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CONTROL OF SMALL DISTRIBUTED ENERGY
RESOURCES

REFERENCE TO GOVERNMENT RIGHTS

[0001] This invention was made with United States gov-
ernment support awarded by the following agencies:

[0002] DOE DE-ACO03-76SF00098
[0003] NSF 0119230

[0004] The United States has certain rights in this inven-
tion.

FIELD OF THE INVENTION

[0005] The present invention relates generally to power
systems and methods, including distributed energy resources
(DER) systems and methods, and more particularly to
devices and methods for controlling small distributed energy
resources and/or associated loads.

BACKGROUND OF THE INVENTION

[0006] In the United States and around the world, the
demand for electrical power continues to grow. At the same
time, aging transmission and distribution systems remain
subject to occasional failures. Massive failures covering
wide geographical areas and affecting millions of people
have occurred, even in the United States which has histori-
cally enjoyed a relatively robust electrical power system.
These problems with the capacity and reliability of the
public power grid have driven the development of distrib-
uted energy resources (DER), small independent power
generation and storage systems which may be owned by, and
located near, consumers of electrical power.

[0007] One motivating factor is that distributed energy
resources can provide more reliable power in critical appli-
cations, as a backup to the primary electrical supply. For
example, an interruption of power to a hospital can have
life-threatening consequences. Similarly, when power to a
factory is interrupted, the resulting losses, for example in
productivity, wasted material in process that must be
scrapped, and other costs to restart a production line, can be
catastrophic. In situations like these, where the loss of
electrical power can have serious consequences, the cost of
implementing a distributed energy resource as a backup can
be justified.

[0008] Reliability is not the only factor driving the devel-
opment of distributed energy resources. Power from a dis-
tributed energy resource can, in some cases, be sold back to
the main power grid. Geographically distributed sources of
power, such as wind, solar, or hydroelectric power, may be
too limited or intermittent to be used as the basis for a
centralized power plant. By harnessing these types of geo-
graphically distributed sources using multiple distributed
energy resources, these types of power sources can supple-
ment or replace conventional power sources, such as fossil
fuels, when the main power grid is available, and provide
backup to their owners when the main power grid is unavail-
able.

[0009] Inthis context, distributed energy resources (DER)
have emerged as a promising option to meet customers
current and future demands for increasingly more reliable
electric power. Power sources for DER systems, sometimes
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called “microsources,” range in size and capacity from a few
kilowatts up to 10 MW, they may include a variety of
technologies, both supply-side and demand-side, and they
are typically located where the energy is used.

[0010] Generally speaking, distributed energy resources
can harness two broad categories of electrical power
sources: DC sources, such as fuel cells, photovoltaic cells,
and battery storage; and high-frequency AC sources, such as
microturbines and wind turbines. Both types of sources are
typically used to provide an intermediate DC voltage, that
may be produced directly by DC sources, and produced
indirectly from AC sources, for example by rectification. In
both types of sources, the intermediate DC voltage is sub-
sequently converted to AC voltage or current at the required
frequency, magnitude, and phase angle for use. In most
cases, the conversion from the intermediate DC voltage to
the usable AC voltage is performed by a voltage inverter that
can rapidly control the magnitude and phase of its output
voltage.

[0011] Distributed energy resources are usually designed
to operate in one of two modes: (1) “isolation” or “island”
mode, isolated from the main grid, and (2) normal “grid”
mode, connected to the main grid. For large utility genera-
tors, methods have been developed to allow conventional
synchronous generators to join and to separate from the
main electrical power grid smoothly and efficiently when
needed. Because of fundamental differences between dis-
tributed energy resources, such as inverter based
microsources or small synchronous generators, and central-
ized energy resources, these existing methods are not suit-
able to allow distributed energy resources to smoothly and
efficiently transition between island mode and grid mode as
the distributed energy resources join and separate from the
main power grid.

[0012] For example, the fundamental frequency in an
inverter is typically derived from an internal clock that does
not change as the system is loaded. This arrangement is very
different from that of synchronous generators typically used
in centralized power systems, in which the inertia from
spinning mass determines and maintains system frequency.
Inverter-based microsources, by contrast, are effectively
inertia-less, so alternative methods must be used to maintain
system frequency in an inverter-based microsource.

[0013] Another difference between distributed energy
resources and centralized energy resources relates to com-
munication and coordination. A centralized electrical power
utility is in a position to monitor and coordinate the pro-
duction and distribution of power from multiple generators.
In contrast, distributed energy resources may include inde-
pendent producers of power who have limited awareness or
communication with each other. Even if the independent
producers of power are able to communicate with each other,
there may not be any effective way to ensure that they
cooperate.

[0014] Thus, there is a need for methods of controlling
microsources in distributed energy resources to ensure that
these resources can connect to or isolate from the utility grid
in a rapid and seamless fashion, that reactive and active
power can be independently controlled, and that voltage sag
and system imbalances can be corrected. Further, there is a
need for control of the microsources, and in particular the
inverters used to supply power to the grid, based solely on
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information available locally at the inverter so that no
communication or coordination between microsources is
necessary. Yet further, there is a need for a local controller
at the microsource to enable “plug and play” operation of the
microsource. In other words, there is a need to add
microsources to a distributed energy resource system with-
out changes to the control and protection of units that are
already part of the system.

SUMMARY OF THE INVENTION

[0015] An exemplary embodiment of the invention relates
to a method of controlling the output inverter of a
microsource in a distributed energy resource system, using
a unit power controller that reduces the operating frequency
of the inverter to increase its unit output power. In a
preferred embodiment of the invention, the inverter reaches
maximum output power and minimum operating frequency
at the same time, and it includes a voltage controller
implementing a voltage vs. reactive current droop. Other
aspects of this embodiment relate to an inverter that imple-
ments such methods, and a microsource containing such an
inverter. These methods can be extended to control inverters
in a plurality of microsources, where the rate of change of
frequency vs. power for each microsource depends on its
power set point.

[0016] Another embodiment of the invention relates to a
method of controlling the output inverter of a microsource in
a distributed energy resource system, using a unit power
controller that reduces the operating frequency of the
inverter to increase its unit output power, with the rate of
change of frequency vs. power having at least two different
values over the operating range of the inverter. In a preferred
embodiment of this method, the inverter reaches maximum
output power and minimum operating frequency at the same
time, and includes a voltage controller that implements a
voltage vs. reactive current droop. In some embodiments,
the rate of change of power vs. frequency may be zero when
the inverter reaches its minimum or maximum power limits,
and the rate of change of frequency vs. power may be zero
when the inverter reaches its frequency limits. Other aspects
of this embodiment relate to an inverter that implements
such methods, and a microsource containing such an
inverter. This embodiment also can be extended to control
inverters in a plurality of microsources, where the rate of
change of frequency vs. power for each microsource
depends on its power set point.

[0017] Another embodiment of the invention relates to a
method of controlling the output inverters of a plurality of
microsources in a distributed energy resource system, each
using a unit power controller that reduces the operating
frequency of the inverter to increase its unit output power,
with the rate of change of frequency vs. power being the
same for each microsource over the operating range of its
inverter. In preferred embodiments of this method, each
inverter uses a voltage controller that includes a voltage vs.
reactive current droop. In some embodiments, the rate of
change of power vs. frequency may be zero when the
inverter reaches its minimum or maximum power limits, and
the rate of change of frequency vs. power may be zero when
the inverter reaches its frequency limits. Other aspects of
this embodiment relate to an inverter that implements such
methods, and a microsource containing such an inverter.

[0018] Another embodiment of the invention relates to a
method of controlling the output inverter of a microsource in
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a distributed energy resource system, using a zone power
controller that reduces the operating frequency of the
inverter to reduce its zone power flow. In a preferred
embodiment of the invention, the inverter includes a voltage
controller implementing a voltage vs. reactive current droop.
Other aspects of this embodiment relate to an inverter that
implements such methods, and a microsource containing
such an inverter. These methods can be extended to control
inverters in a plurality of microsources, where the
microsources may be arranged in one or more zones.

[0019] Other principal features and advantages of the
invention will become apparent to those skilled in the art
upon review of the following drawings, the detailed descrip-
tion, and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 is a diagram of an exemplary distributed
energy resource system;

[0021] FIG. 2 is a diagram of an exemplary microsource
that can be used in a distributed energy resource system such
as that of FIG. 1;

[0022] FIG. 3 is a diagram of an inverter control system
that can be used with a microsource such as that of FIG. 2,
in a distributed energy resource system such as that of FIG.
1;

[0023] FIG. 4 is a diagram of the state variables in an
exemplary distributed energy resource system, such as that
of FIG. 1, that includes an exemplary microsource, such as
that of FIG. 2;

[0024] FIG. 5 is a diagram of a voltage controller in
accordance with an exemplary embodiment of the invention
for use in a microsource system;

[0025] FIG. 6 is a graph of an exemplary voltage droop
regulation characteristic for a voltage controller in a single
microsource;

[0026] FIG. 7 is a diagram of an exemplary industrial
plant including microsource systems in accordance with the
invention;

[0027] FIGS. 8(a) and 8(b) are graphs of predicted real
power and reactive power, respectively, obtained using a
computer simulation of the circuit of FIG. 7 as the exem-
plary microsources of FIG. 7 are brought online in grid-
connected mode;

[0028] FIGS. 9(a) and 9(b) are graphs of predicted regu-
lated voltage on bus 738 and bus 739, respectively, in the
exemplary industrial plant of FIG. 7, obtained using a
computer simulation of the circuit of FIG. 7 as the exem-
plary microsources of FIG. 7 are brought online in grid-
connected mode;

[0029] FIGS. 10(a), 10(b), and 10(c) are graphs of pre-
dicted regulated voltages on bus 738, bus 739, and the 13.8
kV feeder 710, respectively, in the exemplary industrial
plant of FIG. 7, obtained using a computer simulation of the
circuit of FIG. 7 during a transfer to island mode;

[0030] FIGS. 11(a) and 11(b) are graphs of predicted real
power and reactive power, respectively, of the microsources
in the exemplary industrial plant of FIG. 7, obtained using
a computer simulation of the circuit of FIG. 7 during a
transfer to island mode;
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[0031] FIG. 12 is a diagram of a unit power controller in
accordance with an exemplary embodiment of the invention
for use in a microsource system;

[0032] FIG. 13 is a diagram of a microgrid that includes
a microsource implementing a unit power control scheme in
accordance with an exemplary embodiment of the invention;

[0033] FIG. 14 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a unit
power control scheme having a variable slope, for two
exemplary microsources having different power set points;

[0034] FIG. 15 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a unit
power control scheme having variable slope with power and
frequency limits, for two exemplary microsources having
different power set points;

[0035] FIG. 16 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a unit
power control scheme having a fixed slope, for two exem-
plary microsources having different power set points;

[0036] FIG. 17 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a unit
power control scheme having a fixed minimum slope, for
two exemplary microsources having different power set
points;

[0037] FIG. 18 is a diagram of a unit power controller
with upper and lower power limits in accordance with an
exemplary embodiment of the invention;

[0038] FIG. 19 is a diagram of a microsource implement-
ing a zone power control scheme in accordance with an
exemplary embodiment of the invention;

[0039] FIG. 20 is a graph depicting the relationship
between steady state zone power vs. frequency (P-m) in a
zone power control scheme having a fixed minimum slope,
for two exemplary microsources having different power set
points;

[0040] FIG. 21 is a diagram of an exemplary system with
two microsources installed in a single zone;

[0041] FIG. 22 is a diagram of an exemplary system with
two microsources installed in two zones;

[0042] FIG. 23 is a graph depicting the relationship
between steady state zone power vs. frequency (P-m) in a
zone power control scheme having fixed minimum slope and
unit power limits, for two exemplary microsources having
different power set points;

[0043] FIG. 24 is a diagram of a zone power controller
with upper and lower unit power limits in accordance with
an exemplary embodiment of the invention;

[0044] FIGS. 25(a) and 25(b) are graphs of predicted
output power and instantaneous frequency, respectively,
from the microsources in the system of FIG. 21, obtained
using a computer simulation of unit power control during a
transfer to island mode with a first series of loads added and
removed;

[0045] FIGS. 26(a) and 26(b) are graphs of predicted
output power and instantaneous frequency, respectively,
from the microsources in the exemplary system of FIG. 21,
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obtained using a computer simulation of unit power control
during a transfer to island mode with a second series of loads
added and removed;

[0046] FIG. 27 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a unit
power control scheme according to the invention applied to
the system of FIG. 21, showing the steady state operation
points (A)-(G) of FIGS. 25-26;

[0047] FIGS. 28(a) and 28(d) are graphs of predicted real
power (P) and reactive power (Q) from the microsources
2102 and 2105, respectively, in the exemplary system of
FIG. 21, obtained using a hardware simulation of unit power
control with a load added when the system is in steady state
island mode;

[0048] FIGS. 29(a) and 29(d) are graphs of predicted real
power (P) and reactive power (Q) from the microsources
unit 1 and unit 2, respectively, in the exemplary system of
FIG. 21, obtained using a hardware simulation of unit power
control with a load removed when the system is in steady
state island mode;

[0049] FIG. 30 is an exemplary system having two zones,
an upper zone with two microsource units, and a lower zone
with one microsource unit;

[0050] FIGS. 31(a) and 31(b) are graphs of predicted zone
power flow and instantaneous frequency, respectively, from
the microsources in the exemplary system of FIG. 30,
obtained using a computer simulation of zone power control
during a transfer to island mode;

[0051] FIG. 32(a) is a graph depicting the relationship
between steady state frequency vs. zone power flow in a
zone power control scheme according to the invention
applied to the system of FIG. 30, showing the steady state
operation points (A)-(B) of FIGS. 31(a)-31(5), and FIG.
32(b) is a magnification of the relationship of FIG. 32(a) for
unit 2;

[0052] FIG. 33 is a graph of the predicted unit real power
flow from the microsources in the exemplary system of FIG.
30, obtained using a computer simulation of zone power
control during a transfer to island mode;

[0053] FIGS. 34(a) and 34(b) are graphs of predicted zone
power flow and instantaneous frequency, respectively, from
the microsources in the exemplary system of FIG. 30,
obtained using a computer simulation of a mix of zone and
unit power control during a transfer to island mode;

[0054] FIG. 35 is a graph of the predicted unit real power
flow from the microsources in the exemplary system of FIG.
30, obtained using a computer simulation of a mix of zone
and unit power control during a transfer to island mode;

[0055] FIG. 36 is a graph depicting the relationship
between steady state frequency vs. zone and unit power flow
in a mixed zone and unit power control scheme applied to
the system of FIG. 30, showing the steady state operation
points (A)-(B) of FIGS. 34(a)-34(b), and FIG. 35.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0056] Referring to the figures, FIG. 1 is a diagram of an
exemplary distributed energy resource system. Such an
exemplary system is described, for example, in U.S. Patent
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Application Publication No. US 2004/0051387, the contents
of which are incorporated by reference. In the event of any
conflict between the disclosure of the present application
and the disclosure of U.S. Patent Application Publication
No. US 2004/0051387, the disclosure of the present appli-
cation controls.

[0057] The present invention relates to a system for and
method of control of small distributed energy resources.
This control can be implemented by changing the phase of
the output from the microsource as a function of time, to
vary the instantaneous frequency and power of that output.

[0058] The invention relates more particularly to novel
control schemes for controlling the instantaneous frequency
and power from one or more microsources in ways that tend
to ensure that the microsources stay within their normal
operating ranges and otherwise operate effectively. The
novel control schemes focus on what needs to be done in
response to events such as islanding or new loads to tran-
sition smoothly between stable steady state frequency and
power operating points.

[0059] The scope of the invention is not limited to any
particular hardware circuitry that can be used to implement
the control schemes of the present invention. A variety of
hardware circuitry can be used to implement the control
schemes of the present invention. In some embodiments,
hardwired circuitry may be used in place of, or in combi-
nation with, software instructions to implement the func-
tions described. Thus, the embodiments described herein are
not limited to any specific combination of hardware circuitry
and software, nor to any particular source for the instructions
executed by a computerized control system.

[0060] In the following description, for purposes of expla-
nation, numerous specific details are set forth to provide a
thorough understanding of exemplary embodiments of the
invention. It will be evident, however, to one skilled in the
art that the invention may be practiced without these specific
details. In other instances, structures and devices are shown
in block diagram form to facilitate description of the exem-
plary embodiments.

[0061] The exemplary control schemes of the present
invention are directed to ensuring that: (1) new generators
can be added to the system without modification of existing
equipment; (2) a collection of sources and loads can connect
to or isolate from the utility grid in a rapid and seamless
fashion; (3) each inverter can respond effectively to load
changes without requiring data from other sources; and (4)
voltage sag and system imbalances can be corrected.

[0062] The system and method for control of small dis-
tributed energy resources can be implemented in a wide
variety of different ways. Various embodiments may
include, for example, DC sources or AC sources. The
invention is not limited to a particular embodiment, but
extends to various modifications, combinations, and permu-
tations within the scope of the appended claims.

[0063] FIG. 1 is a diagram of an exemplary distributed
energy resource system 100 including a utility supply 110
connected to one or more feeder lines 115 that interconnect
microsource systems 120, 130, 140, and 150 and one or
more loads 160. Each microsource system 120, 130, 140,
and 150 preferably includes a microsource controller 300.
The feeder line 115, the interconnected microsource systems

30

Sep. 21, 2006

120, 130, 140, and 150, and the one or more loads 160 can
form a microgrid 117. In a distributed energy resource
(DER) system, the utility supply 110 can connect the micro-
grid 117 to other similar microgrids distributed throughout
the DER system.

[0064] The microsource systems 120, 130, 140, and 150
can include exemplary microsource power sources, power
storage, and power controllers. The power source can be, for
example, a fuel cell, hydroelectric generator, photovoltaic
array, windmill, or microturbine. The power storage, if
present, can be, for example, a battery or flywheel. The
controller can, for example, control an inverter that deter-
mines the flow of power out of the microsource.

[0065] The feeder line 115 may include one or more
interface switches 118. The interface switch 118, if used, can
be positioned between the feeder line 115 and the main
utility supply 110 so that the microgrid 117, comprised of the
feeder line 115, the interconnected microsource systems
120, 130, 140, and 150, and the one or more loads 160, can
be isolated from the utility supply 110. When the microgrid
117 is isolated from the utility supply 110, the microgrid 117
is said to be operating in “island mode.” Similarly, when the
microgrid 117 is connected to the utility supply 110, the
microgrid 117 is said to be operating in “grid mode.”

[0066] The interface switch 118, if used, can be positioned
in other places, for example between portions of the micro-
grid 117, or between a particular microsource and the feeder
line 115, thereby allowing a portion of the microgrid or a
particular microsource to be operated in either island mode
or grid mode.

[0067] When a microsource or microgrid operates in
island mode, load tracking problems can arise because
typical power sources in microsources, such as microtur-
bines or fuel cells, tend to respond slowly, with time
constants ranging from 10 to 200 seconds, and these types
or power sources are generally inertialess. Conventional
utility power systems store energy in the inertia of the
spinning mass of a generator. When a new load comes
online, the initial energy balance can be met by the system’s
inertia, which results in a slight reduction in system fre-
quency. Because power sources in microsources are inertia-
less, a microsource will often include at least some power
storage to ensure initial energy balance when loads are
added during island mode.

[0068] Power storage for a microsource during island
operation can come in several forms: batteries or super-
capacitors on the DC bus; direct connection of AC storage
devices (batteries, flywheels etc.); or use of local traditional
generation that has inertia along with the microsource. Note
that if a microsource never operates in island mode, the
energy imbalance can be met by the utility supply, so power
storage may not be necessary in that case.

[0069] In at least one of the exemplary embodiments, the
microsource control methods described below can be used to
control inverter interfaces found in fuel cells, photovoltaic
panels, micro turbines, variable internal combustion
engines, wind turbines, and storage technologies. Advanta-
geously, communication among microsources is unneces-
sary for basic system control. Each inverter responds effec-
tively to load changes without requiring data from other
sources or locations.
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[0070] FIG. 2 is a diagram of an exemplary microsource
200 that can be used in a distributed energy resource system
such as that of FIG. 1. The microsource 200 can include a
prime mover 210, a DC interface 220 and a voltage source
inverter 230. The microsource 200 may also include power
storage 215, for example a battery, although this is not
required. The prime mover 210 can be, for example, a fuel
cell, micro turbine, PV, or wind turbine. The controller for
the microsource 200 is not shown in FIG. 2.

[0071] The microsource 200 couples, for example using
an inductor 240, to a power system 250 that provides a
system voltage E at the connection point between the
microsource 200 and the power system 250. The inverter
230 controls both the magnitude and phase of its output
voltage V. The vector relationship between the inverter
output voltage V and the system voltage E along with the
reactance X of the inductor 240 determines the flow of real
and reactive power (P & Q) between the microsource 200
and the system 250.

[0072] P & Q magnitudes are determined as shown in the
equations (1), (2), and (3) below. When the power angle

(the difference in phase between E and V) is small, sin(6p5
is approximately 6, and cos(0,,) is approximately 1, as can be
seen from a power series expansion of sin(x) and cos(x). So,
when 3, is small, P is predominantly dependent on the power
angle 3, and Q is dependent on the magnitude of the output
voltage V of the inverter 230. These relationships constitute
a basic feedback loop for the control of output real power P
and reactive power Q through regulation of the power angle
9, and/or the inverter output voltage V in response to
measurements of system voltage E.

3VE . [Eq. 1]
P= 3 Tsmép
_3v [Eq. 2]
Q= 3 E(V — Ecosd,)
Sp =0y — 0k [Eq. 3]
[0073] In a system that includes a plurality of

microsources such as the system 100 of FIG. 1, communi-
cation between microsources may be difficult or impossible
especially when microsources come and go independently.
Further, even if communication between microsources were
possible, there may be no way to ensure cooperation
between microsources owned or operated by independent
entities. Advantageously, the control schemes of the present
invention do not require any communication or coordination
between microsources. Instead, the control schemes of the
present invention depend only on measurements that are
available locally, such as V and E in FIG. 2 or current flows,
for example through the inductor 240.

[0074] FIG. 3 is a diagram of a controller 300 that can be
used with a microsource such as that of FIG. 2, for example
to control an inverter that regulates power flow from the
microsource in a distributed energy resource system such as
that of FIG. 1. The controller 300 can include a real and
reactive power (P&Q) calculator 310, a flux vector or phasor
calculator 320, a voltage controller 330, a power controller
340, and an inverter 350 although it is not necessary that the
controller 300 include all of these components. The control-
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ler 300 preferably has a fast response time on the order of a
few milliseconds. The inverter 350 can be, for example, a
pulse width modulation (PWM) inverter.

[0075] Exemplary inputs to the controller 300 can include
three set points and three measured states. Set points can
include E: the voltage set point at the output of the inverter;
P,: the power set point of power flow from the microsource;
and m_: the operating frequency set point of the inverter.
Measured state variables can include E: the system voltage
at the connection point; I, 4 ..., the time varying current
injected by the microsource; and ;. . the time varying
current in the feeder. T, 4 ..., would typically be used in a
unit power control scheme, and I, _,., would typically be
used in a zone power control scheme. All of these measured
state variables can be obtained from instantaneous voltage or
current measurements that can be made locally.

[0076] The controller 300 can supply one or more output
variables to control the inverter 350. For example, the
voltage controller 330 can supply the magnitude of the
inverter output voltage flux [W,| or the magnitude of the
inverter output voltage |V|]. The power controller can supply
the phase angle of the inverter output voltage ..

[0077] The P & Q calculator 310 can have three inputs: E,
T ductors a0d I 4o, Which are used to calculate the real power
P and the reactive power Q. The P & Q calculator 310 can
calculate either the real power P being injected by the
microsource using the inductor current, I, 4 ..., or the real
power P flowing through the feeder line using the feeder
current, I ,.,, depending on whether a unit power scheme
or a zone power scheme is being implemented. The reactive
power is the Q being injected by the microsource. The real
power P can be supplied to the power controller 340, and the
reactive power Q can be supplied to the voltage controller
330.

[0078] The flux vector or phasor calculator 320 can cal-
culate the instantaneous magnitude |E| and phase &, of the
system voltage E at the point where the microsource is
connected. Note that the phase §, of the system voltage E is
not required by either the voltage controller 330 or the power
controller 340 in the controller 300. The flux vector or
phasor calculator 320 can also calculate the time-integral of
the system voltage E, referred to as the system voltage flux
vector YL

W ()=Yg(to)+] Ldv [Eq. 4]
[0079] The system voltage flux vector W can be calcu-
lated, for example, by transforming the three phase input
phase voltages, E, to the stationary d-q reference frame by
means of [Eq. 5]:

ec(t) —ep(n) [Eq. 5]

V3

e =3 o0~ 5000~ 2000

eqs(1) =

[0080] These voltages e, (1) and e (1) can be integrated to
yield the d-q components of the system voltage flux vector
in rectangular coordinates:

Wog=] ey (T)dr

W, =/ o'eq(T)dT [Eq. 6]
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[0081] The system voltage flux vector in rectangular coor-
dinates can then be transformed to polar quantities |W,| and
o

e

Wl =y ¥+ 8, (Ea- 7]

LY
Yo,

[0082] The operation of the voltage controller 330 is
explained further below in reference to FIGS. 4-6, and the
operation of the power controller 340 is explained further
below in reference to FIGS. 12-23.

[0083] FIG. 4 is a diagram of the state variables in a
distributed energy resource system 400 that includes an
exemplary microsource 420. The distributed energy
resource system 400 includes a utility supply 410 providing
a feeder current 14, through a feeder line 415, and a
microsource 420 providing an inductor current T4 ...
through an inductor 430. A system voltage E can be mea-
sured at the external side 425 of the inductor 430 that
connects to the feeder line 415. These state variables, E,
Tioder and T 4., are used by the P & Q calculator 310
described with reference to FIG. 3 to calculate real power P
and reactive power Q, with Ip_,., typically used in a zone
power control scheme and T, ..., typically used in a unit
power control scheme.

[0084] A microsource output voltage V can be measured at
the internal side 435 of the inductor 430 that connects to the
microsource output, for example an inverter output. The
system 400 may include one or more loads 450. The system
400 may also include a switch 440 that can be opened to
isolate the microsource 420 and loads 450 from the utility
supply 410, and that can be closed to connect the
microsource 420 and loads 450 to the utility supply 410.

[0085] Conventionally, integration of large numbers of
microsources into a system is not possible with basic P-Q
controls; voltage regulation is necessary for local reliability
and stability. Without local voltage regulation, systems with
high penetrations of microsources can experience voltage
and or reactive power oscillations. Voltage regulation can
ensure that there are no large circulating reactive currents
between sources.

[0086] FIG. 5 is a diagram of an exemplary voltage
controller 500 for use in a microsource system, which can
be, for example, the voltage controller 330 described with
reference to FIG. 3. There are three inputs to the exemplary
voltage controller 500. One input is E,, the inverter output
voltage set point. Another input is Q, the reactive power
being injected by the microsource. A third input is either the
magnitude of the system voltage flux |W,| or the magnitude
of the measured system voltage |E|. The voltage controller
500 preferably includes voltage vs. reactive current droop
with slope M5, (explained further below).

[0087] The gain K depends on whether the magnitude of
the system voltage flux [¥_| or the magnitude of the mea-
sured system voltage |E| is used in the calculation. In an
exemplary embodiment, K=1 if the measured system volt-
age |H| is used in the calculation, and K=1/w, if the magni-
tude of the system voltage flux |¥,| is used.
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[0088] In the exemplary voltage controller 500, the
inverter output voltage set point E, is added to the product
of the voltage droop slope M, and the reactive power Q
using a summer 510. The resulting total is multiplied by the
gain K. The resulting product is added to either the magni-
tude of the measured system voltage flux |W_| or the mag-
nitude of the measured system voltage |E| using a summer
520. The resulting difference between the drooped voltage
set point and the measured system voltage is voltage error is
input to a PI (proportional plus integral) controller, which
can supply either the magnitude of the inverter output
voltage flux [W,| or the magnitude of the inverter output
voltage [V| to an inverter, such as the inverter 350 of FIG.
3.

[0089] The voltage regulation issues for microsources are
similar to those involved in control of large synchronous
generators. However, the impedance between generators in
the power grid is usually large enough to greatly reduce the
possibility of circulating currents. In contrast, the impedance
between microsources in a distributed energy resource sys-
tem may be relatively small, so small errors in voltage set
points can give rise to relatively large circulating reactive
currents which can exceed the ratings of the microsources.

[0090] For the foregoing reasons, the voltage controller
500 for a microsource in a distributed energy resource
system preferably includes voltage vs. reactive current
droop. FIG. 6 is a graph of an exemplary voltage droop
regulation characteristic for a voltage controller on a
microsource, such as the controller shown in FIG. 5. When
the microsource generates capacitive reactive power, —Q,
the voltage set point is lowered as defined by the slope.
When the microsource generates inductive reactive power,
Q, the voltage set point is increased.

[0091] FIG. 7 is a diagram of an exemplary industrial
plant 700 including microsource systems in accordance with
the invention. The exemplary industrial plant 700 can have
high motor loads M5, M8, M7, and M9 that comprise, for
example, 1.6 MW of motor load with motors ranging from
50 to 150 hp each, to illustrate the dynamics of the
microsource controls described with reference to FIGS. 1-6.
In this example, a 120 kV utility supply 705 provides power
to the plant 700 through a long 13.8 kV feeder line 710 that
includes overhead lines 715 and underground cables 720.

[0092] The feeder line 710 terminates in a switch 725 that
connects the feeder line 710 to the power bus 730. The
switch 725 can be opened to operate the plant 700 in island
mode, disconnecting the entire plant 700 from the feeder line
710 and utility supply 705. The switch 725 can also be
closed to operate the plant 700 in grid mode, with the plant
700 connected to the feeder line 710 and utility supply 705.
The power bus 730 supplies power to three feeders, a first
feeder 735 at 480V, a second feeder 740 at 480V, and a third
feeder 745 at 2.4kV. The third feeder 745 is connected to the
power bus 730 by a second switch 732 that allows the third
feeder 745 and its load M7 to be disconnected from the
remainder of the plant 700.

[0093] In the exemplary plant 700, the loads on the 480V
feeders 735 and 740 are presumed to be critical and must
continue to be served if utility power is lost. The first 480V
feeder 735 supplies power to bus 737, which serves load M5
and bus 738. Bus 738 includes load M8, presumed to be an
induction machine, capacitive voltage support 750, and a
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first microsource 755. The second 480V feeder 740 supplies
power to bus 739, which serves load M9, presumed to be an
induction machine, capacitive voltage support 760, and a
second microsource 765.

[0094] The exemplary microsources 755 and 765 provide
both power injection and local voltage support, and are each
assumed to be rated at 600 KVA maximum power. When the
microsources 755 and 765 are offline and not generating
power, calculations show that the voltages of buses 738 and
739 are 0.933 and 0.941 per unit (pu, on 480-V base),
respectively, and total losses are 70 kW. The microsource
power injection is approximately one half the total power.
With microsources 755 and 765 operating, the voltages on
buses 738 and 739 are regulated at 1 pu. Because the power
from the microsources is generated locally, the total losses
drop to 6 kW, a reduction of 64 kW due to reduced
transmission losses through the long 13.8 kV feeder line
710.

[0095] FIGS. 8(a) and 8(b) are graphs of predicted real
power and reactive power, respectively, on bus 738 (P8, Q8)
and bus 739 (P9, Q9) in the exemplary industrial plant 700.
FIGS. 9(a) and 9(b) are graphs of predicted regulated
voltage on bus 738 and bus 739, respectively, in the exem-
plary industrial plant 700. These results were obtained using
a computer simulation of the circuit of FIG. 7 as the
exemplary microsources 755 and 765 are brought online in
grid-connected mode (with switches 725 and 732 both
closed).

[0096] FIGS. 8(a) and 8(b) show the active and reactive
power injections at the buses where units are located. In the
initial state at t=0, microsources 755 and 765 are offline, so
FIGS. 8(a) and 8(b) show zero real and reactive power
injection. Similarly, FIGS. 9(a) and 9(4) show reduced
voltages on buses 738 and 739 at t=0.

[0097] At t=1, microsource 755 on bus 738 is brought
online with a power setting of 446 kW and local voltage
control. Note the voltage correction shown as a slight rise at
t=1 in graph 930 of FIG. 9(a).

[0098] At t=3, microsource 765 on bus 739 is brought
online with a power set point of 360 kW and local voltage
control, which is reflected in a slight rise in voltage at t=3 in
graph 940 of FIG. 9(b). Note that FIG. 8(b) shows the Q
injection from microsource 755 (P8, Q8) to maintain local
voltage magnitude at bus 738 drops at t=3 as the second
microsource 765 (P9, Q9) is brought online.

[0099] This example can also be used to simulate island
operation with power sharing through droop. In the exem-
plary plant 700, it is assumed that the combined power
capacity of the microsources 755 and 765 is not adequate to
supply the total load from loads M5, M8, M7, and M9.
However, the combined power capacity of the microsources
755 and 765 is adequate to supply the combined load from
loads M5, M8, and M9, which are assumed to be critical
loads. For this reason, when the exemplary plant 700 trans-
fers to island mode by opening switch 725, the second
switch 732 can also be opened to disconnect feeder 745 and
its associated load M7 from the main distribution bus 730.

[0100] FIGS. 10(a), 10(b), and 10(c) are graphs of pre-
dicted regulated voltages on bus 738, bus 739, and the
external side 747 of the switch 725 at the 13.8 kV feeder,
respectively, during a transfer to island mode by opening
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both switch 725 and switch 732 in response to a loss of
power from the 13.8 kV feeder.

[0101] At t=10 seconds, the system moves from grid-
connected to island operation by opening switch 725 to
disconnect the plant 700 from the feeder 710 in response to
the loss of power from the 13.8 kV feeder (where graph 1020
flattens). At the same time, the non-critical feeder 745 and its
associated load M7 is disconnected from the remainder of
the plant 700 by opening switch 732. Waveforms for bus 738
and 739 voltages during the switch to island mode are shown
in graphs 1000 and 1010 in FIGS. 10(a) and 10(b), respec-
tively. As shown in the graph, there is only a slight change
from the sinusoidal steady state after t=10 seconds and the
change lasts less than a cycle.

[0102] FIGS. 11(a) and 11(b) are graphs of predicted real
power and reactive power, respectively, of the microsources
755 (P8) and 765 (P9) in the exemplary industrial plant of
FIG. 7 during a transfer to island mode by opening both
switch 725 and switch 732. Real power has to take up the
critical load in the absence of grid power. Upon islanding,
both microsources 755 and 765 increase their power injec-
tion as expected from the design of the droop characteristics.
Microsource 765 is assumed to serve a lighter load M9 on
bus 739.

[0103] As seen in the graph 1110, the power output of
microsource 765 increases more than the power output of
microsource 755 in response to the islanding, so
microsource 765 is picking up the largest part of the new
load demands. Reactive power injection reduces but holds
the voltages at 1 pu. Power regulation takes place very
rapidly, and steady-state power is restored in less than one
second. In this case, system frequency droops a little more
than 0.5 Hz.

[0104] As described with reference to FIGS. 1-11, a local
controller at each microsource can insure stable operation in
an electrical distribution system. This controller can respond
in milliseconds and use local information to control the
microsource during all system or grid events. Advanta-
geously, communication among microsources is not neces-
sary for basic system operation; each inverter is able to
respond to load changes in a predetermined manner without
data from other sources or locations. This arrangement
enables microsources to “plug and play.” That is,
microsources can be added without changes to the control
and protection of units that are already part of the system.

[0105] Control schemes for a power controller in a system
of distributed energy resources (DER), such as the power
controller 340 in FIG. 3, can be classified into one of three
broad classes: unit power control, zone power control, and
a mixed system using both unit power control and zone
power control. FIGS. 12-18 depict aspects of unit power
control, and FIGS. 19-23 depict aspects of zone power
control. FIGS. 24-29 depict simulations of unit power
control, FIGS. 30-33 depict simulations of zone power
control, and FIGS. 34-36 depict simulations of mixed unit
and zone power control.

[0106] FIG. 12 shows a basic unit power controller in
accordance with an exemplary embodiment of the invention,
based on [Eq. 8] below:

0;=04~M(P4=Proeas) [Eq. 8]
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[0107] Note that the input 85 in FIG. 3, is not needed in
the basic unit power controller according to the exemplary
embodiment. This basic unit power controller uses a set
point unit power flow P, and the measured power P____ to
control the instantaneous operating frequency w; of the
inverter by changing the operating phase angle of the

inverter 0,(t).

[0108] FIG. 13 is a diagram of an exemplary microgrid
that includes a microsource with unit power control in
accordance with an exemplary embodiment of the invention.
The exemplary microgrid 1300 includes a local power bus
1310, at least one microsource 1320 connected to the power
bus 1310 by an inductor 1315, and at least one load 1330. A
switch 1340 may be provided, for example in the local
power bus 1310. The switch 1340 can be opened to isolate
the microgrid 1300 from the rest of the system 1345, which
may include a utility grid 1350, and the switch 1340 can be
closed to connect the microgrid 1300 to the rest of the
system 1345. The microsource 1320 may include a control-
ler able to measure a current through the inductor T and a
system voltage E measured at the point 1325 where the
inductor 1315 joins the power bus 1310.

[0109] When the microgrid of FIG. 13 is connected to the
grid, load changes are matched by a corresponding power
injection from the utility. This is because the unit holds its
injection to a set point P,. During island mode all the units
participate in matching the power demand as loads change.
Either a variable slope method or a fixed slope method can
be used in a preferred embodiment of a unit power controller
according to the invention. In either case the characteristics
are described by [Eq. 8].

[0110] FIG. 14 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a
variable slope method for use in unit power control, for two
exemplary microsources having different power set points.
This is called a variable slope method because different
microsources in the system can have different operating
characteristics, each with its own slope that depends on the
magnitude of its power set point.

[0111] In this example, the two microsources have differ-
ent power set points, P, and P_,. When the microsources are
connected to the grid, they produce power according to these
respective power set points, P, and P_,, and they both
operate at the same nominal frequency w,. If the
microsources were importing power from the grid before
islanding, the two microsources both increase their power
outputs when the system islands, by reducing their operating
frequency. For the case where the microgrid was exporting
power to the grid the power needs to be reduced when the
system islands, resulting in a frequency increase.

[0112] The slope ‘m’is variable, and for each microsource
is a function of the power set point, P_ and the maximum
power output, P of that microsource according to [Eq.
9]

max?

_omAf
T (P~ Prax)

[Eq. 9]
m

[0113] The higher the power set point, the steeper is the
slope. By construction, maximum power is reached at mini-
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mum frequency in all units. During grid mode the system
operates at system frequency, w,, and the output power of
each microsource unit matches its corresponding power
setpoint, P_, and P_,. During island mode the units must
provide all the power for the loads.

[0114] If the units were importing from grid prior to
transfer to island, then the units will ramp up their output to
match the load’s demand, by decreasing their instantaneous
frequency until they reach steady state operating points,
shown in FIG. 14 with circles at the resulting lower steady
state frequency,

mp*
[0115] Similarly, If the units were exporting from grid
prior to transfer to island, then the units will decrease their
output to match the load’s demand, by increasing their
instantaneous frequency until they reach steady state oper-
ating points, shown in FIG. 14 with circles at the resulting
higher steady state frequency,

[0116] If the units were exporting even more power, the
theoretical steady state operating frequency could be an even
higher frequency, o, At this higher frequency, w_,,, the
output power and operating frequency of the microsources
could be outside their range of normal operation. For
example, at an operating frequency ..., unit 1 could be
below its minimum power range and above its maximum
frequency range. Similarly, at an operating frequency ...,
unit 2 could be above its maximum frequency range,
although within its power range.

exp*

[0117] One characteristic of the variable slope method is
that all units reach their maximum power output and their
minimum frequency limit simultaneously. This is because
the operating characteristics for all the units converge at the
point of maximum power and minimum frequency.
Although the units may reach steady state operating points
having different output power levels, they will in general
reach the same steady state operating frequency at any given
time.

[0118] One of the advantages of the variable slope method
is that all sources reach their maximum output together and
there are no problems with limits on minimum frequency or
maximum power. The use of variable slopes allows the
power to increase more in the units that are less loaded (unit
1) and increase less in the units that are more loaded (unit 2).

[0119] Ifthe system is engineered such that the combined
power capacity of all the microsources in the system exceeds
the maximum combined load in the system, then that total
load can be matched with all the units injecting less than
maximum power. In such a case, there is no need to enforce
any limit on maximum power unless the load exceeds the
aggregate power capacity of the units. All the units would
reach maximum power at the same frequency, at about the
same time.

[0120] The frequency corresponding to maximum power
for all the units is the lower limit for the frequency range,
w,~Awm. Since all units cannot exceed maximum power, as
seen before, then it follows that the units will not go beyond
the lower limit for the frequency range.

[0121] One potential problem with this variable slope
approach is that the minimum power limit, P_; . could be
exceeded (see squares at frequency .., in FIG. 14) and a
limit controller is needed to avoid it. Overfrequency is
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another potential problem with this variable slope approach.
As shown in FIG. 14, it is possible to reach a steady state
at a frequency .., that is larger than the maximum limit for
the frequency, w_+Aw and there is no mechanism to prevent
that.

[0122] FIG. 15 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a
variable slope method with power and frequency limits for
use in unit power control, for two exemplary microsources
having different power set points. During operation below
the maximum frequency and above the minimum power
limit of each microsource, the slope is variable and depends
on the power set point, P and the maximum power output,
P . of that microsource according to [Eq. 8], as in the
scheme of FIG. 14.

[0123] In this approach, the steeper slopes are switched to
a flatter characteristic. The change of slope could occur at
any frequency between o, and w_+Aw. The flatter charac-
teristics will all have P=0 at maximum frequency. The
change of slope is performed for all the power set points P_;
larger than half of maximum power P_ ... This setpoint
(P,;=P.,../2) is shown with a dashed thick line on FIG. 15.

max’

[0124] Like in the preceding case, power imported from
the grid implies a lowering of the frequency in island, to a
value like w;,,,. If power was exported while connected to
grid, then in island the frequency would increase to w,,.
The value of this new frequency depends on how the
characteristic is switched from steep to flatter.

[0125] 1If the slope is switched at any intermediate fre-
quency between nominal and maximum limit, then the
operating point would be at a frequency like w,,, in FIG. 15,
with the operating points shown as circles. In this case the
flatter part of the slope has a non zero rate of change.

[0126] Ifthe slope is switched at the maximum frequency,
then the flatter part of the slope has zero rate of change: it
is horizontal. In this condition the operating points will
result to be at this frequency (the maximum frequency that
is held) and are shown with squares on FIG. 15. Notice that
this power dispatch equals exactly the power dispatch that
was previously obtained at the frequency w,,,.

[0127] The maximum power limit is automatically
enforced for the same reasons already seen when analyzing
the characteristics in FIG. 14. The minimum power limit is
enforced differently depending on whether the power set
point P_; is above or below half the maximum power
capacity P, of the microsource.

[0128] If P <P, /2, then there is no switch to a flatter
slope (like for unit 1). In this case the steady state charac-
teristic is switched to vertical slope as soon as P=0. The
steady state operation is constrained to belong to this vertical
part of the characteristic: as the load decreases, frequency
increases at a constant power, P=0, as shown by the arrow

in FIG. 15.

[0129] IfP_>P_../2, then the slope is switched to a flatter
slope (potentially horizontal). No matter what is the slope of
the flatter part, all characteristics will reach the operating
point at P=0 and maximum frequency, moving in the direc-

tion of the arrows (FIG. 15) as load decreases.

[0130] Minimum frequency limit cannot be exceed as a
consequence of the fact that maximum power cannot be
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exceeded. Indeed, the only way that the minimum limit on
frequency can be exceeded is if the limit on maximum power
is also exceeded, i.e. there are more loads than generation in
the microgrid.

[0131] Maximum frequency limit cannot be exceeded
because of the same reasons the minimum cannot be
exceeded. Any higher frequency that this limit would imply
that the loads are actually injecting power into the system.

[0132] This approach correctly enforces the limits on the
frequency and the power. At higher setpoints, the slope
could became very steep at the point of compromising
stability. The problem of stability could be solved by assign-
ing a maximum slope that the characteristic is allowed to
have. Since the slope is a function of the power setpoint,
then this would effectively translate into a limit on the
maximum power setpoint. Microsources are expected to
operate most of their time with power outputs near maxi-
mum because of the better efficiencies enjoyed at this higher
operating points. Limiting the maximum power that can be
injected during grid connection still implies that during
island the unit may end up operating at full maximum power.
(i.e. suppose that P_, is max power setpoint, then in island
at frequency w,,,, power output would be larger than P,,, and
it could goup to P if loads increase, without problems).

[0133] FIG. 16 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a
fixed slope method for use in unit power control, for two
exemplary microsources having different power set points.
In the approach of FIG. 16, the slope of the steady state
characteristic is held constant so this control characteristic is
called “fixed slope.” This fixed slope can be steeper than the
minimum slope (see [Eq. 10]). This minimum value is
defined by the fact that frequency will change of Aw as
power changes of AP=P_ _ (the approach using the mini-
mum slope is dealt in FIG. 17).

maxs

[0134] Power set points are tracked in grid mode, and
upon islanding the frequency readjusts up or down as
already seen. For instance, if power was being imported
from the grid in grid mode, after islanding the frequency of
each microsource will drop below o, to w;,,, as the units
supply the power that was injected by the grid before
islanding. Unlike the approach with the variable slope, each
unit increases output power to meet the power demand the
same amount, regardless of their respective power set points
before islanding.

[0135] A steady state horizontal characteristic is enforced
at maximum and minimum frequencies allowing power to
change at those frequencies. The slanted characteristics are
only valid within limits of power and frequency, the part
outside of the limits (dashed lines) are replaced with the
horizontal steady state characteristics to enforce frequency
limits. For instance if the system in island is operating at
frequency w,,,, and the load suddenly increases, then the
operating point may end up at the minimum frequency,
represented by the squares. The steady state operating points
would move on the characteristic, following the arrows
(FIG. 16) as load increases.

[0136] The case where the system was exporting to grid
would lead to frequency w,,, in island, and a lower load may
bring operation to the maximum frequency, shown with
squares. Maximum and minimum frequencies can be
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reached, but the fact that the characteristic with constant
slope is switched to horizontal at those frequencies prevents
any operation point from ever exceeding the limits. Maxi-
mum and minimum output power is enforced by ensuring
that the steady state characteristics do not extend over these
limits: for instance, the operating point at maximum fre-
quency for unit 1 is P=0 is held fixed unless the load
increases.

[0137] This steady state characteristic configuration has
the advantage of being stable across its range (as long as the
slope is not chosen too large) and of enforcing both limits on
power and frequency. The only disadvantage is that both
limits in frequency and power need to be actively enforced.
In contrast, in the method of FIG. 15 the limit P_ . as
automatically enforced by assuming enough generation and
the limit on the minimum frequency also was inherently
enforced because of the fact that power could not exceed
maximum.

[0138] FIG. 17 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a
fixed minimum slope method for use in unit power control,
for two exemplary microsources having different power set
points;

[Eq. 10]

[0139] This slope allows power to change between P=0
and P=P_ __ as frequency changes of Aw, shown in FIG. 17
with the thick dashed line. All the other characteristics are
simply parallel to this one. If the system was importing from
the grid before islanding, then the resulting frequency, w;,,
will be smaller than the system frequency w,, as already
seen. It is possible that one of the units reaches maximum

power in island mode, as shown by unit 2 at frequency w,,,..

[0140] The steady state characteristic slope switches to
vertical as soon as the maximum power limit has been
reached and the operating point moves downward vertically
as shown by the arrows in FIG. 17 as load increases.
Opposite considerations take place when unit is exporting
and new frequency w,,, is larger than nominal. It is possible
that if the load is very small that one of the units has reached
the limit P=0. At that point, the slope of the characteristic is
switched to vertical and as load decreases, the operating
point moves upwards, as shown by the arrows in FIG. 17.

[0141] The minimum and maximum power limits are
enforced by the fact that the characteristic with constant
slope are switched to a vertical steady state characteristics.
The minimum and maximum frequency limits cannot be
overshoot because it would imply, respectively, that the load
has exceeded the overall generation capability or that the
load is actually injecting power into the system. These last
two limits do not need to be explicitly enforced since the
assumption on the load (smaller than sum of all generation,
but never smaller than zero) automatically implies behavior
within limits.

[0142] FIG. 18 is a diagram of a unit power controller
with upper and lower power limits in accordance with an
exemplary embodiment of the invention. This approach has
the advantage of being able to enforce both limits in power
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and frequency. For the fixed minimum slope only power
limits need to be enforced, frequency limits come as a
consequence.

[0143] FIG. 19 is a diagram of a microgrid containing an
exemplary microsource with zone power control in accor-
dance with an exemplary embodiment of the invention. The
exemplary microgrid 1900 includes a local power bus 1910,
at least one microsource 1920 connected to the power bus
1910 by an inductor 1915, and at least one load 1930. A
switch 1940 may be provided, for example in the local
power bus 1910. The switch 1940 can be opened to isolate
the microgrid 1900 from the rest of the system, which may
include a utility grid 1950, and the switch 1940 can be closed
to connect the microgrid 1900 to the rest of the system. The
microsource 1920 may include a controller able to measure
a system voltage E where the microsource 1920 is connected
to the local power bus 1910, and a current I, between the
local power bus 1910 and the rest of the system 1945,
measured at the point 1925.

[0144] Zone power control is another way to control the
power in a system of DERs, by controlling power flow in
zones instead of by controlling the power flow from each
microsource. To reduce confusion we use the symbol, F, for
power flow in a zone and P for the output of a source. FIG.
19 shows the setup: when connected to the grid, every load
change is matched by a different power injection from the
unit since the control holds the flow of power coming from
the grid, F; ., to a constant value. During island mode all the
units participate in matching the power demand as loads
change.

[0145] FIG. 20 is a graph depicting the relationship
between steady state zone power vs. frequency (P-w) in a
method for use in zone power control, for two exemplary
microsources having different power set points. The char-
acteristics enforce the following relation:

03;=030—mP(Fo,i—Fi) [Eq. 11]

[0146] This expression is very similar to [Eq. 8] used for
unit output power control. The slope is fixed at the minimum
slope, [Eq. 10], but has a reversed sign (mg=-m, the
characteristics are slanted the opposite way). The sign needs
to be reversed because of the relation between the output
power, P and the zone flow F. This relation can be derived
by inspection of FIG. 17:

FlinetPeouzec=Load

[0147] In [Eq. 12], F},,. is the power (imported means
positive) from the rest of the system, and P__,... is the power
injected or absorbed by the unit. The power injected or
absorbed by the unit is assumed to be greater than the
minimum power output of the unit, P_, . and greater than the
maximum power output of the unit, P, .. For a microsource
capable of power injection only P, ., will be positive or zero,
while a bidirectional device capable of both power injection
or power storage may have P _; <0. Load is the overall
loading level seen by the unit. The relationship of [Eq. 12]
implies that to increase F one needs to decrease P and vice
versa, hence the reverse sign in the slope when moving from
the P-w plane to the F-w plane.

[Eq. 12]

[0148] During connection with the grid the flows in the
zones track the requested values, F_;, at the system fre-
quency, w,. When the microgrid transfers to island, the two
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units readjust the flow dispatch depending on the geometri-
cal configuration of the units in the field.

[0149] FIGS. 21 and 22 are diagrams of two
microsources installed in a single zone and in two zones,
respectively. The use of two microsources in a single zone
in FIG. 21 is for illustrative purposes only, and there can be
a greater or lesser number of microsources in a single zone.
Similarly, the use of two zones each with a single
microsource in FIG. 22 is also for illustrative purposes only,
and there can be a greater or lesser number of zones, and the
number of microsources in each zone may be different.

[0150] FIG. 21 shows a single-zone microgrid 2100 hav-
ing two microsources 2102 and 2105, and two loads 2104
and 2105 on a local power bus 2103, and connected by an
interface switch 2101 to a utility system 2107. FIG. 22
shows a two-zone microgrid 2200 having a first zone with a
microsource 2202 and a load 2204 on a first local power bus
2203 and a second zone with a microsource 2205 and a load
2206 on a second local power bus 2207, with the microgrid
2200 connected by an interface switch 2201 to a utility
system 2208.

[0151] In a zone control method for the circuit of FIG. 21,
during island the switch 2101 will open, so the flow nearest
to utility must be zero. FIG. 20 shows that flow of unit 1 is
the one nearest to the utility, so in island the system will
operate at the frequency w,, where flow of unit one is zero.
The operating points are shown with squares at that fre-
quency. Frequency w, is larger than the nominal system
frequency because the system was exporting to the grid (F_,
is negative) prior to disconnection, which is the same
behavior seen with unit output power control. If, for
instance, the two characteristics of FIG. 21 are swapped (i.e.
replace T newy=Fozo1a) 30d Fosineny=Fo1o1a); then the fre-
quency in island would be w,. This time the frequency is
lower than nominal, and that is because the microgrid was
importing from the grid prior disconnection.

[0152] In a zone control method for the circuit of FIG. 22,
during island the frequency takes the value where the sum of
the flows is zero. On FIG. 20, the frequency in island is m;,
exactly where F1=-F2. The operating points are shown with
triangles at that frequency.

[0153] So far it was assumed that all the units operate
within their limits of power and frequency. As seen in FIG.
17, the choice of the minimum slope value guarantees
operation within frequency limits across the whole operating
range of output power but it requires the unit output power
limits to be actively enforced. The limits on output power
variable, P, are projected on the zone flow variable, F, as
shown in FIG. 23. These regions slide as the loads change
their operating points. But in all cases a unit must operate
between its maximum and its minimum power points.

[0154] FIG. 23 is a graph depicting the relationship
between steady state zone power vs. frequency (P-m) in a
method with unit power limits for use in zone power control,
for two exemplary microsources having different power set
points. FIG. 23 shows unit 1 during island operation will
operate at frequency w,, where flow F, is zero. And the
output of unit 2 has reached its zero limit. Note solid squares
on the o, line. Of course this implies that unit one is
providing all needed power. The islanding events at w, & w,
show the enforcement of maximum power limits.
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[0155] FIG. 24 is a diagram of a zone power controller
with upper and lower unit power limits in accordance with
an exemplary embodiment of the invention. The controller
for zone power flow of FIG. 24 is almost identical to the unit
power controller of FIG. 18. The differences are in gain and
inputs. First, the slope, m, in the zone power controller of
FIG. 24 is negative relative to the slope, m, in the unit power
controller FIG. 18. Second, the zone power controller of
FIG. 24 takes as inputs the zone power flow set point, F_,
and measure zone power flow, F

meas*

[0156] The upper and lower unit power limits P_, and
P are still required in a zone power controller, since the
umit power limits must be enforced. The limits are enforced
by injecting a Aw offset when a limit is reached, for the
maximum power limit Aw=0, while minimum power
Aw=0. When the system is not at a limit Aw=0. Note that the
limiters assume that the power measurement can become
negative. The control scheme of FIG. 24 will allow both
methods of operation provided the external inputs are avail-
able.

[0157] From an installation perspective several items may
need to be set externally; value of m including its sign,
maximum and minimum power values of the unit, gains in
the limiters, and the value of w,. The power flow set point
needs to be part of the EMS.

[0158] FIGS. 25-29 depict computer and hardware simu-
lations of unit power control of the exemplary system of
FIG. 21 which includes two microsources arranged in a
single zone. These simulations show the behavior of the
system of FIG. 21 when operated using the fixed value,
minimum slope approach shown in FIG. 17 and subjected to
load changes that cause the microsources to reach their
limits.

[0159] When all the units control output power, then the
quantities P1 and P2 are controlled. When all the units
control zone flow, then the quantities F1 and F2 are con-
trolled. In a mixed system that includes both unit power
control and zone power control, it is necessary to specify
which unit controls P and which controls F.

[0160] FIGS. 25(a) and 25(b) are graphs of predicted
output power and instantaneous frequency, respectively,
from the microsources in the exemplary system of FIG. 21,
from a computer simulation of unit power control of the
system of FIG. 21 during the following sequence of events:

t=0 sec steady state, grid connected operating at steady state A
t=1 sec transfer to island transition to steady state B
t=3sec first load inserted transition to steady state C
t=35 sec second load inserted transition to steady state D
t=7sec third load inserted transition to steady state E
t =10 sec third load removed transition to steady state D
t=12 sec second load removed transition to steady state C
[0161] FIG. 25(a) shows the output power from both

units. In FIG. 25(a), in this case power is normalized and
displayed “per unit” or “pu”, mapping the operating range
[0, P, ...] to the interval of [0, 1.0]. Power never exceeds the
maximum value of 1.0 per unit in steady state. All the steady
states have been labeled with capital letters corresponding to
the steady states listed above.
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[0162] FIG. 25(b) shows the instantaneous frequency at
both units as the system is subject to the same events. The
value of Aw, needed to calculate the value of the slope, has
been chosen to correspond to a maximum frequency devia-
tion of 0.5 Hz, but this particular value is chosen for
illustration and not as a limitation. Other maximum fre-
quency deviations greater than or less than 0.5 Hz could be
used.

[0163] The simulation of FIGS. 25(a)-(b) shows a unit
reaching maximum output as a consequence of load increas-
ing. If the load was actually decreased, then it follows that
one of the two units will reach zero power output limit.

[0164] FIGS. 26(a) and 26(b) are graphs of predicted
output power and instantaneous frequency, respectively,
from the microsources in the exemplary system of FIG. 21,
from a computer simulation of unit power control of the
system of FIG. 21 during a different sequence of events:

t =0 sec steady state, grid connected operating at steady state A
t=1sec transfer to island transition to steady state B
t=3sec first load removed transition to steady state F
t=135sec second load removed transition to steady state G
t =8 sec second load inserted transition to steady state F
t =10 sec first load inserted transition to steady state B

[0165] FIG. 26(a) shows the output power from both units
during the sequence of events above. All the steady states
have been labeled with capital letters corresponding to the
steady states listed above. FIG. 26(5) shows the instanta-
neous frequency at both units as the system is subject to the
same events. Active power injection never falls below the
value of P, =0 pu in steady state. On FIGS. 26(a)-(b),
steady states A and B are the same as in FIGS. 25(a)-(b).

[0166] FIG. 27 is a graph depicting the relationship
between steady state unit power vs. frequency (P-w) in a
method of unit power control of the system of FIG. 21,
showing the steady state operation points (A)-(G) of FIGS.
25-26 for both units. FIG. 27 shows that the operating points
(A)-(G) fall on the steady state characteristics of a unit
control scheme such as that of FIG. 17.

[0167] FIGS. 28(a) and 28(b) are graphs of predicted real
power (P) and reactive power (Q) from the microsources of
unit 1 and unit 2, respectively, in the exemplary system of
FIG. 21, from a hardware simulation of unit power control
of the system of FIG. 21 when a new load is inserted during
the following sequence of events:

t =0 sec
t=1t, sec

steady state, island mode
load is inserted

operating at steady state A
transition to steady state B

[0168] The results of the hardware simulation of the
system of FIG. 21 are very similar to the results of the
computer simulation of that system. The loading event at
t=t sec is designed so that the load insertion leads unit 1 to
reach its maximum power output.

[0169] Notice that the power scaling is such that the
interval [0, P_,. ] is projected on a corresponding interval of
[0, 0.8]. The value 0.8 pu represents maximum power. This
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is because the issues of representing quantities in hardware:
Digital Signal Processor represents numbers only between
-1 and +1. If 1.0 was maximum power there would be no
possibility to represent any overshoot. With Pmax being 0.8,
then small overshoots larger than Pmax can be internally
represented.

[0170] FIGS. 29(a) and 29(d) are graphs of predicted real
power (P) and reactive power (Q) from the microsources of
unit 1 and unit 2, respectively, in the exemplary system of
FIG. 21, from a hardware simulation of unit power control
of'the system of FIG. 21 when a load is removed during the
following sequence of events:

t =0 sec
t=t,

steady state, island mode
load is removed

operating at steady state C
transition to steady state D

[0171] The load removal event at t=t, sec is designed so
that the load insertion leads unit 2 to reach its minimum
power output, P=0. Notice that the initial steady state points
A and C are not identical. The power setpoints are the same,
but the loading level is different: higher in A (so that a load
insertion allows to reach Pmax), lower in C (so that a load
removal allows to reach P=0). Although there is no available
frequency waveform, these hardware results show that the
power in steady state is constrained to the interval [0, P
(i.e. [0, 0.8]) exactly as shown in FIG. 17.

max]

[0172] FIGS. 31-33 depict computer simulations of zone
power control of the exemplary system of FIG. 30 having
two zones, an upper zone with two microsource units, and a
lower zone with one microsource unit. . The two-zone
microgrid 3000 of FIG. 30 has a first zone with a
microsource 3002 and a load 3004 on a first local power bus
3003 and a second zone with microsources 3005 and 3008
and loads 3006 and 3009 on a second local power bus 3007,
with the microgrid 3000 connected by an interface switch
3001 to a utility system 3010.

[0173] These simulations show the behavior of the system
of FIG. 30 when operated using the zone control approach
shown in FIG. 20 and subjected to load changes that cause
the microsources to reach their limits when all the units are
controlling the zone power flow. No hardware results are
shown for this control configuration.

[0174] The earlier description in (0132-0156) showed that
there are several events that could lead to units reaching their
limits. On the F-w plane the limits where shown as a sliding
window. The window slides as loads change: in this simu-
lation no load will be changed to ensure that the window will
stay motionless. This is to ease the inspection of the plots,
but does not limit the scope of the results.

[0175] FIGS. 31(a) and 31(b) are graphs of predicted zone
power flow and instantaneous frequency, respectively, from
the microsources in the exemplary system of FIG. 30,
obtained using a computer simulation of zone power control
during a sudden transfer to island mode from a steady state
connected to the grid. This transfer to island triggers one of
the units to reach one of its limits.
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t =0 sec steady state, grid connected operating at steady state A t=0 sec steady state, grid connected operating at steady state A
t=1 transfer to island transition to steady state B t=1 Transfer to island transition to steady state B
[0176] FIG. 31(a) shows the flow in each of the controlled [0183] FIGS. 34(a) and 34(b) are graphs of predicted zone

zones following the islanding. During grid connection the
setpoints F_; through F_; are tracked. When grid discon-
nects, the sum of the flows that converge to the grid must be
zero. From FIG. 24, this implies F1=-F3, which is the
condition established during island mode. FIG. 31(54) shows
that the frequency is increased from the nominal system
value to a higher value when the system islands.

[0177] FIG. 32(a) is a graph depicting the relationship
between steady state frequency vs. zone power flow in a
method of zone power control of the system of FIG. 30,
showing the steady state operation points (A)-(B) of FIGS.
31(a)-31(b). FIG. 32(b) is a magnification of FIG. 32(a)
from operating point (A) to operating point (B) for unit 2.

[0178] Unit 2 reaches minimum power and is constrained
on the vertical portion of the steady state characteristic, as
shown magnified in FIG. 32(5). Notice that since units 1 and
3 are operating within their limits, then their steady state
points will belong to the slanted part of the steady state
characteristic, as expected. To avoid confusion, only the
operating window of unit 2 is shown. Since the steady state
point B lays on the vertical band delimiting the right side of
the window, then it must be that a minimum power limit is
reached.

[0179] FIG. 33 is a graph of the predicted unit real power
flow from the microsources in the exemplary system of FIG.
30, obtained using a computer simulation of zone power
control during a transfer to island mode. FIG. 33 shows that
unit 2 reaches a P=0 limit, as expected.

[0180] FIGS. 34-36 depict computer simulations of a mix
of unit and zone power control of the exemplary system of
FIG. 30 having two zones, an upper zone with two
microsource units, and a lower zone with one microsource
unit. In a mix of zone and unit power control, in which some
of the units control unit output power while others control
zone power flow:

Unit 1 Zone Flow Control zone flow setpoint F_;
Unit 2 Unit Output Control unit power setpoint P_,
Unit 3 Zone Flow Control zone flow setpoint F 3

[0181] For the units controlling zone power flow, the
limits are shown on the F-w plane as a sliding window. The
window slides when loads change: no load will be changed
to ensure that for this experiment the window will stay
motionless. This is to ease the inspection of the plots, but
does not limit the scope of the results.

[0182] These computer simulations show the behavior of
the system of FIG. 30 when operated using the above-
described mix of zone and unit power control, when the
system is subjected to the following events:

39

power flow and instantaneous frequency, respectively. FIG.
34(a) shows the zone flows as the system transfers to island.
The setpoints for units 1 and 3 are tracked during grid
connection. The flows F1 and F3 are constrained by the
steady state characteristic, while the flow F2 is just a
measure and is not subject to any constraint. Because the
sum of the flows to the grid must equal zero in island, then
from FIG. 24, it follows that F1=-F3, which can be visually
verified in FIG. 34(a). FIG. 34(b) shows the frequency
during the same event: it has decreased from the nominal
value.

[0184] FIG. 35 is a graph of the predicted unit real power
flow from the microsources in the exemplary system of FIG.
30, obtained using a computer simulation of a mix of zone
and unit power control during a transfer to island mode.
Note that the setpoint output power for unit 2 is tracked
during grid connection. During islanding the value of P2 is
constrained by the steady state characteristic (FIG. 17),
while P1 and P3 are just measures of the injections and are
not constrained to a characteristic. FIG. 35 shows that the
transfer to island causes unit 3 to reach maximum output
power, while units 1 and 2 are within limits.

[0185] FIG. 36 is a graph depicting the relationship
between steady state frequency vs. zone and unit power flow
in a method of mixed zone and unit power control of the
system of FIG. 30, showing the steady state operation points
(A)-(B) of FIGS. 34(a)-34(b), and FIG. 35. Notice that this
is a mixed (P-w and F-w) plane. Unit 3 reaches maximum
and is constrained on the vertical portion of the steady state
characteristic. Notice that since unit 1 is operating within its
limits, then its steady state will belong to the slanted part of
the steady state characteristic, as expected. Unit 2 (that
regulates P) is also within limits and its steady state points
lay inside its own operating window.

[0186] The fact that unit 3 reaches a maximum power limit
explains why the steady state lays on the left side vertical
portion of the characteristic. FIG. 36 shows only the limits
relevant to unit 3 to avoid confusion when overlapping the
limits of all three units.

[0187] It is important to note that the construction and
arrangement of the steps in the methods, and the elements of
the structures, shown in the exemplary embodiments dis-
cussed herein are illustrative only. Those skilled in the art
who review this disclosure will readily appreciate that many
modifications are possible (e.g., variations in sizes, dimen-
sions, structures, shapes and proportions of the various
elements, values of parameters, mounting arrangements,
materials, transparency, color, orientation, etc.) without
materially departing from the novel teachings and advan-
tages of the invention.

[0188] The order or sequence of any process or method
steps may be varied or re-sequenced according to alternative
embodiments. Other substitutions, modifications, changes
and/or omissions may be made in the design, operating
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conditions and arrangement of the preferred and other
exemplary embodiments without departing from the spirit of
the present invention as expressed in the appended claims.

[0189] The components of the invention may be mounted
to each other in a variety of ways as known to those skilled
in the art. As used in this disclosure and in the claims, the
terms mount and attach include embed, glue, join, unite,
connect, associate, hang, hold, affix, fasten, bind, paste,
secure, bolt, screw, rivet, solder, weld, and other like terms.
The term cover includes envelop, overlay, and other like
terms.

[0190] While the exemplary embodiments illustrated in
the figures and described above are presently preferred, it
should be understood that these embodiments are offered by
way of example only. Other embodiments may include, for
example, different techniques for power calculation, voltage
control, power control, or droop control. The invention is not
limited to a particular embodiment, but extends to various
modifications, combinations, and permutations that never-
theless fall within the scope and spirit of the appended
claims.

[0191] Ttis understood that the invention is not confined to
the embodiments set forth herein as illustrative, but
embraces all such forms thereof that come within the scope
of the following claims.

1. (canceled)

2. A method of controlling distributed energy resources
connectable to a utility grid having a connection point, the
utility supplying AC power at an operating frequency w,, the
method comprising:

(a) providing a microgrid having a power bus and a load,
the microgrid having a grid mode wherein the power
bus is electrically connected with the connection point
for a grid power flow and an island mode wherein the
grid power flow is substantially zero, the grid power
flow being positive when the microgrid imports power
from the utility grid and the grid power flow being
negative when the microgrid exports power to the
utility grid;

(b) providing a first microsource delivering AC power to
the power bus at a selectable frequency wl and a
selectable power level P1, and having a grid mode
power set point P1,;

(c) providing a second microsource delivering AC power
to the power bus at a selectable frequency w2 and a
selectable power level P2, and having a grid mode
power set point P2; and

(d) operating the microgrid in grid mode, wherein w1=w
and P1=P1,, and wherein w2=~m, and P2~P2;

(e) transferring the microgrid from grid mode to island
mode; and

() operating the microgrid in island mode, wherein
ol=w and P1=P1 and wherein w2=w,,, 4 and
Pzzpzlsla_nds

islands islan

wherein o, >0, Pl,y..4<P1y, and P2, . ,<P2, if the
microgrid was exporting power prior to entering island
mode, and

14

40

Sep. 21, 2006

wherein o, 4<0q, P1,4..>P1,, and P2, >P2, if the
microgrid was importing power prior to entering island
mode.

3. The method of claim 2, wherein the first microsource
delivers a maximum power output level P1_ _at a frequency
Q) and wherein

min?

0 — Wmin

PloT)(Plo = Plisiand)-

Wistand = wo(

4. The method of claim 3, wherein the second
microsource delivers a maximum power output level P2_
at about the frequency and wherein

ax

min’

W0 — Win

PZOT)(PQO = Pistand)-

Wistand = (UO(

5. The method of claim 2, wherein the first microsource
delivers a maximum power output level P1_ _at a frequency
Wi, Wherein the first microsource has a slope switch
frequency m

switch?

W0 — Win

Plo— Pl )(Plo = Plistand)

wherein wisjng = wo — (

if [w (Plo Pl )(Plo - Pltxland)] < Wswirch; and
(

Wy —

wherein Wisgmg < wWo — Ply = Pi::x )(Plo = Plistand)

if [wo ( ~ Umin (Plo—P 1txland)] = Wswitch-
Plo— Pl

6. The method of claim 2, wherein the first microsource
delivers a maximum power output level P1_ _at a frequency
Wi, Wherein the first microsource has a maximum oper-
ating frequency m

max?

W0 — Win

PloT)(f’lo = Plistand)

wherein wisjng = wo — (

it [wo

wherein

( W0 — (Wmin

- W)(Plo - Plixland)] < Wmax; and

— Wmin

Wisland = Omax if [wo - (h)(f’lo - Plixland)] 2 Winax -

7. The method of claim 2, wherein the first microsource
delivers a maximum power output level P1,__at a frequency
Wi, Wherein the first microsource has a slope switch
frequency w,,;,.;,, wherein the first microsource has a maxi-
mum operating frequency m

max>

W0 — Wiyin

W)(Plo = Plistand)

wherein wisgng = wo — (

o — Winin

if [wo - (m)([)lo - Plixland)] < Wsyitch’

0 — Wmin

wherein Wisigng < o — (m

)(Plo = Plistand)



US 2006/0208574 Al

-continued
W — Win

PloT)(Plo - Plixland)] < Wmax; and

if Wswireh < [wo —(

wherein

W0 — (Wmin

m)(f’lo - Plixland)] > Omax.

Wisland ~ Omax 1T [wo —(

8. The method of claim 2, wherein the first microsource
delivers a maximum power output level P1_ . at a frequency
Wi, Wherein the first microsource has a minimum power
output level P1

min’

wherein

Ply — Plyax

W0 — Wiyin

Plistana = Plo — ( ](wo = Wisland)

if
Ply — Plyax

W0 — (Wmin

Pl, —( ](wo ~ Wistana) > Pluin;

and wherein
Plisiand = Pluin
if

— Plyax

Wy — Winin

Pl, —( ](wo ~ Wistang) < Pliyin.

9. The method of claim 8, wherein the first microsource
includes power storage whereby P1_; <O.

10. The method of claim 2 wherein (P1,, .~
P1,)~(P2*"*2_P2 ), whereby the output power levels of the
first and second microsources change about the same
amount when the first and second microsources transfer
from grid mode to island mode.

11. The method of claim 10, wherein the first microsource
includes power storage whereby P1_; <O.

12. The method of claim 10 further comprising providing
a power slope m, and wherein ), ~0,-m(P1,-
P11, 0)~0g-m(P2,-P20),

13. The method of claim 10 further comprising providing
a power slope m, wherein the first microsource has a
minimum operating frequency

wherein ~ 0'*"*"~m,-m(P1,-P1,_,,.,)
Pl 0nd)> ®pmins and

island min?

if  wy-m(P1,-

wherein m;,,q=0n;, if ©o—-m(P1,-P1, . J<w ...

14. The method of claim 10 further comprising providing
a power slope m, wherein the first microsource has a
maximum operating frequency w

max>

=~0-m(P1,-P1,,.4)
and

wherein w;;, s~ if 0,-mP1,-P1,,. )=,

15. The method of claim 10 further comprising providing
a power slope m, wherein the first microsource has a
minimum operating frequency o, and a maximum oper-
ating frequency o,,,., wherein ,y,, =~ ., if ©,-m(P1,-
Pl =0

wherein o,

island’
Pl na)<0

if  w,-m(P1,-

max>?

max*

min
wherein o,

island’
P1ana)>@

z("‘)O_In(PIO_Plisla_nd) if U‘)max>0‘)0_m(P10_
and

min?

. _ . .
wherein m;,,q=0 . If 0o—-m(P1,-P1, . HVZw0, ...
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16. The method of claim 2 wherein the first microsource
has a maximum power output level P1__ . a minimum
power output level P1 and a minimum operating fre-
quency

min?

and wherein

mind

W0 — Winin

W)(f’lo = Plisiana)-

Wistand = (W0 — (

17. The method of claim 2 wherein the first microsource
has a maximum power output level P1_.., a minimum
power output level P1 and a minimum operating fre-
quency m wherein

min?

mind

Plyin — Pliax
Pligana = Plg — ( ](wo ~ Wisland)
W0 — Wmin
if
Pluyin = Plnax
Plo—( ](wo ~ Wislana) > Plmin
W0 — Wiyin

and wherein

Plistand = Plmin
if
Plyin — Pliax

W0 — (Wmin

Plo—( ](wo_wixkznd)splmin-

18. The method of claim 17, wherein the first microsource
includes power storage whereby P1_; <O.

19. The method of claim 2 wherein the first microsource
has a maximum power output level P1_.., a minimum
power output level P1 and a minimum operating fre-
quency m wherein

min?

mind

Plyin = Plinax

Wy — Winin

Plistans = Plo —( ](wo — Wisland)

if
Plypin — Pliax

W0 — Wiyin

Plo —( ](wo = Wisland) < Plmax

and wherein

Plisina = Plmax
if
Pluyin = Plnax

W0 — Wiyin

Pl —( ](wo ~ Wistand) = Plmax-

20. The method of claim 2 wherein the first microsource
has a maximum power output level P1__ . a minimum
power output level P1 and a minimum operating fre-
quency

min?

mind
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wherein
Plistana = Plyin
if
Plyn - P1
Plo— (M](Mo ~ Wistand) = Plmin}
W0 — Wiyin
wherein
Pl - P1
Pligjana = Plg — (M](wo ~ Wistand)
W0 — Wmin
if
Pl — P1
Plumin < Plo - (M](Mo — Wistand) < Plmax;
Wy — Winin

and wherein

Plistana = Plmax

if

Pliin — Plmax

Pl, —( ](wo ~ Wislana) = Plyax-
W0 — Wiyin

21. An apparatus connectable to a utility grid having a
connection point, the utility supplying AC power at an
operating frequency w, the apparatus comprising:

(a) a microgrid having a power bus and a load, the
microgrid having a grid mode wherein the power bus is
electrically connected with the connection point for a
grid power flow and an island mode wherein the grid
power flow is substantially zero, the grid power flow
being positive when the microgrid imports power from
the utility grid and the grid power flow being negative
when the microgrid exports power to the utility grid;

(b) a first microsource delivering AC power to the power
bus at a selectable frequency w1 and a selectable power
level P1, and having a grid mode power set point P1,;

(c) a second microsource delivering AC power to the
power bus at a selectable frequency w2 and a selectable
power level P2, and having a grid mode power set point
P2,;

wherein when the microgrid operates in the grid mode
wl=w, P1=P1,, 02=wn,, and P2=P2,;

wherein when the microgrid operates in the island mode
wl=m; P1=P1, W2=~0; and P2~P2istand,

island> islands islands

wherein m, . >P1,,,.4<P1l,, and P2"<p2  if the
microgrid was exporting power prior to entering island
mode, and

wherein ;. <wg, Pl,..>P1,, and P2**25P2  if the
microgrid was importing power prior to entering island
mode.
22. The apparatus of claim 21, wherein the first
microsource delivers a maximum power output level P1_
at a frequency o, and wherein

min?®

W0 — Wiin

HOT)(HO = Plistand)-

Wisland = (W0 — (
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23. The apparatus of claim 22, wherein the second
microsource delivers a maximum power output level P2
at about the frequency w and wherein

mind

W0 — Win

PZOT)(PQO = Plisiond)-

Wistand = (W0 — (

24. The apparatus of claim 21, wherein the first
microsource delivers a maximum power output level P1_
at a frequency w,_; , wherein the first microsource has a
slope switch frequency o wherein

switch?

W0 — Wiyin

PloT)(Plo = Plisiana)

Wisland = W0 — (
if
[0 - (ﬁ)(mo = Plisiana)| < @it

and wherein

W0 — Wiyin
Wistand < W9 — (m)(f’lo = Plisiana)
if [wo - (7[,(1)2 :;)f‘:ax )(Plo - Plixland)] = Wswitch-

25. The apparatus of claim 21, wherein the first
microsource delivers a maximum power output level P1_
at a frequency w,_; , wherein the first microsource has a
slope switch frequency i, Wherein the first
microsource has a maximum operating frequency o
wherein

max>

W0 — Wi
Wistand = (09 — (rﬂ()(mo = Plisiana)
. o — Winin i
if [wo - (m)(f’lo - Plixland)] < Wswitch’
wherein

W0 — Win

PloT)(f’lo = Plistand)

Wistand < Wo — (

W0 — (Wmin

m)(f’lo - Plixland)] < O

if Weiren < [wo - (
and wherein

W0 — Win

m)(mO - Plixland)] > Wmax.

Wisland = Omax if [wo - (

26. The apparatus of claim 21, wherein the first
microsource delivers a maximum power output level P1_
at a frequency w,_; , wherein the first microsource has a
minimum power output level P1 wherein

42

min?
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Ply — Plyax

W0 — Wiyin

Pligiang = Plg — ( ](wo ~ Wisland)

Ply — Plyax

0 — Wmin

if Plg— ( ](wo ~ Wistand) > Plmin; and

wherein

Plo — Plpax

Wo — Wmin

Pligiang = Plyin if Plg —( ](wo ~ Wistang) < Plpin -

27. The method of claim 26, wherein the first microsource
includes power storage whereby P1,_; <0.

28. The apparatus of claim 21 wherein (P1,,,.4—
P1,)~(P2*"*2_P2 ), whereby the output power levels of the
first and second microsources change about the same
amount when the first and second microsources transfer
from grid mode to island mode.

29. The apparatus of claim 28, wherein the first
microsource includes power storage whereby P1,, <O.

30. The apparatus of claim 21 wherein the first
microsource has a maximum power output level P1__ . a
minimum power output level P1 and a minimum oper-
ating frequency m

mind

and wherein

mind

W0 — (Wmin

W)(Plo = Plisiana).

Wisignd = (W0 — (

31. The apparatus of claim 21 wherein the first
microsource has a maximum power output level P1,_ . a
minimum power output level P1 and a minimum oper-
ating frequency m wherein

mind

mind
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Plyn - P1
Plistana = Plo — (M](Mo = Wisland)
W0 — Wiyin
Plyn - P1
if Plo— (7‘” = ](wo = Wistand) > Pluin;
W0 — Wmin

and wherein

Plinin — Pliyax

Plisiand = Plmin if Pl —( ](wo ~ Wistand) = Pluin-

0 — Wmin

32. The apparatus of claim 31, wherein the first
microsource includes power storage whereby P1 . <0.

33. The apparatus of claim 21 wherein the first
microsource has a maximum power output level P1,_ . a
minimum power output level P1 and a minimum oper-
ating frequency w,,;,, wherein

min’

Plyin = Plnax

W0 — Wiyin

Pligana = Plg — ( ](wo ~ Wisland)

Plmin — Plnax

W0 — Wiyin

if Plo —( ](wo = Wistand) < Plyax;

and wherein

Pliin = Plyax

Plisiang = Plyax if Plg —(
W0 — (Wmin

](wo ~ Wisland) = Plyax-
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