-loop control with outer
current and inner voltage loops is used for the grid-connected
mode. A single loop voltage control is used for the stand-alone
mode. The dg-capacitor voltage reference can be obtained by
adding the nominal value of desired magnitude of dg-capacitor
voltage to the output of the dg-grid-side inductor current con-
troller. Assuming that the decoupling is done by controller, the
control block diagram shown in Fig. 3 can be simplified as
shown in Fig. 4. The whole block diagram in Fig. 4 illustrates
grid-connected mode, and the part within shadowed box in Fig. 4
illustrates stand-alone mode. The closed-loop transfer function
of the inner voltage loop is obtained by

d
quf(s) - (vas + Ky + Kgy 32) (Lys + Ry) 3)
qu;(s) As* + Bs® +Cs>+ Ds+ E

where, A = LiC,ngx B = R,[;Cng + LinRg + Kdeg: C =
KRy + L; + RiCyRy + K,yLy + Ly, D = K ,R;, + R; +
King + Rg’ E= Kv',ng

The forth-order system can be approximated by the second-
order system as long as the real part of the dominant roots
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Fig. 4. Simplified block diagram of the proposed indirect current control.

is less than one tenth of the real part of the third and fourth
roots [12]. By equating the approximated second-order system
to the simple second-order system with desired damping factor
¢, and natural frequency w,, voltage controller gains can be
obtained by

Kiy = Guym/Lg ®)
Kiy = Gwy (2+m) LZ‘Cf —Rin (6)

where, in general, m is chosen to be greater than 10.

Assuming that the control bandwidth of inner voltage loop is
larger than that of the outer current loop, the transfer function
of the inner voltage loop can be approximated to one. Then the
closed-loop transfer function of the whole system becomes

-dq
'Ly

-dg*
ZLg

Kyis + Ky
== : (7N

In the same way, from characteristic (7), given desired damp-
ing factor (; and natural frequency w; of the output current loop,
current controller gains can be obtained by

Kpi = QCiWiLg - Rg

®)
C))

For an example, calculation of controller design the LCL filter
values of L; = 1.78 mH, C; = 3 uF, L, = 3 mH are obtained
by [2] assuming P, = 1kW, V, =110V, R; = 10 mQ), R, =
20 mf).

If the desired damping and controller bandwidth of the inner
voltage loop are 0.7 and 20 000 rad/s, respectively, the bode
diagram of the voltage loop gain can be obtained by using (4)—
(6), as shown in Fig. 5(a). It can be seen that the phase margin
and cutoff frequency of the voltage loop are around 75° and
20 900 rad/s which are close to the desired values. Also, if the
desired damping and controller bandwidth of the outer current
loop are 0.6 and 500 rad/s, respectively, the bode diagram of the
current loop gain can be obtained by using (8) and (9), as shown
in Fig. 5(b). It can be seen that the phase margin and cutoff
frequency of the voltage loop are around 67.6° and 534 rad/s.

III. PROPOSED PLL ALGORITHM

Even though the proposed indirect current control is able to
provide well regulated voltage across the critical load, constant
frequency cannot be guaranteed with the conventional PLL al-
gorithm, since the frequency of the inverter output voltage is
adjusted such that the phase of the inverter output voltage is
synchronized to the grid voltage, as shown Fig. 6(a) [9], [10].
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Fig.5. Bode diagram (a) inner voltage control-loop gain and (b) outer current
control-loop gain.

Therefore, when an islanding occurs the frequency of the critical
load voltage may change according to magnitude difference be-
tween inverter output power and demanded critical load power.
This leads to frequency deviation of the critical load voltage and
the phase angle always ranges from —7 to 7 since the frequency
of the inverter output voltage is adjusted such that the inverter
output voltage is synchronized to the grid voltage, as shown in
Fig. 7(a), which may cause bad effects on the critical load.

Fig. 6(b) shows the block diagram of the proposed PLL algo-
rithm. The reference phase angle € is obtained by summation of
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Fig. 6. dg-PLL algorithm: (a) conventional and (b) proposed.
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Fig. 7. Simulation of the PLL algorithm when the islanding occurs (a) con-
ventional and (b) proposed.
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Fig. 8. Control block diagram including the proposed anti-islanding method.

feedforward angle 0y which is integral of rated frequency of the
grid voltage and compensating angle Af which is the output of
the PI controller for d-axis grid voltage. Since the slope of the
reference phase angle 6 is constant, the output frequency of the
PLL maintains at wg without regard to the compensating angle
AQ. Therefore, during the unintentional islanding the controller
is capable of providing the critical load with constant frequency
as well as constant voltage across the critical load without regard
to the load condition and the range of the phase angle is changed
during islanding operation, since the phase angle of the inverter
output voltage is adjusted such that the inverter output voltage
is synchronized to the grid voltage, as shown in Fig. 7(b).

IV. PROPOSED ANTI-ISLANDING ALGORITHM

The conventional anti-islanding method generally detects
variation in voltage and frequency of the critical load [11], which
is determined by differences between real and reactive power
consumed by the critical load and real and reactive power sup-
plied by the inverter. However, with the proposed indirect current
control and proposed PLL algorithm the voltage and frequency
of the critical load do not change when the islanding occurs.
Therefore, the conventional islanding detection method based
on voltage and frequency variations cannot be applied to the
proposed indirect current control. Fig. 8 illustrates the control
block diagram including the proposed anti-islanding method.
The proposed islanding detection method injects a harmonic
component Vi, (71, into output of voltage controller. When the
grid is connected, the voltage of the critical load is imposed
by the grid, and its waveform is not altered by the injected
harmonic component. When an islanding condition occurs, the
critical load voltage follows the waveform of the harmonic com-
ponent injected by the inverter. But the magnitude of the injected
harmonic component should be limited, for example, less than
4% of the fundamental component according to IEEE Standard
1547-2003, since the excessive harmonic injection may cause
a severe distortion in grid current. The proposed active anti-
islanding method detects islanding condition by measuring the
harmonic voltage variation as shown in Fig. 9.

Fig. 10 shows a flowchart of the proposed active anti-islanding
algorithm for the indirect current control. First, grid voltage V,
is sampled and transformed into the rotating dg-reference frame
with the injected harmonic frequency, and then the injected
harmonic components are obtained through low-pass filtering of
d-axis and g-axis components. As far as actual value V o (7th) of

g-axis is larger than user defined value Vq (7th)? the 1ndex ‘count”
keeps increasing. When it becomes the hmltmg value count,,
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Fig. 9. Flowchart of the proposed anti-islanding algorithm.
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Fig. 10. Experimental waveforms of the proposed control showing the mode
transfer from stand-alone mode to grid-connected mode.

the islanding can be confirmed. The user defined value Vq*7th>

should carefully be chosen since smaller user defined values
may result in frequent tripping of inverter switch. The limiting
value count, . should be selected to be smaller than 2 s to meet
IEEE Standard. 929-2000 or IEEE Standard 1547-2003.

V. EXPERIMENTAL RESULTS

The system parameters used in the experiment are as follows:
output power P, = 1kW; grid voltage V;, = 110 V; line fre-
quency f = 60 Hz; switching frequency f; = 10 kHz; L; =
1.78 mH; Cy = 3 uF; L, = 3 mH; and count,, . is 150. Fig. 10
shows experimental waveforms for the transfer from stand-alone
mode to grid-connected mode. After the phase match the inverter
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Fig. 12.  FFT of critical load voltage: (a) before islanding occurrence and
(b) during unintentional islanding.

switch is closed, then the grid-side inductor current reduces to
zero since the commanded real and reactive power are zeroes.
Then the demanded critical load power is supplied from the
grid. With the signal for grid current injection the grid cur-
rent ir,, is gradually increased according to its commanded real
power. Fig. 11 shows experimental waveforms for the transfer
from grid-connected mode to stand-alone mode. It should be
noted that there is no change in voltage and frequency of the
critical load during an unintentional islanding. Any noticeable
transient is not observed across the load throughout the whole
transition period including both the unintentional islanding and
the mode transfer, which is performed right after actual turn
off of the inverter switch. Fig. 12 illustrates the validity of the
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proposed islanding detection method which detects an islanding
condition by injecting the seventh harmonic component to the
inverter output voltage. Fig. 12(a) shows fast Fourier transform
(FFT) of critical load voltage before islanding occurrence. The
seventh harmonic component injected for islanding detection
does not appear in the critical load voltage, since the voltage
of the critical load is imposed by the grid. However, when an
islanding condition occurs, the seventh harmonic component is
observed in the critical load voltage, as shown in Fig. 12(b).

VI. CONCLUSION

In this letter, an indirect current controller which does not
include any nonlinear factors in the control block has been pro-
posed so that the classical control theory can be applied to the
controller design. Also, a PLL algorithm which is able to main-
tain the constant frequency across the critical load during the
unintentional islanding has been proposed. The proposed ac-
tive islanding detection method based on harmonic injection
is suitable for the indirect current controller, which does not
cause a change in magnitude and frequency of critical load volt-
age. The proposed control method has been validated through
experiment.
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