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(57) ABSTRACT
Wobbling the operating frequency of a phase-locked loop

(PLL), preferably by adding a periodic variation is feedback

gain or delay in reference signal phase allows the avoidance
of any non-detection zone that might occur due to exact

synchronization of the phase locked loop operating fre-
quency with a reference signal. If the change in PLL

operating frequency is periodic, it can be made of adequate
speed variation to accommodate and time requirement for

islanding detection or the like when a reference signal being

tracked by the PLL is lost. Such wobbling of the PLL
operating frequency is preferably achieved by addition a

periodic variable gain in a feedback loop and/or adding a
periodically varying phase delay in a reference signal and/or

PLL output.
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1
ANTI-ISLANDING DETECTION FOR

THREE-PHASE DISTRIBUTED

GENERATION

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application claims benefit of priority of U.S. Provi-

sional Application 61/758,381, filed Jan. 30, 2013, which is
hereby incorporated by referencein its entirety. The present

invention is also related to U.S. patent application Ser. No.
13/910,371, filed Jun. 5, 2013, Which is also hereby incor-

porated by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to distributed

power generation and distribution systems and, more par-
ticularly, to islanding detection for a distributed power

generation system and converter.

BACKGROUND OF THE INVENTION

At the present time, electrical power is available to

virtually all people in most civilized countries of the world.
Consumers of such electrical power are often distributed

over a wide geographic area while power generation facili-
ties are generally located in the proximity of either a fuel or

energy source (e.g. hydroelectric facilities are often located
near where a water reservoir naturally exists or can be

economically constructed) or population centers such as

cities although nuclear reactors used for power generation
are often located somewhat more remotely.

All such power generation facilities inherently have lim-
ited power generation capacity although that capacity may

be quite large. Many facilities are most efficient when

operating continuously near their full power generation
capacity while demand for electrical power can be quite

variable. At the same time, greater power generation capac-
ity of a given facility may greatly increase the initial capital

expenditure required as well as possibly increasing cost of
maintenanceoverthe service life ofpower generation equip-

ment. Therefore, while it is desirable to provide electrical

power to consumerslocated near a power generation facility
to limit inefficiency due to power transmission losses and to

limit capital expenditures by limiting the power generation
capacity of respective facilities to a small excess capacity

over anticipated peak demand, it is also desirable to inter-
connect many such power generation facilities so that excess

generated power at a given location can be distributed to

locations where demand may, from time-to-time, exceed
local power generation capacity. Such interconnection infra-

structure is generally referred to as a powergrid or, simply,
grid and requires that power generation facilities be care-

fully and precisely synchronized in both frequency and
phase so that power can be exchanged between the grid and

the local power generation and distribution network.

It is also critical that a connection between local power
generation equipmentor facility and the grid be maintained,

not only to allow frequency and phase information of grid
power to be obtained but to avoid excess power being

delivered to the grid from being redirected to local loads by
a disconnection. Such a disconnection, sometimes referred

to as grid loss, can rapidly cause significant damageto local

loads and local power converters must be rapidly shut down
when a disconnection is detected to prevent or mitigate such

damage.
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A lack or loss of grid connections is referred to as

islanding and the likelihood of disconnection has been

aggravated in recent years by the proliferation of relatively

small power generation facilities deriving energy from so-
called renewable resources such as solar and wind power

that may not be consistently available. Such systems usually
generate and/or store poweras a direct current (DC) voltage

and use a controllable converter to derive alternating current
(AC) for transmission. Therefore stringent standards have

been promulgated for detection of loss of synchronization

and disconnection of a local network from the grid.
Atthe presenttime, the standard for detection of islanding

and providing anti-islanding protection is the IREE 1547
standard which requires that any distributed power genera-

tion facility under 10 MW capacity must be able to detect
islanding and de-energize the area electric power system

(EPS) within two seconds. The test load specified by the

standard is a paralleled RLC (//RLC) load which is resonant
at 60 Hz (or the frequency that may be used for the grid)

which represents a worst case for islanding detection since
such a load presents a near-zero impedance, similar to the

impedanceofthe grid, at the resonant frequency. (An ideal
grid would exhibit zero impedanceanda grid exhibiting any

significant impedance is referred to as a weak grid. The

limiting case of grid weakness would be a grid exhibiting
infinite impedance and would appear substantially identical

to a disconnection from the grid although some voltage or
phase information mightstill be derived.) The standard also

requires so-called low-voltage ride-through (LVRT) to
accommodate a condition when the grid voltage drops but

the grid connection is maintained such that the local power

generation facility can and should continue to deliver power
to the grid. Islanding detection should also achieve an almost

zero non-detection zone (NDZ) such thatvirtually no island-
ing condition or event can exist or occur without detection.

Islanding detection arrangements can be either active or

passive. Passive islanding detection schemes passively
search for disturbances on the grid through sensed and

calculated system parameters. The main drawback of pas-
sive islanding detection schemesis exhibiting different NDZ

regions. In particular, no passive islanding detection
arrangement can detect islanding when the load matches the

output active power of the converter at the same resonant

frequency as the line frequency ofthe grid.
Amongactive islanding detection arrangements, output-

frequency based islanding detection (OFID) methods that
detect changes in frequency and/or phase between the grid

and local power generation equipment have been of sub-
stantial interest since, in general, they do not violate the

LVRT requirement and can provide an almost zero NDZ.

Many OFID methods are known that make modifications to
the voltage or current control loop of converters and thus are

configured to generate so-called frequency positive feed-
back that will drive the converter system frequency away

from the steady state frequency when a reference frequency
signal from the grid is not available. However, suitable

positive feedback mechanisms and characteristics and

design procedures for such methods are not well-developed
at the present time and over-design or excessive experimen-

tation have often been required to meet the islanding detec-
tion standard. While approachesto islanding detection have

recently been the subject of substantial study, few studies
have considered the impact of OFIDs on power converter

operation, entire system stability or performance of sophis-

ticated power systems such as multi-converter systems.
None ofthe known OFID approaches have,to date, achieved

a robust zero NDZ.



US 9,634,673 B2

3
SUMMARY OF THE INVENTION

It is therefore an object ofthe present invention to provide

an output frequency islanding detection arrangement that

provides an unconditionally zero non-detection zone.

It is another object ofthe invention to provide an islanding

detection method and apparatus capable of reliably distin-

guishing between islanding events and low grid voltage

events.

It is a further object of the invention to provide robust and

unconditional islanding detection using a small signal injec-

tion that does not require direct injection of a signal onto the

grid and which can be achieved simply by peripheral con-

nections to a PLL such that no internal PLL modifications

are required.

In order to accomplish these and other objects of the

invention, a phase locked loop, a power converter for

interfacing a power generation apparatus to a powerdistri-

bution grid and controlled by a phase locked loop and a

power generation apparatus having such a controller are

provided wherein the phase locked loop comprises a nega-

tive feedback path for causing an operating frequency of

said phase-locked loop to track a reference frequency or

phase and an arrangement for altering an operating fre-
quency of said phase locked loop.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages

will be better understood from the following detailed

description of a preferred embodimentof the invention with
reference to the drawings, in which:

FIG. 1 is a schematic depiction of a three-phase utility
interface converter system including a phase-locked loop

(PLL),
FIG. 2 is a schematic depiction of a synchronousrefer-

ence frame PLL (SRFPLL),

FIG. 3 is a linearized model of the SRFPLL of FIG. 2,
FIG. 4 is a schematic depiction of a one-line equivalent

circuit of the converter system of FIG.1,
FIG. 5 is a schematic depiction ofFIG. 4 considering only

the utility grid,

FIG.6 is a schematic depiction ofFIG. 4 considering only
the local generator and converter,

FIG.7 is a schematic depiction of the PLL system andits
operation in accordance with the invention,

FIG. 8 is a generic model of a PLL in accordance with the
invention,

FIG. 9 is a schematic depiction of the PLL system in

accordance with a first embodiment of the invention,
FIG. 10 is a block diagram of a model of the PLL system

of FIG. 9,
FIG. 11 is a block diagram of the model of FIG. 10 under

grid-connected conditions,
FIG. 12 is a block diagram of the model of FIG. 10 under

islanding conditions,

FIG.13 illustrates PLL output underislanding conditions,
FIG. 14 is a flow chart of islanding condition detection,

FIGS. 15 and 16 are graphical depictions of simulated
PLL output under islanding conditions,

FIG. 17 is a schematic depiction of a test circuit for low
voltage ride-through (LVRT)conditions,

FIG. 18 is a one-line equivalent circuit of LVRT condi-

tions,
FIG. 19 is a graphical depiction of PLL output under

LVRT conditions,
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4
FIG. 20 is a schematic depiction of a PLL in accordance

with a second embodimentof the invention,

FIG.21 is a schematic depiction of a model of the PLL of

FIG. 20,
FIG. 22 is a schematic depiction of the model of FIG. 21

under grid-connected conditions,
FIG. 23 is a schematic depiction of the model of FIG. 21

under islanding conditions, and

FIG.24 is a graphical depiction of PLL output of the PLL
in accordance with the second embodimentofthe invention

under islanding conditions.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and moreparticularly to

FIG. 1, there is shown a schematic representation of a

three-phase grid interface PWM converter system 10 to
which the invention can be applied and with which the

invention has particular utility. It should be understood that
other types of power converters can be used and that the

power converters can be of any known or foreseeable
topology. It should also be understood that FIG. 1 is

arranged to illustrate application of the invention to a

multi-phase power generation system. Thus, at the level of
abstractionofthe illustration of FIG. 1, the invention may or

may not be illustrated. Therefore, no portion of FIG. 1 is
admitted to be prior art in regard to the present invention.

As alluded to above, most smaller power generation
systems(e.g. under the 10 MW capacity to which the above

standard is applicable) receive poweras direct current (DC)

at a relatively constant voltage, as depicted by bracket 12
which could be constituted by a current source andfilter/

storage capacitor or battery. This input power is converted
to, for example, three branches of alternating current (AC)

power by switches 14 which maybe of any suitable con-

figuration such as a pair of series-connected transistors for
each phase as illustrated in the above-incorporated U.S.

patent application Ser. No. 13/910,371. Pulse width modu-
lation (PWM) control of switches 14 is preferred at the

present time since any desired waveform can be generated
under digital control in response to current controller 16

responsive to currents in each of the three branches and

output of a phase locked loop (PLL) 20 which is, in turn,
responsive to the waveforms Vo,, Vc, and vo, after the

waveforms have been filtered by inductors 22 in each
respective branch or phase.

In FIG.1,the grid is represented by impedance Z, andAC
voltage generators 24 having a reference phase 0,. The grid

impedance Z, will be substantially zero when the grid is

connected to the interface. When the local power generation
facility or apparatus is connectedto the grid, 0, is available

and the converters are synchronized therewith. When the
grid is fully disconnected, Z, is substantially infinite and the

change in impedance under such conditions or upon occur-
rence of an islanding event would be quite easy to detect

within a very short time by any OFID technique. However,

other conditions can constitute or simulate an islanding
event or other event from which recovery is possible and

during which the local power generation apparatus should
remain connected to the grid and continue to deliver power

thereto; the latter being alluded to above as low-voltage ride
through (LVRT).

The key element in the interface of FIG. 1 is the phase-

locked loop (PLL) 20. A schematic representation of a
suitable PLL for a three-phase system is shown in FIGS.2

and 3. Reference numeral 25 indicates a (preferably digital)
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three-phase (abc) to direct and quadrature (dq) converter that
produces v, and v, signals representing the direct and

quadrature components of the three voltage waveforms and

their respective phases in accordance with the equations:

Va

Vb

Ve

2 2 (1)
cos(@2) cos( = =| cos( + ="

l: | =| —sin(@) si, - 3] sin(0, + 5]
q

1 1 1

V2 V2 V2

V,,sin(O,)

Vea ; 2

vep |= Vin = ="

VinSinl @, 2sin + =n

Thus, the q-channel signal v, is the phase error signal,

whichis the output of the phase detector PD, constituted by
the abce/dq converter 25. The PD gain can be derived as

(2)

Vege

5g = Vipsin(@, — 0) (3)

e Pp=—
6

= Vy

The current loop bandwidth in a PWM grid-interface
converter system such as that of FIG. 1 is much larger than

the line frequency of the grid (e.g. 60 Hz), and thus can

provide accurate line-frequency current regulation. There-
fore the converter system can be simply modeled as a current

source which precisely follows the current reference in
accordance with the equation

LeSin) (4)
Ig 2
: | = Ingo = =|

I, Lsin 8 2
ra sin{ 05 + =]

The three-phase grid-interface converter system depicted
in FIG. 1 can thus be simplified and represented by a

one-line circuit as shown in FIG. 4 where Z, is the equiva-
lent grid input impedance and Z, is the local load of the

converter system. The injected currentI, flows into the
system network; generating a voltage response v, at the

terminal of the converter. While the total phase shift or error

is a single value, there are contributions to it from both
sources: the grid, itself, as a voltage source 42 and the

converter as the current source 44. Based on the superpo-
sition principle, the impact of the two independent sources

42, 44 can be modeled independently as illustrated in FIGS.
5 and 6, respectively. Thus, the phasor form of v, in FIG. 4

would be:

23 8
Ve = Va + V2 (5)

Z ZiZ_ +
=OS
ZtZ,"7 4Z, 8

 

-continued
Z ZLZ,

-|_ [Ymerrt + |ly,el@otr)
Z+ Ly LtLy   

5
wherep, and p, are the phase shift angle due to the presence

of reactive components in Z, and Z, for each respective

source 42, 44, respectively, as shown in:

 

 

10

= hase 41 (6)
PL= BOOS 7, + Zy

hi (4
Pa = phase| 77

15

It should be noted that the voltage response due to the

switching frequency current ripple is ignored in equation (5)
since its amplitude is very small compared to the line-

frequency component. That is, the phase detector PD in the

PLL only tracks the line-frequency signal and all the other
harmonics of, for example, the switching frequency, propa-

gate through the phase detector and low passfilter (LF) and
appear as a noise ripple in the output. Thus, it is seen that

two frequency components are measured for the PLL to
synchronize with 6, from the utility/grid and 0, from the

self-injected current from the converter to reflect the con-

tributions of each of the sources 42 and 44.
Thus, considering the PLL structure in view of the super-

position of effects of both the grid and the interface sources,
the PLL structure can be depicted as shown in FIG. 7 in

which each voltage v, (e.g. V,5 Vi; Vic) 1s decoupledinto v,,
and v,,, each having different phase contribution compo-

nents as shown at 72 and 74. The corresponding gains, K,

and K, are given by:

20

  

 

35

Z 7Ki = L 2)
ZL +ZLy

ZLZ,
40 5 = |e

ZL +ZLy  

Thus, following the PLL modeling process alluded to

above in the conversion of the depiction of FIG. 2 to the
depiction of FIG. 3 the generic PLL model shownin FIG.8

can be derived from FIG. 7 where the input phase would be

(8)

Tt should be noted that the depiction of the PLL of FIG. 8

50 includes an upper, negative feedback loop and a lower,

positive feedback loop. The effect of the upper, negative
feedback loop is dominant when the converter is strongly

grid-connected and the converter frequency will accurately
track the grid phase information while the effect of the

lower, positive feedback loop becomes dominant when the
converter is islanded (e.g. the upper feedback loopis effec-

tively disconnected) and will, assuming synchronization is

inexact or is perturbed, serve to drive the frequency of the
converter away from the line frequency when the reference

60 phaseofthe grid is not available as disclosed in U.S. patent
application Ser. No. 13/910,371, incorporated by reference

above. (Both will have someeffect when the grid connection
is weak, presenting some significant impedance Z, at the line

frequencyofthe grid.) Thus, by establishing the generic PLL

5 model as shown in FIG.8, the converter system frequency
behavior can be understood and predicted and the islanding

detection algorithm (sometimesreferred to as an anti-island-

8,8 )+p).

55

a
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ing detection algorithm since it serves to protect the grid
from islanding of distributed generation (DG)facilities) can

be obtained. That the generic PLL model of FIG. 8 is

accurate and usable and that suitable islanding detection
algorithms can be derived therefrom is rigorously demon-

strated in an Appendix to the Provisional patent application
incorporated by reference, above.

Referring now to FIG. 9, a PLL in accordance witha first
embodiment of the invention is schematically depicted.

Comparing the depiction of FIG. 9 with the PLL depiction

of FIG.2, it is readily seen than an additional feedback term
is introducedas a gain, k, which preferably varies as a small,

non-critical, low frequency (e.g. 0.5 Hz to 2.0 Hz being
preferred and 1.0 Hz being arbitrarily chosen for simulation

and testing as will be discussed below) triangular waveform
signal. This variable gain, k, constantly shifts the equivalent

NDZ point resonant frequency such that the converter and

grid frequencies can only be exactly synchronized for a very
brief period and guaranteeing that the frequency of the

converter will be driven away from the line frequency very
promptly and strongly whenislanding occurs since there can

be no equilibrium point when k varies.
To better understand this function which supports an

important meritorious effect of the invention, reference is

now made to FIGS. 10-12 and a comparison of FIGS.9 and
10 to FIGS.7 and 8 maybehelpful, as well. Specifically, the

PLL of FIG. 9 can be modeled as illustrated in FIG. 10 in
which the upper, negative and lower, positive feedback

loops, as discussed above in connection with FIG. 8 are
evident. The notation sin( ) shown in the control block

represents the sine function” if the input and output of the

control block are x and y, respectively, then the relationship
is y=sin x. As noted above, when the PLL is grid-connected,

the upper, negative feedback loop is dominant (since k is
small compared to 0, and p,) and the depiction of FIG. 10

reduces to the model illustrated in FIG. 11 which accurately

tracks the phase information from the grid. Conversely, in
the islanded condition, upper, negative feedback loop effec-

tively vanishes and the converter frequency varies with k
(e.g. p,-k); following the variation of the input injection

signal.
The response of the PLL of FIG. 10 under grid connected

and islanded conditionsis illustrated in FIG. 13 illustrating

PLL frequency as a function of time. If only considering the
proportional gain K,, in the PLL, butnot the effect of the

triangular wave, the output frequency will be constant at
2260 rad/sec as shownat 132. If considering only the effects

of K, and the triangular waveform (also sometimes referred
to simply as k in reference to the gain shown in FIG. 9) the

frequency will vary with k but will not drift over time;

returning to 2760 whenthe triangular waveform returns to
zero as shown at 134. A larger k will cause more frequency

variation and a more sharply anglel frequency waveform.If
both K,, and integrator K, are considered, K, will allow the

varying frequency to drift downward as shown at 136. This
frequency variation and drift are effectively a perturbation

which will cause the lower, positive feedback loop to drive

the converter frequency away from 2260 unconditionally
and within a very short periodafter islanding occurs. In FIG.

13, the change in K, and p, in terms of w, are not considered
since they are generally very small within the first two

seconds or cycles of k, especially if the quality factor,
Q=R*sqrt(C/L), of the resonant load is very small. If Q is

large, the effect of K, and p, can be calculated.

Tt is important to note that the period of the variation of
k in FIG. 13 is about 1.0 seconds or less, as is preferred.

Under such conditionsat least one peak in the frequencywill
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occur within two seconds of an islanding event; the time

limit specified in the IEEE standard. Thus the frequency of

the PLL output can be monitored and islanding can be

reliably detected based on either of two conditions illus-

trated in FIG. 14. Specifically, when k reaches a maximum,

kan the frequency can be compared with 60 Hz and,if the

difference is above a threshold, islanding can be determined

to have occurred. Similarly, when k reaches k,,,,, the

frequency can be compared with the frequency when k=0

and if the difference is greater than a threshold (e.g. the

frequency variation due to variation in k plus a small

tolerance) islanding can also be determined to have

occurred.

Simulation result for a load of 10@+600 uf+11.5 mH is

shown in FIG. 15 which indicates that the output frequency

of the PLL will follow a small signal k having a peak value
of only 200p (since this is a gain of a control signal, there

are no physical units) and thus the islanding condition can be
easily detected with only a negligible effect on the PLL when

grid connected. The experimental results shown in FIG. 16
agree well with the simulation results with the same //RCL

load resonant at 60 Hz.

The islanding detection technique, PLL and algorithm of
the first embodiment can be shown to not violate the LVRT

requirements of the IEEE standard. That is, low voltage grid
conditions should not be detected as an islanding event. The

test circuit for determining if this condition is met is illus-
trated in FIG. 17, as specified in the IEEE standard. Essen-

tially, this test circuit inserts a switched small shunt imped-

ance, Z, to simulate the low voltage condition. The
corresponding one-line equivalent circuit diagram is illus-

trated in FIG. 18. Based on the equivalentcircuit of FIG. 18,
the parameters of the generic PLL model are given by the

equations:

Zs |f Zi
Zs [|Z +Zg

(Zs [/ Zi)Z,

Zs {{ Zi + Ze

K- ()
  

2 =

  

Zs If Zi
Zs 1[ZL+Zq

(Zs [f ZZ,

Zs {1 Zu+ZLy

(10)

 

P= phase

 

P2= phase|

Thusit is seen from equation 10 that the ratio of K, and
K, does not change under the low voltage condition and

there is only a small change in the phase shift term p,.

Therefore,if the grid is a reasonably stiff grid with Z, near
zero, low voltage conditions will not be detected as an

islanding condition or event. A simulation of low voltage
conditions is graphically illustrated in FIG. 19 with Z, and

Z,, shown in FIG. 18 chosen to be 0.56 p.u. (a relatively
large value) and 0.056 per unit (p.u.) impedance, only the

relative value being important in regard to a power system

representing a vary weak grid; a substantially worst case.
FIG. 19 showsthat the PLL is stable during the low voltage

period.
Referring now to FIG. 20, a second embodiment of the

invention will now be discussed. It will be helpful to
compare FIG. 20 with FIG. 9, discussed above. From such

a comparison it is readily seen that the second embodiment

differs from the first embodiment by omission of the addi-
tional feedback path but inserting a variable delay in the v,

inputs to phase detector/abc-dq converter 25. A suitable
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variable delay can be achieved by any of a number of
arrangements that will be apparent to those skilled in the art

such as active or passive analog delay circuits or delay lines,

active or passive filters, commutating filters, variable sam-
pling rate A/D converters and the like. The delay is prefer-

ably varied cyclically in accordance with a triangular wave-
form k' similar to the preferred triangular waveform having

a frequency between 0.5 HZ and 1.0 Hz for variation of k,
discussed above. The model of the PLL in accordance with

the second embodimentofthe invention is shownin FIG.21,

from whichit can be seen that the only difference from FIG.
10 is the k/k' term in the reference signal input to the upper

and lower feedback loops. The model of FIG. 21 reduces to
the models of FIGS. 22 and 23 for the grid-connected and

islanded conditions respectively as discussed above in con-
nection with FIGS. 11 and 12. K_ and K, in FIGS. 22 and

23 are given by the equations:

K_=-sin(t)-V,,-K, (11)

K,=-sin()TpepKo (12)

Therefore, the variation in k' can be seen to constantly shift
the resonant NDZ point in substantially the same manneras

discussed above for the first embodiment and islanding can

be detected under any arbitrary load and synchronization
condition. The above analysis of LVRT behaviorofthefirst

embodiment of the invention discussed above is equally
applicable to the second embodiment of the invention.

The behavior of the PLL of the second embodimentofthe
invention is shown in FIG. 24 andis clearly seen to be

completely analogous to that of the first embodiment as

discussed above in connection with FIG. 13. Thatis, if only
K,, is considered in the PLL, the frequency of the PLL will

be 2760 rad/sec as indicated at 242. If the integrator K,is
also considered, the PLL frequency will track variations in

k' and will drift to zero without reference phase information

from the grid. K, reaches a maximum value K,,,. when k'
reaches a maximum value k',,,,. which will occur at least

once in every two secondsifthe frequency of k' is chosen to
have a value in the preferred range. Thus, it is clearly seen

that the PLL frequency behavior and LVRT behavior is
substantially identical to that ofthe first embodiment and the

simulation and experimental results are substantially the

same as those described above for the first embodiment.
In view of the foregoing, it is clearly seen that the

invention essentially “wobbles” the frequency of the PLL so
that the non-detection zone is unconditionally reduced to

zero even if the PLL and the grid are exactly synchronized
at the instant of occurrence of an islanding event. Further,

the invention provides for robust distinction of islanding

events from low grid voltage events since even for a weak
grid and low grid voltage no drift of the PLL frequency will

occur. Moreover, the invention provides such “wobbling” of
PLL frequency preferably by adding a variable feedback

gain term or a variable delay in the grid or PLL output
reference information where the frequency of variation is

periodic andcritical only in regard to meeting the response

time requirements of any applicable islanding detection and
control standard as may be applied currently or in the future

and which can be achieved by essentially non-invasive
modifications that may be easily connected to a PLL at the

electrical periphery thereof without internal modifications of
the PLL and which involve only a small signal that need not

be propagated directly onto the grid or detected from per-

turbations otherwise appearing on the grid. Additionally,
while the embodiments for achieving wobbling of the PLL

frequency discussed above are very muchpreferred at the
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present time, other techniques for periodically varying the
PLL frequency will be apparent to those skilled in the art as

will be additional applications of the invention to other PLL

applications other than islanding detection.
While the invention has been described in terms of two

preferred embodiments, those skilled in the art will recog-
nize that the invention can be practiced with modification

within the spirit and scope of the appended claims.

Having thus described our invention, what We claim as

new and desire to secure by Letters Patent is as follows:
1. A phase-locked loop circuit for controlling an output

voltage of a power converter interfacing with a power
distribution grid, comprising

a phase detector configured to receive as an input the
output voltage of the power converter;

a feedback circuit for returning an output frequency or

phase signal of the phase-locked loop circuit to the
phase detector; and

a signal alteration circuit configured to either
add a periodically varying gain signal to the output

frequency or phase signal of the phase-locked loop
circuit which is returned to the phase detector by the

feedback circuit, or

add a periodically varying phase delay to the output
voltage of the power converter that is input to the

phase detector;
wherein the phase-locked loop circuit is configured to

provide the output frequency or phase signal to a
current controller for adjusting the output voltage ofthe

power converter, and
wherein the periodically varying gain signal or the peri-

odically varying phase delay is chosen such that when

the powerconverter is connectedto the grid, an output
frequency of the power converter tracks the grid fre-

quency by negative feedback of a signal in the phase-

locked loop circuit and when the power converter is
disconnected from the grid the output frequency of the

powerconverteris driven away from the grid frequency
by positive feedback of a signal in the phased-lock loop

circuit.
2. A phase-locked loop circuit as recited in claim 1,

wherein said periodically varying gain signal or said peri-

odically varying phase delay has a triangular waveform.
3. A phase-locked loop circuit as recited in claim 2,

wherein said triangular waveform hasa frequency in a range
from 0.5 Hz to 2.0 Hz.

4. A phase-locked loop circuit as recited in claim 1,
wherein said grid frequency is a 60 Hz waveform.

5. Aphase-locked loop circuit as recited in claim 1, further

including a detector configured to detectdrift ofan operating
frequency.

6. A phase-locked loop circuit for controlling an output
voltage of a power converter interfacing with a power

distribution grid, comprising
a phase delay circuit configured to receive an output

voltage ofthe power converter, add a cyclically varying

phase delay to the output voltage, and provide the
delayed output voltage to a phase detector;

wherein the phase-locked loop circuit is configured to
process a phaseerror signal from the phase detector and

provide an output phase signal to a current controller
for adjusting an output frequency of the power con-

verter, the phase-locked loop circuit being configured

to feed back the output phase signal to the phase
detector to provide phase-locked loop control of the

output frequency of the power converter,
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wherein the cyclically varying phase delay is chosen such

that when the power converter is connected to the grid
the output frequency of the power converter tracks the
grid frequency by negative feedback of a signal in the
phase-locked loop circuit and when the power con-
verter is disconnected from the grid the output fre-
quencyofthe power converter is driven away from the
grid frequency by positive feedback of a signal in the
phase-locked loop circuit.

7. A phase-locked loop circuit as recited in claim 6,
wherein said cyclically varying phase delay varies in accor-
dance with a triangular waveform.

8. A phase-locked loop circuit as recited in claim 7,
wherein said triangular waveform hasa frequency in a range
from 0.5 Hz to 2.0 Hz.

9. A phase-locked loop circuit as recited in claim 6,
wherein said grid frequency is a 60 Hz waveform.

10. A phase-locked loop circuit as recited in claim 6,
further including a detector configured to detect drift of an
operating frequency.

11. A power converter for interfacing a power generation
apparatus with a powerdistribution grid, wherein said power
converter includes a phase-locked loop circuit comprising

a phase detector configured to receive as an input the
output voltage of the power converter;

a feedback circuit for returning an output frequency or
phase signal of the phase-locked loop circuit to the
phase detector; and

a signal alteration circuit configured to either
add a periodically varying gain signal to the output

frequency or phase signal of the phase-locked loop
circuit which is returned to the phase detector by the
feedback circuit, or
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add a periodically varying phase delay to the output

voltage of the power converter that is input to the

phase detector;

wherein the phase-locked loop circuit is configured to

provide the output frequency or phase signal to a
current controller for adjusting the output voltage ofthe

power converter, and

wherein the periodically varying gain signal or the peri-

odically varying phase delay is chosen such that when
the powerconverter is connectedto the grid, an output

frequency of the power converter tracks the grid fre-
quency by negative feedback of a signal in the phase-

locked loop circuit and when the power converter is

disconnected from the grid the output frequency of the
powerconverteris driven away from the grid frequency

by positive feedback of a signal in the phased-lock loop
circuit.

12. A powerconverter as recited in claim 11, wherein said

periodically varying gain signal or said periodically varying
phase delay has a triangular waveform.

13. A power converter as recited in claim 12, wherein said
triangular waveform has a frequency in a range from 0.5 Hz

to 2.0 Hz.

14. A power converter as recited in claim 11, wherein
said-grid frequency is a 60 Hz waveform.

15. A power converter as recited in claim 11, further

including a detector configured to detectdrift ofan operating
frequency.


