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Automatic Phase-Shift Method for Islanding
Detection of Grid-Connected Photovoltaic Inverters
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Abstract—The traditional frequency-shift methods for islanding increases. Even though the test results from Rokko island,
detection of grid-connected PV inverters—the active frequency Japan [2]-[8] revealed that this is a rather effective detection
drift method and the slip-mode frequency-shift method—become method, a study [9] has shown that it is hard to select the trip

ineffective under certain paralleled RLC loads. The automatic . .
phase-shift method is proposed in this paper to alleviate this threshold. Another method called phase jump detection method

problem. The method is based on the phase shift of the sinu- [4] monitors terminal voltages in a different way. PV inverters
soidal inverter output current. When the utility malfunctions,  usually output currents in phase with the utility voltage for
the phase-shift algorithm keeps the frequency of the inverter ynity power factor. When the utility is disconnected, the phase
terminal voltage deviating until the protection circuit is triggered. angle between the output current and the terminal voltage of an
Simulation and experiments are performed for verification. - - - .
_ _ _ inverter is determined by the load. An instant phase change of
Index Terms—Automatic phase shift, grid-connected photo- the voltage may occur and triggers protection circuits.
voltaic inverters, inverters, islanding detection. The detection methods mentioned before all depend on some
kind of monitoring of inverter terminal voltages. They are clas-
|. INTRODUCTION sified as passive techniques. Their ability of islanding detec-

SLANDING phenomenon of grid-connected photovolta|gon is not guaranteed for .a_II load conditions, e_speually. for
) . . Source-load balanced conditions. As a result, active techniques

(PV) inverters refers to their independent operation when . : . ) X
are invented for enhancement. One simple active technique is

the utlity is disconnected. The local section energized t% change output power of PV inverters periodically. This is ef-

self-activated PV inverters becomes an "island” isolated frOpéctive to break source-load balanced conditions. However, the

the remaining power system. Concern about such phenomeno . . - o
S ) . : method is impractical because timing synchronization must be
is raised because it causes danger to uninformed maintenance : . .
o ) . .made among all of the inverters in a power system or it would
personnel. Therefore, it is desirable to incorporate detectign :
. ) ) : . -~not work due to the averaging effect [9], [10].
functions into PV inverters for protection. Islanding detection

methods, which have been proposed, are generally classiff'fe

into passive and active techniques. An inverter equipped wi ift of inverter output current without synchronization needed
an overvoltage relay (OVR), an undervoltage relay (UVR?O

an overfrequency relay (OFR), and an underfrequency rel r islanding detection. One of them is the active frequency
quency relay (DFR), : quency reigdt method (AFD) [9], [11]-[13]. When the utility is discon-
(UFR) [1] has the basic islanding detection capability. Oncnee ted, phase difference between the terminal voltage and the
the voltage level or frequency at the terminal exceeds the presef ' . .
T " . “gutput current of a PV inverter depends on the load. Itis detected
normal range, the situation is regarded as utility malfunctio

The inverter is forced to be shut down to prevent lasting iB_y the internal phase-locked-loop (PLL) circuitry. To eliminate

landing operation. However, such relays fail under source-load,. phase difference, the frequency of the inverter output cur-

balanced conditions because the terminal voltage does r%r%t is forced to drift up or down. The intension is to make

X . ) X - e frequency of the terminal voltage deviate from its nominal
change in magnitude or in frequency without the utility. Otheralue until OFR or UFR is triggered. The other method is the
methods should be applied to enhance the detection abili\f}f. “mode fr nev-shift method S.MS 91 111, Itis similar
One of them is the voltage harmonics monitoring metho p-mode frequency-s ethod ) [9], [11]. Itis simila

. : . .10 AFD except that the starting angle of the inverter output cur-
The method is mainly based on the nonlinear characteristiCs : . : :
rent also varies with frequency at each zero crossing of the ter

of power transformers in the distribution systems. Without. . .
the strong utility voltage source, the current injected from P inal yoltage. Nevgrthgless, ithas been.demonstra.ted that “non-
! etection zones” still exist [9], [14]. That s, the previously men-

inverters into power transformers would cause large voltage . . :
- . L . oned two methods become ineffective under certain load con-
harmonics. Continuous monitoring terminal voltages caé1 . . X
|Pons, especially with paralleled RLC resonant loads.

effectively detect islanding operation when the harmonics leve In this paper, the nondetection possibilities of AFD and SMS

are discussed first. Then, the automatic phase-shift method
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Jo avoid the problem, two frequency-shift methods are get-
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Fig. 1. Stable operating points with AFD and SMS. Fig. 2. Inverter output current waveform with modified SMS.

(the voltage cycle is defined as the time interval between se-
guential zero-crossings) is governed by
o . (7 flk—1]—60Hz
PV inverters are usually designed to output current in phase f[k] = 10° - sin (5 ’ 3 Hz @)
with the utility voltage to achieve unity-power-factor operation,

- ) . . Wheref[k—1] is the measured frequency of the previous voltage
For a digitally controlled inverter, zero crossings of the sinuy: /1 ] q Y b g

L&Q/cle [11].0 has the maximum value when the frequency devi-
i

Il. INHERENTISLANDING NONDETECTION OFAFD AND SMS

soidal voltage waveform at the terminal are detected to synchE1 on reaches 3 Hz. If the absolute value of the slope of the load

nize the output current. The following analysis is based on diﬁﬁe is greater than that of the SMS line, there is a stable oper-

itally CO“”O"G‘?'_PY myerters. ) ating point, wherep andf sum to be zero. If the frequency is
When the utility is disconnected from a PV inverter, the phasg; |ow enough to trigger UFR, the method fails.

difference between its terminal voltage and output current is
determined by the load. For example, the phase apgléthe

- Il. FAILURE MECHANISM OF PHASE- SHIFT TECHNIQUE
voltage relative to the current of a paralleled RLC load depends

on the operating frequency It has been shown that the main cause of the nondetection
problem of AFD and SMS comes from that the load angle is

1 frequency dependent. As a result, modifications should be made
¢ =—tan""' <R <27Tf0 - m)) : (1) to SMS to avoid the situation. That is, only the starting angle

of the inverter current is changed for islanding detection while
tg\e frequency remains constant. The phase-shift technique is

If ¢ is negative at line frequency, a phase lag of the termin .
: X o . _adopted rather than the frequency-shift one. The method used
voltage is detected without the utility. For AFD, the termin ¢ re is named as the modified SMS. For example, if/t

voltage is now regarded of low frequency. The frequency of t " le of the i A tis a li functi fth
inverter output current is forced to drift down to see if the fre>aring angle of the inverter current Is a finear function ot the
oltage frequency

guency of the terminal voltage slows down accordingly. The al
tion continues until UFR is triggered. Unfortunately, as the fre- Orr_snrs[k] = 1 <f[k — 1] - 60 Hz) 3600 (3)
guency of the current drifts dowmp, becomes less and less neg- a 60 Hz
ative. It is possible that under certain loads, a steady-state fileen for a lagging load at line frequency, the terminal voltage
quency would be reached with= 0 before UFR is triggered. lags the inverter current anflk — 1] < 60 Hz. The voltage

On the other hand, there is a similar problem for SMS. Akycle is supposed to last longer each tine_s s [k] gets more
though the starting angle of the inverter output current is alsegative because the phase difference is fixed by the load. The
changed with its frequency at each zero-crossing of the termipaisitive-feedback algorithm should keep the frequency of the
voltage, a stable operating point still exists if the changing raterminal voltage lower and lower cycle by cycle.
of ¢ exceeds that of the starting angle with the algorithm [9]. Unfortunately, this is not the case. A stable operating point
Fig. 1 gives a better illustration. Thg-axis is the frequency of would still be reached. Although the inverter output current
the inverter output current. THé-axis ise, but also represents does not change its frequency, the starting angle is reset at
the starting angles of the inverter current with AFD and SM®ach zero-crossing of the terminal voltage. The fundamental
For AFD, the stable operating point lies at the intersection éfequency of the inverter current is subject to the voltage
the load line and th& -axis, where there is no phase differencperiod. The phase angle of this fundamental component at
between voltage and current. For SMS, assume that the star@agh zero-crossing is also slightly moved. Refer to Fig. 2, for
angle of the inverter output current during tth voltage cycle example, iff[k — 1] = 55.2 Hz with « = 1.2 is substituted into
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Fig. 3. Stable operating points with modified SMS.
(3), thenby, _sars[k] = 24° and the inverter current during the
kth voltage cycle can be written as

I[k] = sin (2 - 60 - £ — 24°) |'=(/°5-2)
assuming thaf[k] is also 55.2 Hz. The frequency of its funda:

Hz Caleulate the change
4) of the steady- state

frequency, Afs

mental component; [k] will also be 55.2 Hz, no longer 60 Hz J,
I1[k] = sin (27 - 55.2 - t — 11.4°) . (5) £ 415 ;(94}[53:] +
§

The phase anglé,; sass—1[k] of I1[k — 1] is changed to be

11.#. This phenomenon results in nondetection as applyil *

SMS. em[k]=l.[f____lk'11"60&]-350°+9°[k] «

In Fig. 3, the modified SMS lines represent the phase-fr & 60z
quency relationship of the fundamental component of the i l,

verter output current. The stable operating points are predic!

: ——— Output current with 8 gpdk
at whichfy; sars—1[k] ande sum zero. P ardk]

IV. AUTOMATIC PHASE-SHIFT METHOD Fig. 4. Flow diagram of APS.

To solve this problem, the automatic phase shift method

(APS) is proposed. The flow diagram of the algorithm is show (€ steady-state frequency varies from 60 to 59 Hz, an addi-
in Fig. 4. At the kth zero-crossing of the terminal voltageional phase anglé\y will be subtracted fron®, to break the

frequency of the previous voltage cycle is first measured. TREAPI® operating point. Another steady-state frequency may be

starting anglé 4 ps[k] of the inverter output current is changed©ached again, but for a lagging load at line frequeficygets

according tof[k — 1], but the frequency remains at nominal@'9€r and larger in magnitudé ps becomes more and more
line frequency negative and so does the phase afigles ; of the fundamental

1/ flk—1] - 60 Hz current component. IA@ is taken as 3.6for example, referring
Oaps[k] = — - <—> -360° + 6,[k]. (6) toFig.5, the step changestfkeep the steady-state frequency
@ 60 Hz deviating. The algorithm guarantees that UFR or OFR will be

Once the steady-state frequency of the terminal voltage reacfiggyered eventually. As to the normal line frequency drifting,
before UFR or OFR is triggered, the additional phase 8hif6  for a deviation of 0.5 Hzd 4 ps is 4.1° with o = 2.

also changed as On the other hand, if there is more than one inverter operating
0,[k] = 0,[k — 1] + Af x sgn(Af,s) (7) inparallel, all equipped with APS but with different valuesof
andAd, the method also works. The valuescond A6 relate
where . . s
. to the starting angles of the sinusoidal inverter output current
A6 constant; .
. and its fundamental component. The fundamental frequency of
Afgs change of steady-state frequency; ) : . : .
6, k] 0: inverter curr.ent is not affected, bL_Jt is subjec_ted to thg terminal
V(;s < 0 voltage, which has been proven in the previous section. Thus,
11 Afe>0 the fundamental components of all inverter output currents will
sgn(Afs) <0, Afes=0. be of the same frequency but with different phase angles. It
-1, Af,, <0 is known that the sum of sinusoids of the same frequency but

Authorized licensed use limited to: National Taiwan University. Downloaded on February 25, 2009 at 03:35 from IEEE Xplore. Restrictions apply.



172 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 18, NO. 1, MARCH 2003

BN Ritdagy | || I
o i Ta12.8mH b T ™ FAY TA) A ™ IA
N A A W A ARG
"l S S : R e S ANV A
= : | Stepistable ; | %4 \\/Z 1 \.4 ¥4 \\v
LT g o A AAH—
an 1 | [t 1
3 S DU N A | Y k) \ Y
SO I ! 1 Current
SR S S S S— Voltage
. : ! ' ! . ol T
= I I booo 4 ! . T
] e [ veriod
30 i o L e B s bommm N _ 1 C
: | APS step lines|( q =2] : i | . o>
S A e S S N S B
-5 0 51 52 53 54 55 56 57 58 59 60 1 1B ms 10O V 213 ms 20.0 A E 18 ms .50 V u] STOPPED
Frequency (Hz) Fig. 7. Experimental result with modified SMS. (CH1: terminal voltage, 100
V/div; CH2: inverter output current, 20 A/div; CH3: period of terminal voltage,
Fig. 5. Steady-state frequency jump with APS. 0.3 ms/div, 0 V represents 1/60 Hz; TIME: 10 ms/div).
(MPPT) program of the controller determines the output current
; Ny i amplitude, while the zero-crossings of the terminal voltage are
1 1 1 . . g
g T TI TS q detected to synchronize the current with the utility voltage. The
1 — H H (=24 (] . . . . .
000 T i 1287 “Nouwmy PVinverteris loaded by a paralleled RLC circuit with the same
To Solan Lrgnnno .¢_¢_J_.L:I—__¢ . . . . .
pancls | | Pl Rel4an values used in the simulations. The load is designed to have a
I = | oo | resonant frequency of 57 Hz. Before the utility is disconnected,
i ﬁ ; ‘ the inverter is made to output current of approximately 8A (115
i VAC/14.4 Q). This is to maintain the terminal voltage not to
>

R trigger UVR or OVR without the utility.
PV inverter Load The modified SMS withe = 2 andf,[k] = 0 is applied first.
It can be found from Fig. 7 that a steady-state frequency reaches
approximately 57 Hz, which corresponds to the simulation re-
sult in Fig. 3. The period of the terminal voltage is calculated

with different angles is also a sinusoid, where the frequency & the microprocessor and is output via a digital-to-analog con-
mains unchanged with an effective phase angle as the result V&§er (DAC) to show the frequency variation.
a result, the fundamental load current, which is the sum of fun-APS witha = 2 is also programmed for experiment. Due
damental components of all inverter currents, has the effectigethe restricted resolution of the microprocessor used, a stable
phase angle and the same frequency with the terminal Voha@eerating point is dgfined_as_ that the period variation of thg ter-
The positive feedback of APS also keeps this effective pha&wal voltage remains within 0.2 ms for ten cycles. Besides,
angle deviating. 0, is se_t to_be changed for eight times at most. The result is
Although the effectiveness of APS is based on the initi&'©Wn in Fig. 8. It can be observed that the steady-state fre-
phase difference between the inverter output current and fHEENCY varies step by step and finally reaches approximately
terminal voltage when the utility is disconnected, it still workg1-> HZ. closed to the prediction value in Fig. 5.
for purely resistive loads or paralleled RLC loads with resonant
frequency equal to line frequency. It is due to that in actual
systems, that there are always noise perturbations or frequencifrequency-shift methods were considered the most ef-
detection errors [9]. Alternatively, the inverter output currerfective techniques for islanding detection of grid-connected
waveform can be distorted for detection of such kinds of load®/ inverters. However, they bear nondetection possibilities
[12]. for paralleled RLC loads. The main cause of the islanding
nondetection of AFD and SMS is first analyzed in this paper. It
is found that because the phase angle of a paralleled RLC load
depends on the operating frequency, the two frequency-shift
A 1-kW PV inverter is constructed for experiments. The ciralgorithms have possibilities of making stable operation of PV
cuit diagram is shown in Fig. 6. The power stage consists ofraverters. The automatic phase-shift method (APS) is proposed
boost converter, followed by a voltage-source inverter (VSI). Ao alleviate this problem. With APS, only the starting angle
Intel 80 196MC microprocessor is used as the main controllef. the inverter output current is changed according to the
The boost converter provides a stable dc voltage source fromfeequency of the inverter terminal voltage. An additional phase
unregulated output voltage of solar panels. The VSI acts aslaft is introduced each time the frequency of the terminal
sinusoidal current source. The maximum power point trackingltage stabilizes. The algorithm guarantees that the frequency

Fig. 6. Experimental circuit diagram.

VI. CONCLUSION

V. EXPERIMENTAL RESULTS
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