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1
CONTROL OF COMBINED STORAGE AND
GENERATION IN DISTRIBUTED ENERGY
RESOURCES

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with United States government
support awarded by the following agencies: National Science
Foundation, Electrical & Communications System Div.,
Award No. 0078522. The United States government has cer-
tain rights in this invention.

FIELD

The field of the disclosure relates generally to power sys-
tems. More specifically, the disclosure relates to the control of
storage and generation capabilities of a distributed energy
resource included in a dynamic distribution system.

BACKGROUND

The demand for electrical power continues to grow world-
wide. At the same time, aging transmission and distribution
systems remain subject to occasional failures. Massive fail-
ures covering wide geographical areas and affecting millions
of'people have occurred, even in the United States, which has
historically enjoyed a relatively reliable electrical power sys-
tem. Problems with the capacity and reliability of the public
power grid have driven the development of distributed energy
resources (DER), small independent power generation sys-
tems which may be owned by, and located near, consumers of
electrical power. DERs include a wide range of technologies,
such as internal combustion engines, gas turbines, micro-
turbines, photovoltaic cells, fuel cells, wind-power, storage
systems, etc.

DERs can provide reliable power in critical applications 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 inter-
rupted, productivity is lost, materials in process are wasted,
and other costs are incurred in association with restarting the
production line. Additionally, power from a DER can be
provided to the main power grid to reduce energy price peaks
by arbitraging energy price differentials. Geographically dis-
tributed sources of power, such as wind, solar, or hydroelec-
tric power, may be too limited or intermittent to be used as the
basis for a centralized power plant. However, these types of
power sources can supplement or replace conventional power
sources when the main power grid is available and can pro-
vide a backup when the main power grid is unavailable to
increase energy efficiency and to reduce pollution and green-
house gas emissions through the use of combined heat and
power DER systems. DERs also can be used to meet load
growth requirements and to enhance the robustness of the
transmission system with a minimal addition of new lines.

Generally speaking, DERs can include two broad catego-
ries of electrical power sources: Direct current (DC) sources,
such as fuel cells, solar cells, and batteries; and high-fre-
quency analog current (AC) sources, such as micro-turbines
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 subsequently converted to AC
voltage or current at the required frequency, amplitude, and
phase angle for use. In most cases, the conversion from the
intermediate DC voltage to the usable AC voltage is per-
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2

formed by a voltage inverter that can rapidly control the
magnitude and phase of its output voltage.

DERs may be designed to operate in one of two modes: (1)
“isolation” or “island” mode, wherein the DER is isolated
from the main grid, and (2) normal “grid” mode, wherein the
DER is connected to the main grid to either import power
from or export power to the main grid. Smooth and efficient
transition between the two modes is a necessity to effectively
integrate DERs into the distribution system without harming
the integrity of the remaining system. A centralized electrical
power utility is in a position to monitor and coordinate the
production and distribution of power from multiple genera-
tors. In contrast, DERs may include independent 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 an
effective way to ensure that they cooperate. As a result, to
realize the potential of integrating DERs into the distribution
system, the integration should not depend on complex, cen-
tralized command and control systems. Thus, for effective
integration of DERs into the distribution system, a method
and a system capable of responding to events in a distribution
system using only local information is needed.

Effective integration of DERSs into the distribution system
also benefits from fast acting energy sources, such as storage,
which provide the energy required by the loads until slower
sources ramp-up their energy output when a DER isolates
from the distribution system. Storage sources also allow the
exploitation of energy price differentials by charging of the
DER when power costs are low (i.e. at night) and discharging
of the DER when power costs are high (i.e. during peak
loads). Additionally, storage within an intermittent renewable
such as a wind and/or a solar system can discharge when the
renewable energy is low (no wind or sun) and charge when
there is excess renewable energy (high wind at 2 a.m.). Both
storage and generation can be clustered with each other to
take advantage of the beneficial characteristics of both stor-
age and generation. For example, storage being inverter based
can have a faster response to load demands than a generator.
The storage can respond in a few electrical cycles while a
traditional generator may take tens of cycles. On the other
hand, generator cost generally is much less than energy stor-
age based on a dollars/megawatt-hour comparison. Thus,
what is further needed is a method and a system capable of
effective utilization of power generation and storage
resources within a DER system.

SUMMARY

A method and a system for effective utilization of power
generation and storage resources within a DER system are
provided in an exemplary embodiment. Each active compo-
nent of the distribution system reacts to local information
such as a voltage, a current, and a frequency to change its
operating point. A coordination controller controls the opera-
tion of storage and generation through minimum and maxi-
mum power limits. The coordination controller controls the
rate of charge and discharge and the charge level of the
storage device and the mode of operation for the power gen-
eration device and the energy storage device. For example,
the coordination controller determines which device tracks
load and which may operate at a fixed output.

In an exemplary embodiment, a coordination controller for
controlling an energy storage device and a power generation
device used in a distributed energy resource is provided. The
controller determines a mode of operation for the energy
storage device and the power generation device based on an
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energy level of the energy storage device and on a load to
which the energy storage device and the power generation
device are operably coupled for power transfer. The controller
determines a first minimum power set point and a first maxi-
mum power set point for the energy storage device based on
the determined mode of operation and on a storage output
power. The storage output power is measured at a first power
bus operably coupled to the energy storage device. The con-
troller determines a second minimum power set point and a
second maximum power set point for the power generation
device based on the determined mode of operation and on a
generation output power. The generation output power is
measured at a second power bus operably coupled to the
power generation device. The controller controls a first output
power of the energy storage device based on the determined
first minimum power set point and the determined first maxi-
mum power set point. The controller also controls a second
output power of the power generation device based on the
determined second minimum power set point and the deter-
mined second maximum power set point.

In an exemplary embodiment, a microsource is provided.
The microsource includes an energy storage device, a power
generation device, and a controller. The energy storage device
is operably coupled for power transfer to a load through a first
power bus. The power generation device is operably coupled
for power transfer to the load through a second power bus.
The controller determines a mode of operation for the energy
storage device and the power generation device based on an
energy level of the energy storage device and on the load. The
controller further determines minimum power set points and
maximum power set points for the energy storage device and
the power generation device based on the determined mode of
operation, on a storage output power measured at the first
power bus, and on a generation output power measured at the
second power bus. The controller controls an output power of
the energy storage device and an output power of the power
generation device based on the determined minimum and
maximum power set points.

In another exemplary embodiment, a method of controlling
an energy storage device and a power generation device used
in a distributed energy resource is provided. A mode of opera-
tion for the energy storage device and the power generation
device is determined based on an energy level of the energy
storage device and on a load to which the energy storage
device and the power generation device are operably coupled
for power transfer. A first minimum power set point and a first
maximum power set point for the energy storage device are
determined based on the determined mode of operation and
on a storage output power. The storage output power is mea-
sured at a first power bus operably coupled to the energy
storage device. A second minimum power set point and a
second maximum power set point for the power generation
device are determined based on the determined mode of
operation and on a generation output power. The generation
output power is measured at a second power bus operably
coupled to the power generation device. A first output power
of the energy storage device is controlled based on the deter-
mined first minimum power set point and the determined first
maximum power set point. A second output power of the
power generation device is controlled based on the deter-
mined second minimum power set point and the determined
second maximum power set point.

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 description, and the
appended claims.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1 depicts a block diagram of a distributed energy
resource (DER) system in accordance with an exemplary
embodiment.

FIG. 2 is a diagram of a microgrid that includes a
microsource implementing a unit power control scheme in
accordance with an exemplary embodiment.

FIG. 3 is a diagram of a microgrid that includes a
microsource implementing a zone power control scheme in
accordance with an exemplary embodiment.

FIG. 4 is a graph depicting the relationship between steady
state unit power vs. frequency (P-()) for two exemplary
microsources having different loads for use in a unit power
control scheme in accordance with an exemplary embodi-
ment.

FIG. 5 is a graph depicting the relationship between steady
state zone power vs. frequency (F-®) for two exemplary
microsources having different loads for use in a zone power
control scheme in accordance with an exemplary embodi-
ment.

FIG. 6 is a diagram of two microsources used in a single
zone in accordance with an exemplary embodiment.

FIG. 7 is a diagram of two microsources used in multiple
zones in accordance with an exemplary embodiment.

FIG. 8a is a block diagram of a controller of a microsource
used in a distributed energy resource that includes both a
power generation system and an energy storage system in
accordance with an exemplary embodiment.

FIG. 84 is a block diagram of an energy storage system of
FIG. 8a in accordance with an exemplary embodiment.

FIG. 8¢ is a block diagram of an power generation system
of FIG. 8a in accordance with an exemplary embodiment.

FIG. 9a is a block diagram of a voltage regulator of the
energy storage system of FIG. 86 in accordance with an
exemplary embodiment.

FIG. 95 is a block diagram of a voltage regulator of the
power generation system of FIG. 8¢ in accordance with an
exemplary embodiment.

FIG. 10 is a graph depicting a sliding window for applying
power limits in accordance with an exemplary embodiment.

FIG. 11a is a block diagram of a P-®) droop controller of
the energy storage system of FIG. 85 in accordance with an
exemplary embodiment.

FIG. 115 1s ablock diagram of'a P- () droop governor of the
power generation system of FIG. 8¢ in accordance with an
exemplary embodiment.

FIG. 12 is a graph of an exemplary voltage droop regula-
tion characteristic for a voltage regulator in accordance with
an exemplary embodiment.

FIG. 13 is a graph of a load curve for a microsource includ-
ing combined power generation and energy storage in accor-
dance with an exemplary embodiment.

FIG. 14a-14d depict flow diagrams illustrating exemplary
operations performed in combined control of both power
generation and energy storage for a microsource in accor-
dance with an exemplary embodiment.

FIG. 15 is a schematic diagram of a logic design circuit for
the combined power generation and energy storage system of
FIGS. 14a-144d in accordance with an exemplary embodi-
ment.

DETAILED DESCRIPTION

With reference to FIG. 1, a distributed energy resource
(DER) system 100 is shown in accordance with an exemplary
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embodiment. Such an exemplary system is described, for
example, in U.S. Pat. No. 7,116,010 and/or in U.S. Patent
Publication No. 2006/000208574, the contents of which are
incorporated by reference. Where the disclosure of the
present application is limited by or in conflict with the dis-
closures of U.S. Pat. No. 7,116,010 and U.S. Patent Publica-
tion No. 2006/000208574, the disclosure of the present appli-
cation controls. DER system 100 may include a utility supply
102 connected to a feeder line 104 that interconnects one or
more microsource systems 106a, 1065, 106¢, and 1064 and
one or more loads 1084, 1085, and 108c. DER system 100
may include a plurality of feeder lines. Feeder line 104, the
one or more microsource systems 106a, 1065, 106¢, and
1064, and the one or more loads 108a, 1085, and 108¢ can
form a microgrid 110. Utility supply 102 can connect micro-
grid 110 to other similar microgrids distributed throughout
DER system 100. A microsource system can include exem-
plary microsource power sources, power storage, and power
controllers. The power source can be, for example, a fuel cell,
hydroelectric generator, photovoltaic array, windmill, micro-
turbine, etc. The power storage, if present, can be, for
example, a battery or flywheel.

Feeder line 104 may include one or more interface
switches. An exemplary interface switch is described, for
example, in U.S. patent application Ser. No. 11/266,976, filed
Nov. 4, 2005 and entitled INTERFACE SWITCH FOR DIS-
TRIBUTED ENERGY RESOURCES, the contents of which
are incorporated by reference. Where the disclosure of the
present application is limited by or in conflict with the dis-
closure of U.S. patent application Ser. No. 11/266,976, the
disclosure of the present application controls. The interface
switch, ifused, can be positioned between feeder line 104 and
utility supply 102 so that microgrid 110 can be isolated from
utility supply 102. When microgrid 110 is isolated from util-
ity supply 102, the microgrid 110 is said to be operating in
“island mode”. When microgrid 110 is connected to the util-
ity supply 110, the microgrid 110 is said to be operating in
“grid mode”. When DER system 100 is connected to the grid,
the one or more loads 1084, 1085, and 108¢ may receive
power from both the grid and local sources, depending on the
current situational demands.

When a microsource or microgrid operates in island mode,
load tracking problems can arise because typical power
sources used in microsources, such as microturbines or fuel
cells, tend to respond slowly, with time constants ranging
from 10 to 200 seconds. Additionally, these types of power
sources may be inertialess. Conventional utility power sys-
tems 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 frequency. Because power sources
in microsources may be inertialess, a microsource may
include power storage to ensure initial energy balance when
loads are added during island mode.

Each microsource system 106a, 1065, 106¢, and 1064
preferably includes a microsource controller. The
microsource controller responds to events using local infor-
mation to respond to voltage drops, faults, blackouts, etc. and
to switch to island operation mode as needed. The
microsource controller controls the change in the output
power of the system components as they change from a dis-
patched power mode to one in which frequency is controlled
and load following is provided. Control schemes for a power
controller in DER system 100 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. Using a unit power controller, load changes

20

25

30

35

40

45

50

55

60

65

6

are matched by a corresponding power injection from the
utility because a microsource holds its injection to a set point
P,. During island mode, the microsource matches the power
demand as loads change. Each microsource system 106a,
1065, 106¢, and 106d regulates the voltage magnitude at its
connection point and the injected power using either a vari-
able slope method or a fixed slope method.

Using a zone power controller, power flow in zones is
controlled instead of controlling the power flow from each
microsource. Each microsource system 106a, 1065, 106¢,
and 1064 regulates the voltage magnitude at its connection
point and the power that is flowing in the feeder. Using a zone
power controller, the microsource systems 1064, 1065, 106¢,
and 1064 pick-up extra load demands, and as a result, show a
constant load to the utility grid. In this case, DER system 100
becomes a true dispatchable load as seen from the utility side
supporting demand-side management arrangements. To
reduce confusion, the symbol, F, is used for power flow in a
zone and the symbol, P, is used for the power output from a
microsource. When connected to the grid, load changes are
matched by a different power injection from the microsource
because the controller holds the flow of power coming from
the grid, F,,,., to a constant value. During island mode, all of
the microsources participate in matching the power demand
as loads change.

With reference to FIG. 2, a diagram of a microgrid 200 is
shown in accordance with an exemplary embodiment using a
unit power controller. Microgrid 200 may include a
microsource 202 and a load 108. Microsource 202 may be
connected to feeder line 104 by an inductor 204. An interface
switch may be provided, for example, in feeder line 104. The
interface switch can be opened to isolate microgrid 200 from
the rest of DER system 100 and can be closed to connect
microgrid 200 to the rest of DER system 100. Microsource
202 may include a controller capable of measuring a current
through inductor 204 and of measuring a system voltage at a
point 206 in feeder line 104 where inductor 204 joins feeder
line 104.

With reference to FIG. 3, a diagram of a microgrid 300 is
shown in accordance with an exemplary embodiment using a
zone power controller. Microgrid 300 may include a
microsource 302 and load 108. Microsource 302 may be
connected to feeder line 104 by inductor 204. An interface
switch may be provided, for example, in feeder line 104. The
interface switch can be opened to isolate microgrid 300 from
the rest of DER system 100 and can be closed to connect
microgrid 300 to the rest of DER system 100. Microsource
302 may include a controller capable of measuring a current
at a point 304 in feeder line 104 between utility supply 102
and inductor 204 and of measuring a system voltage at a point
206 in feeder line 104 where inductor 204 joins feeder line
104.

With reference to FIG. 4, a graph depicting the relationship
between steady state unit power and frequency (P-®)) using a
fixed minimum slope method and unit power control is shown
in accordance with an exemplary embodiment. FIG. 4 shows
steady state characteristics. The response may deviate from
the characteristic during a transition period. Two exemplary
microsources included in the microgrid are shown. The
microsources have different power set points though this is
not required. A first microsource has a first power set point
402. A second microsource has a second power set point 404.
First power set point 402 and second power set point 404 are
the amount of power injected by each source when connected
to the grid at a system frequency w,. A constant slope



US 7,920,942 B2

allows power to change between P=0 and P=P,, . as fre-
quency changes over Aw. A lower bounding line 400 extends
from P=0to P=P,, , witha starting frequency of w,. Anupper
bounding line 401 extends from P=0to P=P,,,, with a starting
frequency of m,+Aw. Because a constant slope is used by the
controller, the response lines are all parallel to and extend
between lower bounding line 400 and upper bounding line
401.

Movement along the lines of constant slope m in response
to a transition to island mode depends on whether or not the
microgrid is importing power from or exporting power to the
grid. If the system was exporting to the grid before islanding,
the resulting frequency of w,,,, 412 is greater than the system
frequency w,. For example, if the system was exporting to the
grid before islanding, the second microsource may move
from the system frequency w, at second power set point 404
to a third power set point 410 operating at w,,,,, 412. The first
microsource may shift from the system frequency w, at first
power set point 402 to a fourth power set point 406 at P=0.
When the P=0 limit is reached, the slope of the characteristic
is switched to vertical, as shown by the arrows, to move the
first microsource frequency upwards to a fifth power set point
408 operating at w,_, 412. The specific set points, of course,
depend on the local demands and operating points of the
microsources. A P=0 limit may not be reached by either
microsource.

If'the system was importing from the grid before islanding,
the resulting frequency of w,,,, 420 will be smaller than the
system frequency m,. For example, if the system was import-
ing to the grid before islanding, the first microsource may
move from the system frequency w, at first power set point
402 to a sixth power set point 414 operating at w,,,,, 420. The
second microsource may move from the system frequency o,
at second power set point 404 to a seventh power set point 416
atP=P . WhentheP=P,  limitis reached, the slope of the
characteristic is switched to vertical, as shown by the arrows,
to move the second microsource frequency downwards to an
eighth power set point 418 operating at w,,,, 420. The mini-
mum and maximum power limits are enforced by switching
the characteristic with constant slope to a vertical steady state
characteristic when the minimum or maximum power limit is
reached. The specific set points, of course, depend on the local
demands and operating points of the microsources. AP=P,, .
limit may not be reached by either microsource.

With reference to FIG. 5, a graph depicting the relationship
between steady state zone power and frequency (F-0)) using
a fixed minimum slope method and zone power control is
shown in accordance with an exemplary embodiment. Two
exemplary microsources are included in the microgrid. The
microsources have different power set points. A first
microsource has a first flow set point 500. A second
microsource has a second flow set point 502. The slope is
fixed at the minimum slope m, but has a reversed sign because
of the relation between the microsource output power, P, and
the zone power flow, F, which can be derived by inspection of
FIG. 3 as F,, +P,, ..=Load. F,,  is the power (imported
means positive) from the rest of DER system 100, and P, , ...
is the power injected or absorbed by microsource 302. The
power injected or absorbed by microsource 302 is assumed to
be greater than the minimum power output, P,.. of
microsource 302 and less than the maximum power output,
P of microsource 302. For a microsource capable of
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power injection only, P,,,. is positive or zero, while a bidirec-
tional device capable of both power injection or power stor-
age may have P, <0. Load is the overall loading level seen
by microsource 302.

During connection with the grid, the flow in the zones
tracks the requested values at the system frequency w,. When
the microgrid transfers to island mode, the two microsources
readjust the flow depending on the arrangement of the
microsources with respect to each other and utility supply
102. When regulating unit power, the relative location of
loads and microsources is irrelevant, but when regulating
zone power flow, the relative location of loads and
microsources is important. For example, with reference to
FIG. 6, a first microsource 604 and a second microsource 610
are arranged in series in a single zone. The use of a single zone
is for illustrative purposes only. There can be a greater or a
lesser number of microsources in a single zone.

The zone includes a first load 606 and a second load 612 on
alocal power bus 614 connected by an interface switch 600 to
utility supply 102. During a transition to island mode, inter-
face switch 600 opens. As a result, in a zone power control
method for the circuit of FIG. 6, a first flow 602 nearest to the
utility system is zero in island mode. A second flow 608 may
increase to compensate for the first flow 602 transition to zero.
Thus, with reference to FIG. 5, first flow 602 moves from the
system frequency w, at first flow set point 500 to a third flow
set point 510 operating at the frequency w,,, 514. Second
flow 608 moves from the system frequency w, at second flow
set point 502 to a fourth power set point 512. As a result, in
island mode, the system operates at frequency w,,,, 514 where
first flow 602 is zero. Frequency w,,,, 514 is larger than the
nominal system frequency o, because the system was export-
ing to the grid (Ifirst flow 602I<Isecond flow 608I), which is
the same behavior seen using unit power control.

With reference to FIG. 7, a first microsource 706 and a
second microsource 710 are arranged in parallel in two zones.
The use of two zones each with a single microsource is for
illustrative purposes only. There can be a greater or a lesser
number of microsources in a greater or a lesser number of
zones. A first load 708 is located on a first local power bus 714
connected by an interface switch 700 to utility supply 102. A
second load 712 is located on a second local power bus 716
connected by interface switch 700 to utility supply 102. A first
flow 702 flows through first local power bus 714, and a second
flow 704 flows through second local power bus 716. The grid
flow is the algebraic sum of first flow 702 and second flow
704. During a transition to island mode, interface switch 700
opens.

In a zone power control method for the arrangement of
FIG. 7, during island mode, the frequency takes the value
where the sum of the flows is zero. As a result, as shown on
FIG. 5, the frequency in island mode is frequency w,,,, 508
where F1=-F2. With reference to FIG. 5, first flow 702 moves
from the system frequency w, at first flow set point 500 to a
fifth flow set point 504 operating at the frequency w,,,. S08.
Second flow 704 moves from the system frequency w, at
second flow set point 502 to a sixth power set point 506 at the
frequency w,,,, 508.

With reference to FIG. 8a, a microsource 800 is shown in
accordance with an exemplary embodiment. Microsource
800 may include an energy storage system 801, a power
generation system 803, a coordination controller 805, and an
observer 807. Coordination controller 805 controls the opera-
tion of energy storage system 801 and power generation sys-
tem 803 and the mode of operation of each device. Observer
807 provides characteristic parameters of microsource 800
and of a DER system to which microsource 800 is connected
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for use by energy storage system 801, power generation sys-
tem 803, and coordination controller 805. Microsource 800
and its various components may be implemented in or include
hardware, firmware, software, and/or any combination of
these methods. Thus, microsource 800 may include circuitry
that can implement the processes indicated in the form of
hardware, firmware, and/or a processor executing instruc-
tions embodied in software.

With reference to FIG. 86, microsource 800 connects to a
grid through feeder lines 802. Feeder lines 802 extend toward
utility supply 102 in a first direction 804 and away from utility
supply 102 in a second direction 806. Microsource 800 con-
nects to feeder lines 802 through bus lines 811 which connect
with a first transformer 850. A first sensor 813 measures a
feeder current 808 through feeder lines 802 and sends the
measured feeder current to observer 807. A second sensor 810
measures a feeder bus voltage at the connection point of bus
lines 811 with feeder lines 802 and sends the measured feeder
bus voltage to observer 807. A third sensor 815 measures an
inverter current 809 through bus lines 811 between first trans-
former 850 and feeder lines 802 and sends the measured
inverter current to observer 807. Observer 807 captures local
measurements 812 for input to energy storage system 801,
power generation system 803, and coordination controller
805.

With continuing reference to FIG. 85, energy storage sys-
tem 801 is shown in accordance with an exemplary embodi-
ment. Energy storage system 801 may include an inductor
842, an inverter 852, a first voltage regulator 854, a P-w droop
controller 856, and an energy storage device 858. Observer
807 sends droop controller inputs 814 to P-w droop controller
856. Observer 807 sends first voltage regulator inputs 816 to
first voltage regulator 854. Observer 807 sends coordination
controller inputs 818 to coordination controller 805. Inverter
852 connects to feeder lines 802 through inductor 842 and
first transformer 850. Inverter 852 generates an output voltage
at a phase angle of 3. In general, the magnitude of 9 is small
enough to satisfy the approximation sin(d)~d. This implies
that power is linear relative to d. Inverter 852 generates an
output voltage at a phase angle of 3. Energy storage device
858 connects with inverter 852 through a DC bus 840.

First voltage regulator 854 assists in decoupling interac-
tions between DER microsources and includes a voltage vs.
reactive power droop controller so that, as the reactive power
Q generated by inverter 852 becomes more capacitive, a local
voltage set point 826 is reduced. Conversely, as Q becomes
more inductive, local voltage set point 826 is increased.

Coordination controller 805 controls the rate of charge and
discharge and the charge levels of energy storage device 858
by setting storage power output limits 834 input to P-w droop
controller 856 based on an energy level 836 received from
energy storage device 858. P-w droop controller 856 provides
the P-w and/or F-m functions described with reference to
FIGS. 4 and 5. Coordination controller 805 further receives
storage set points 820 and an operational mode 822 as inputs
to control the operation of energy storage system 801 and
power generation system 803.

With reference to FIG. 8¢, power generation system 803 is
shown in accordance with an exemplary embodiment. Power
generation system 803 may include a second voltage regula-
tor 860, a P-m droop governor 862, a prime mover 864, and a
generator 866. Generator 866 connects to feeder lines 802
through a second transformer 851. A fourth sensor 817 mea-
sures a generator current 819 through bus lines 811 between
second transformer 851 and feeder lines 802 and sends the
measured generator current to observer 807. Generator 866
may be directly connected to the grid. As a result, second
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transformer 851 need not be included in microsource 800. For
example, if the internal reactance is large enough to achieve
the necessary isolation, second transformer 851 is not needed.
Prime mover 864 attaches to a rotor shaft of generator 866 to
drive generator 866. Typically, the electrical output provided
by generator 866 is responsive to the excitation of a field coil
in generator 866. Fuel is combusted in prime mover 864 to
cause an output shaft to turn at a rotational speed or frequency
©,.7 Which in turn drives the frequency of the output of
generator 866.

Second voltage regulator 860 assists in decoupling inter-
actions between DER microsources and includes a voltage vs.
reactive power droop controller so that, as the reactive power
Q generated by generator 866 becomes more capacitive, a
local voltage set point 868 is reduced. Conversely, as Q
becomes more inductive, local voltage set point 868 is
increased. P-w droop governor 862 provides the P-w and/or
F-m functions described with reference to FIGS. 4 and 5. P-w
droop governor 862 additionally provides control over prime
mover 864. Prime mover 864 can be, for example, an engine,
micro turbine, wind turbine, mechanical storage, etc.

Local measurements 812 to observer 807 may include
feeder current 808, the feeder bus voltage, inverter bus current
809, generator bus current 819, three phase reactive power Q
injected onto utility supply 102 by generator 866 and energy
storage device 858, the injected three phase power P injected
onto utility supply 102 by generator 866 and energy storage
device 858, the three phase grid power flow F, the angular
velocity or frequency of the shaft w,,; of generator 866, etc.
Observer 807 uses electrical measurements of current, volt-
age, power, energy storage levels, and generator state to cal-
culate data needed by energy storage system 801, power
generation system 803, and coordination controller 805.
Observer 807 sends droop governor inputs 878 to P-w droop
governor 862. Observer 807 sends second voltage regulator
inputs 870 to second voltage regulator 860. Coordination
controller 805 controls the operation of power generation
system 803 by setting generator power output limits 838 input
to P-o droop governor 862 based on a generator power
received from observer 807.

With reference to FIG. 9a, a block diagram of first voltage
regulator 854 is shown in accordance with an exemplary
embodiment. First voltage regulator 854 may include a f§
block 900, a first summer 902, a second summer 904, and a
controller 906. The local voltage set point 826 is input to first
voltage regulator 854. A regulated output voltage 824 is out-
put from first voltage regulator 854 and input to inverter 852.
Creating an appropriate regulated output voltage at the termi-
nals of inverter 852 regulates the feeder bus voltage. A plu-
rality of inputs 816 from observer 807 include a storage
reactive power Q 908 and feeder bus voltage 910. Storage
reactive power Q 908 is input to  block 900, which calculates
a modified reactive power 912.

The modified reactive power 912 is subtracted from local
voltage set point 826 in first summer 902 to define a desired
local voltage set point 914 based on a droop constant f§
defined in 3 block 900. In an exemplary embodiment, {3 block
900 is implemented to exhibit a voltage vs. reactive current
droop as shown with reference to FIG. 12. Droop constant 3
is the slope of the droop characteristic line 1220. As reactive
power Q becomes more inductive, the desired local voltage
set point 914 becomes larger than the local voltage set point
826. As reactive power Q becomes more capacitive, the
desired local voltage set point 914 becomes smaller than the
local voltage set point 826. A feeder bus voltage 910 is com-
pared to the desired local voltage set point 914 in second
summer 904. For example, feeder bus voltage 910 is sub-
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tracted from the desired local voltage set point 914. The
resulting voltage error 916 is input to controller 906 to gen-
erate the regulated output voltage 824. In an exemplary
embodiment, controller 906 is a proportional-integral (PI)
controller.

With reference to FIG. 95, a block diagram of second
voltage regulator 860 is shown in accordance with an exem-
plary embodiment. Second voltage regulator 860 may include
a second [} block 920, a third summer 922, a fourth summer
924, and a second controller 926. The local voltage set point
868 is input to second voltage regulator 860. Local voltage set
point 868 of second voltage regulator 860 may or may not be
the same as local voltage set point 826 of first voltage regu-
lator 854. A regulated output voltage 872 is output from
second voltage regulator 860 and input to generator 866.
Creating an appropriate regulated output voltage at the termi-
nals of generator 866 regulates the feeder bus voltage. A
plurality of inputs 870 from observer 807 include a generator
reactive power Q 928 and feeder bus voltage 910. Generator
reactive power Q 928 is input to second [} block 920, which
calculates a modified reactive power 932.

The modified reactive power 932 is subtracted from local
voltage set point 868 in third summer 922 to define a desired
local voltage set point 934 based on a droop constant f§
defined in f§ block 920 as discussed previously with reference
to [ block 900 of first voltage regulator 854. Feeder bus
voltage 910 is compared to the desired local voltage set point
934 in fourth summer 924. For example, feeder bus voltage
910 is subtracted from the desired local voltage set point 934.
The resulting voltage error 936 is input to second controller
926 to generate the regulated output voltage 872. In an exem-
plary embodiment, second controller 926 is a PI controller.

Energy storage device 858 normally operates in flow con-
trol mode with a F-m characteristic as shown in FIG. 5. In
some situations, energy storage device 858 may operate in
unit power control mode with a P-w characteristic as shown in
FIG. 4. In either case, the limits of power from energy storage
device 858 are input from coordination controller 805 to P-w
droop controller 856. With reference to FIG. 10, the range of
output power, P, available from energy storage device 858
imposes a window 1007 on feeder flow, F, such that P, —
P,.<F<P,, ;P> WhereP,_, . istheload onthe system, and
P,... and P, . are the limits on energy storage device 858.
When charging, P,,,, is negative. A system F-w_, operating
point 1000 is defined for the system frequency w,. The limits
for the feeder flow, F, can be visualized on the F-w plane as a
window whose width 1006 is the difference between F,
1002 and F,, .. 1004 which equals the difference between
P,.. and P, .. The location of the window on the F-axis
depends on the value of P, ;. As P, ,, increases, window
1007 slides to the right on the F-w plane. Conversely, if the
load is reduced, window 1007 slides to the left on the F-w
plane.

An example flow set point 1008 falls within window 1007.
Situations are possible that can result in the flow set point
falling outside window 1007. For example, load levels while
connected to the grid, an incorrect choice for the flow set
point, a change in output power of other microsources, and a
transfer to island mode all can cause the flow set point to fall
outside window 1007. For example, a first flow set point 1010
falls to the left of window 1007. In this situation, P, . is
exceeded. As another example, a second flow set point 1012
falls to the right of window 1007. In this situation, P, ,, is
exceeded. To avoid a flow set point falling outside window
1007, when the flow set point is outside window 1007, the
controls reset the flow set point to the closest edge of window
1007.

20

25

30

35

40

45

50

55

60

65

12

Similarly, generator 866 can operate in flow control mode
with an F-w characteristic as shown in FIG. 5 or in unit power
control mode with a P-w characteristic as shown in FIG. 4. In
either case, the limits of power from generator 866 are input
from coordination controller 805 to P-w droop governor 862.
With reference to FIG. 10, the range of output power, P,
available from generator 866 imposes window 1007 on feeder
flow, F, such that P, ,~P,,,.x<F<P;, .s=P s Where P, ., is the
load on the system, and P,,, and P, are the power limits of
generator 866.

With reference to FIG. 11a, P-w droop controller 856 is
shown in accordance with an exemplary embodiment. P-m
droop controller 856 may include a first mode switch 1100, a
first summer 1102, a first PI controller 1104, a second summer
1106, a second PI controller 1108, a third summer 1112, a
multiplier 1114, a fourth summer 1116, a fifth summer 1118,
and an integrator 1120. A plurality of inputs 814 from
observer 807 include a storage power 1132 and a measured
power flow 1124. With reference to FIGS. 85 and 114, inputs
of P-w droop controller 856 also include storage power limits
834 from coordination controller 805, a power set point 830,
and a frequency set point 832. An inverter phase angle 828 is
output from P-w droop controller 856 to inverter 852.

With reference to FIG. 11a, P-w droop controller 856 may
be used to provide zone power control or unit power control.
As aresult, power set point 830 may be P, or F . If unit power
controlis used, a power flow 1148 input to third summer 1112
is three phase power P 1132 output from observer 807 based
on inverter current 809 and feeder bus voltage 910. If zone
power control is used, power flow 1148 is three phase grid
power flow F 1124 output from observer 807 based on feeder
current 808 and feeder bus voltage 910. Mode switch 1100
determines which power parameter, three phase power P
1132 or three phase grid power flow F 1124, is input to third
summer 1112. If unit power control is used, the sign of slope
m in multiplier block 1114 is reversed. Three phase power P
1132 is input to first summer 1102 and second summer 1106.

Power limits 834 include a Ps,,, ., set point 1134 of energy
storage device 858 and a Ps,,,, set point 1140 of energy
storage device 858. Changing the limits Ps,,, _and Ps,,,, con-
trols the width of window 1007 shown with reference to FIG.
10. Coordination controller 805 controls the charge state of
energy storage device 858 through the limits Ps,,,, and Ps,, ;...
First summer 1102 compares Ps,, . set point 1134 with P,
1132 to calculate a first power difference 1136 input to first P1
controller 1104. For example, first summer 1102 subtracts
P,.qs 1132 from Ps,, . set point 1134. First PI controller 1104
controls the maximum power through a maximum frequency
change 1138, Aw,,,,, that is limited between a minimum
frequency and 0 Hz. In an exemplary embodiment, the mini-
mum frequency is -1 Hz. Second summer 1106 compares
Ps,,,, set point 1140 with P, 1132 to calculate a second
power difference 1142 input to second PI controller 1108. For
example, second summer 1106 subtracts P, 1132 from
Ps,,,, set point 1140. Second PI controller 1108 controls the
minimum power through a minimum frequency change 1144,
Aw,,,,, that is limited between 0 Hz and a maximum fre-
quency. In an exemplary embodiment, the maximum fre-
quency is 1 Hz. Aw,,,, and Aw,,,, are scaled as radians for
input to fitth summer 1118. Maximum frequency change
1138 and minimum frequency change 1144 maintain the flow
set point within window 1007. In general, control parameters
of the first and second PI controllers 1104, 1108 are set such
that a steady state at a limit is reached in 10-20 cycles.

Third summer 1112 compares power set point 830 with
power tlow 1148 to calculate a third power difference 1150
input to multiplier 1114. For example, third summer 1112
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subtracts power flow 1148 from power set point 830. Multi-
plier 1114 multiplies third power difference 1150 by the slope
m to determine a frequency change 1152. Depending on the
type of power control, frequency change 1152 may be defined
asm(F -F, . or-m(P,-P,,.,.). Fourth summer 1116 adds
frequency set point 832 to frequency change 1152 to calculate
an operating frequency 1154 input to fifth summer 1118. Fifth
summer 1118 adds operating frequency 1154 with maximum
frequency change 1138 and minimum frequency change
1144 to calculate a requested frequency 1156 input to inte-
grator 1120. The output of the integrator 1120 is inverter
phase angle 828, which is rotating in time at frequency o,
Inverter phase angle 828 is reset to zero when it exceeds 27
radians. As known to those skilled in the art, energy storage
system 801 can be implemented using a fewer or a greater
number of elements than those depicted in FIGS. 85, 9a, and
11a. The elements shown are merely exemplary.

With reference to FIG. 115, P-w droop governor 862 is
shown in accordance with an exemplary embodiment. P-m
droop governor 862 may include a second mode switch block
1160, a first summer 1162, a third proportional PI controller
1164, a second summer 1166, a fourth PI controller 1168, a
fuel controller block 1170, a third summer 1172, a second
multiplier 1174, a fourth summer 1176, a fifth summer 1178,
and a sixth summer 1180. A plurality of inputs 878 from
observer 807 include a generator power 1182 and measured
power flow 1124, and the angular velocity or revolutions per
minute of the shaft, w,,, 1186 of generator 866. With refer-
ence to FIGS. 8¢ and 115, inputs of P-w droop governor 862
also include power limits 838, a power set point 876, and a
frequency set point 874. A fuel command 880 is output from
P-m droop governor 862 to prime mover 864.

With reference to FIG. 115, P-o droop governor 862 may
be used to provide zone power control or unit power control.
As aresult, power set point 876 may be P_ or F . If unit power
control is used, power flow 1202 is three phase power P 1182
output from observer 807 based on generator bus current 819
and feeder bus voltage 910. If zone power control is used,
power flow 1202 is three phase grid power flow F 1124.
Second mode switch 1160 determines which power param-
eter, three phase power P 1182 or three phase grid power flow
F 1124, is input to third summer 1172 of P-w droop governor
862. If unit power control is used, the sign of slope m in
second multiplier block 1174 is reversed.

Three phase power P 1182 is input to first summer 1162
and second summer 1166 of P-w droop governor 862. Power
limits 838 include aPg,, . set point 1190 of generator 866 and
aPg,... set point 1196 of generator 866. Changing the limits
Pg, .. and Pg . controls the width of window 1007 shown
with reference to FIG. 10. First summer 1162 of P-w droop
governor 862 compares Pg,, . set point 1190 with three phase
power P 1182 to calculate a first power difference 1192 input
to third PI controller 1164. For example, first summer 1162 of
P-m droop governor 862 subtracts three phase power P 1182
from Pg,, .. set point 1190 so that first power difference 1192
is negative if the Pg, _set point 1190 is exceeded. Third PI
controller 1164 controls the maximum power through a maxi-
mum frequency change 1194, Aw,,, .., that is limited between
a minimum frequency and 0 Hz. In an exemplary embodi-
ment, the minimum frequency is -1 Hz. Second summer 1166
of P-w droop governor 862 compares Pg,,, set point 1196
with three phase power P 1182 to calculate a second power
difference 1198 input to fourth PI controller 1168. For
example, second summer 1166 of P-w droop governor 862
subtracts three phase power P 1182 from Pg,, .., set point 1196
so that first power difference 1198 is positive if the Pg,,,,, set
point 1196 is exceeded. Fourth PI controller 1168 controls the
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minimum power through a minimum frequency change 1200,
Aw,,,., that is limited between 0 Hz and a maximum fre-
quency. In an exemplary embodiment, the maximum fre-
quency is 1 Hz. Aw,,,, and Aw,,,, are scaled as radians for
input to fitth summer 1178 of P-w droop governor 862. In
general, control parameters of the third and fourth PI control-
lers 1164, 1168 are set such that a steady state at a limit is
reached in 10-20 cycles. Maximum frequency change 1194
and minimum frequency change 1200 maintain the flow set
point within window 1007.

Third summer 1112 of P-w droop governor 862 compares
power set point 876 with power flow 1202 to calculate a third
power difference 1204 input to second multiplier 1174. For
example, third summer 1112 of P-o droop governor 862
subtracts power flow 1202 from power set point 876. Power
set point 876 of P-w droop governor 862 may be the same or
different from power set point 830 of P-w droop controller
856. Second multiplier 1174 multiplies third power differ-
ence 1204 by the slope m to determine a frequency change
1206. Depending on the type of power control, frequency
change 1206 may be defined as m(F_-F) or -m(P_-P).

Fourth summer 1176 of P-w droop governor 862 adds
frequency set point 874 to frequency change 1206 to calculate
a total frequency 1208 input to fitth summer 1178 of P-m
droop governor 862. Frequency set point 874 of P-w droop
governor 862 may be the same or different from frequency set
point 832 of P-w droop controller 856. Fifth summer 1178 of
P-w droop governor 862 adds total frequency 1208 with
maximum frequency change 1194 and minimum frequency
change 1200 to calculate a requested shaft speed 1210 input to
sixth summer 1180 of P-w droop governor 862. Sixth summer
1180 of P-w droop governor 862 compares w,,,, 1186 with
requested shaft speed 1210 to calculate a shaft rotation error
1212 input to fuel controller 1170. For example, sixth sum-
mer 1180 of P-w droop governor 862 subtracts w,,,,, 1186
from requested shaft speed 1210 to determine shaft rotation
error 1212. The output of fuel controller 1170 is fuel com-
mand 880 calculated based on shaft rotation error 1212 and
input to prime mover 864. In an exemplary embodiment, fuel
controller 1170 is a PI controller. As known to those skilled in
the art, power generation system 803 can be implemented
using a fewer or a greater number of elements than those
depicted in FIGS. 8¢, 96, and 115. The elements shown are
merely exemplary.

Microsource 800, which includes a combined generation
and storage capability, may have six basic modes of operation
denoted here as A, B, C, D, E, F. Modes A and B are normally
used for “peak shaving” during the high load periods of the
day. In “peak shaving”, the utility provides a preset amount of
load and microsource 800 provides for any excess load
requirements. In contrast, in “base loading”; microsource 800
provides a preset amount of load and the utility provides for
any excess load requirements. In mode A, generator 866
tracks the load and energy storage device 858 may be set to a
fixed output, Ps, which is equal to or less than Ps ., which is
the preferred discharge rate of energy storage device 858. The
maximum sustained generator output is Pg,,,.

Mode B is the mirror image of mode A with energy storage
device 858 tracking the load and generator 866 providing a
constant output power, Pg. In the case of storage, Ps,, . may
be set at the maximum rating of inverter 852. In general,
generator 866 is operated at the most efficient operating point.
In both modes A and B, it is assumed that energy storage
device 858 has the energy necessary to operate as required in
the modes.

Mode C is the expected mode used during low loads, (i.e.
early morning) where the utility is providing more power than
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the loads needs. In this case, generator 866 is off and energy
storage device 858 takes up any difference with its minimum
limit set to the desired charging rate, —Ps,,,,. The maximum
limit is set to the maximum possible discharge rate, Ps,, to
allow energy storage device 858 to handle a sudden load
increase or loss of the utility while generator 866 comes up to
help to meet the load.

Mode D is used when the feeder transfers to island opera-
tion. Limits on both generator 866 and energy storage device
858 may be relaxed to facilitate the transition. Mode E is used
when the energy level of energy storage device 858 falls
below a minimum reserve value, Es_min_res. Es_min_res is
the minimum reserve value of energy that energy storage
device 858 should have to be able to provide short-term
energy to loads during islanding. Mode E is activated to hold
the energy level above Es_min_res. Generator 866 is set atit’s
maximum power to supply loads and to charge energy storage
device 858. Mode F is used when the energy level of energy
storage device 858 reaches a maximum reserve value,
Es_max_res. Es_max_res is the maximum reserve value of
energy that energy storage device 858 should not exceed
except during a brief time in island operation (Mode D).
Mode F is activated to reduce the storage level of energy
storage device 858 to an acceptable level.

Depending on the value of the energy in energy storage
device 858, on the power allocation choice, and on the loading
level of microsource 800, coordination controller 805 con-
trols energy storage system 801 and power generation system
803 to operate in one of the six possible modes as summarized
below:

Mode Function Pgin Pg, o PS,.in PS,ax

A Generator 0 Pepis Fixed Ps = Ps;,
tracking load

B Storage Fixed Pg = 0 =0 Ps,p
tracking load

C Charging Fixed Pg=0 -PSe Ps,z
storage from
utility

D Island 0 Pgpas -PS,; Ps,
operation

E Storage low Fixed Pg = Pgpy,r ~Ps, Ps,z
on energy

F Storage full Fixed Pg=0 0 Ps,

Each mode has specific triggers and rules to move to
another mode. As an example, a load profile is shown with
reference to FIG. 13 in accordance with an exemplary
embodiment in which “peak shaving” is provided by
microsource 800. FIG. 13 shows a load curve 1300, for
example, covering a 24-hour period. The power provided by
the utility is defined by the F, set point. For loads less than F ,
energy storage device 858 is charging (mode C). For loads
greater than F , energy storage device 858 and generator 866
are providing power to hold the power from the utility to F .
Three different load regions can be defined for which
microsource 800 operates in different modes.

In a first region 1310, the load request is lower than the
amount of power F , imported from the grid. For example, this
condition is illustrated in the time interval between a first time
1301 and a second time 1302. In first region 1310, the power
in excess of power F_ is used to charge energy storage device
858 allowing the flow of power from the utility to remain
constant at F . The output power of generator 866 is zero and
the minimum power limit for the storage is -Ps,;,.. Thus, the
time interval between first time 1301 and second time 1302
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results in operation in Mode C, in which, energy storage
device 858 is charged from the utility, i.e., Pg, , =Pg . =0;
Ps,,..=0; and Ps,,, ==Ps .

In a second region 1312, the load request is higher than the
amount of power F_ imported from the grid with the excess
power required to meet the load request less than the maxi-
mum output of the generator. For example, this condition is
illustrated in the time interval between second time 1302 and
a third time 1304 and also between a fourth time 1306 and a
fifth time 1308. In second region 1312, the load demand is
higher than the power imported from the utility and the short-
age of power is provided by generator 866 to allow the power
from the utility to remain constant at F . The output power
from energy storage device 858 is zero. Thus, the time inter-
vals between second time 1302 and third time 1304 and
between fourth time 1306 and fifth time 1308 results in opera-
tion in Mode A, in which, generator 866 tracks the load and
energy storage device 858 provides a fixed output power.
Thus, Pg,,,,,=0; Pg,...=Pgss and Ps,, . =Ps_ . =0.

In a third region 1314, the load request is higher than the
amount of power F_ imported from the grid with the excess
power required to meet the load request greater than the
maximum output of the generator, Pg,,,. For example, this
condition is illustrated in the time interval between third time
1304 and fourth time 1306. In third region 1314, the load
demand is larger than the sum of the flow of power coming
from the grid F, and the nominal maximum power limit for
generator 866 Pg,,,. Energy storage device 858 provides the
excess power required to satisfy the load demands while
maintaining the power coming from the grid to F,. Thus,
energy storage device 858 performs the load tracking func-
tion. Thus, the time interval between third time 1304 and
fourth time 1306 results in operation in Mode B such that
P2, " P2ux=PZras PS,0n=Ps,i; and Ps,,=0. Additional
load profiles may be used to track load using the combined
generation/storage system of microsource 800 based on dif-
ferent operating rules.

With reference to FIG. 14a, exemplary operations per-
formed by coordination controller 805 in determining a set-
ting of Pg,,, . are shown based on Modes A-F. In an operation
1400, a determination is made concerning whether or not
energy storage device 858 is charging. If energy storage
device 858 is charging, processing continues at an operation
1402. If energy storage device 858 is not charging, processing
continues at an operation 1408. In operation 1402, a determi-
nation is made concerning whether or not an energy level of
energy storage device 858 is less than Es_min_res. If the
energy level of energy storage device 858 is less than
Es_min_res, processing continues at an operation 1404. Ifthe
energy level of energy storage device 858 is not less than
Es_min_res, processing continues at an operation 1406. In
operation 1404, generator 866 is used to charge energy stor-
age device 858 with Pg,,, . =Pg,,. In operation 1406, genera-
tor 866 is switched off and the grid charges energy storage
device 858 with Pg,,  =0.

In operation 1408, a determination is made concerning
whether or not an energy level of energy storage device 858 is
greater than Es_max_res. Ifthe energy level of energy storage
device 858 is greater than Es_max_res, processing continues
at an operation 1410. If the energy level of energy storage
device 858 is not greater than Es_max_res, processing con-
tinues at an operation 1412. In operation 1410, generator 866
is switched off and the grid discharges energy storage device
858 with Pg,,,.=0. In operation 1412, generator 866 can be
operated at maximum power with Pg, =Pg.. and energy
storage device 858 may be operated to provide “peak shav-
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With reference to FIG. 145, exemplary operations per-
formed by coordination controller 805 in determining a set-
ting of Pg,,,,,, are shown. In operation 1420, a determination is
made concerning whether or not an energy level of energy
storage device 858 is less than Es_min_res. Ifthe energy level
of energy storage device 858 is less than Es_min_res, pro-
cessing continues at an operation 1422. If the energy level of
energy storage device 858 is not less than Es_min_res, pro-
cessing continues at an operation 1424. In operation 1422,
generator 866 is used to charge energy storage device 858
with Pg,,.,.=Pgx,,. In operation 1424, a determination is made
concerning whether or not energy storage device 858 is charg-
ing. If energy storage device 858 is charging, processing
continues at an operation 1426. If energy storage device 858
is not charging, processing continues at an operation 1428. In
operation 1426, generator 866 is switched off and the grid
charges energy storage device 858 with Pg,,,,.=0.

In operation 1428, a determination is made concerning
whether or not an energy level of energy storage device 858 is
greater than Es_max_res. Ifthe energy level of energy storage
device 858 is greater than Es_max_res, processing continues
at an operation 1430. If the energy level of energy storage
device 858 is not greater than Es_max_res, processing con-
tinues at an operation 1432. In operation 1430, generator 866
is switched off and the grid discharges energy storage device
858 with Pg,..,=0. In operation 1432, generator 866 can be
operated at maximum power with Pg, . =Pg., and energy
storage device 858 may be operated to provide “peak shav-
ing”.

With reference to FIG. 14¢, exemplary operations per-
formed by coordination controller 805 in determining a set-
ting of Ps,, . are shown. In operation 1440, a determination is
made concerning whether or not generator 866 is providing a
maximum power, Pg,, . If generator 866 is providing a maxi-
mum power Pg ., . processing continues at an operation 1442.
If generator 866 is not providing a maximum power, Pg, .
processing continues at an operation 1448. In operation 1442,
a determination is made concerning whether or not an energy
level of energy storage device 858 is less than Es_min_res. If
the energy level of energy storage device 858 is less than
Es_min_res, processing continues at an operation 1446. If the
energy level of energy storage device 858 is not less than
Es_min_res, processing continues at an operation 1444. In
operation 1444, energy storage device 858 is allowed to inject
maximum power with Ps,,,.=Ps,, to support “peak shaving”.
Inoperation 1446, energy storage device 858 is not allowed to
inject power and Ps,, , =0.

In operation 1448, a determination is made concerning
whether or not an energy level of energy storage device 858 is
greater than Es_max_res. Ifthe energy level of energy storage
device 858 is greater than Es_max_res, processing continues
at an operation 1452. If the energy level of energy storage
device 858 is not greater than Es_max_res, processing con-
tinues at an operation 1450. In operation 1450, generator 866
is controlled to provide “base loading™ and energy storage
device 858 is not allowed to inject power and Ps, , =0. In
operation 1452, energy storage device 858 injects power with
Ps,,.x=Ps,..,=fixed Ps=Ps . such that generator 866 and
energy storage device 858 share the load requirements.

With reference to FIG. 144, exemplary operations per-
formed by coordination controller 805 in determining a set-
ting of Ps,,,,,, are shown. In operation 1460, a determination is
made concerning whether or not an energy level of energy
storage device 858 is greater than Es_max_res. If the energy
level of energy storage device 858 is greater than
Es_max_res, processing continues at an operation 1464. If
the energy level of energy storage device 858 is not greater
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than Es_max_res, processing continues at an operation 1462.
In operation 1462, energy storage device 858 is allowed to
charge with Ps,,,,=—Ps .. In operation 1464, energy storage
device 858 is prevented from charging such that Ps,,,,, =0.

With reference to FIG. 15, a logic design 1500 for coordi-
nation controller 805 is shown in accordance with an exem-
plary embodiment. Logic design 1500 includes Ps 1132,
Pg,,..1502,Pg 1182, Ps,, 1504, and -Ps,, 1506 as inputs and
Pg, .. 1190, Pg, . 1196, Ps, 1134, Ps . 1140 as outputs.
Ps 1132 is provided as an input to integrator 1514 to form an
integrated Ps 1516. Ps 1132 is input to a first block 1520
which determines if Ps<0. Pg 1504 is input to a second block
1524 which determines if Pg=Pg,, ... Integrated Ps 1516 or Es
is input to a third block 1518 which determines if
Es<Es_min_res. Es is also input to a fourth block 1522 which
determines if Es>Es_max_res. Es is input to a fifth block
1526 which determines if Es=FEs_max_res. Logic design
1500 is further comprised of inverters, non-inverting ampli-
fiers, AND gates, and OR gates which provided the function-
ality discussed with reference to FIGS. 144-144 in setting
Pg, .. 1190,Pg . 1196,Ps, 1134, Ps . 1140.

The foregoing description of exemplary embodiments of
the invention have been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modifi-
cations and variations are possible in light of the above teach-
ings or may be acquired from practice of the invention. The
embodiments were chosen and described in order to explain
the principles of the invention and as practical applications of
the invention to enable one skilled in the art to utilize the
invention in various embodiments and with various modifi-
cations as suited to the particular use contemplated. It is
intended that the scope of the invention be defined by the
claims appended hereto and their equivalents.

What is claimed is:
1. A controller for controlling an energy storage device and
a power generation device used in a distributed energy
resource, the controller comprising circuitry:
to determine a mode of operation for an energy storage
device and a power generation device based on an
energy level of the energy storage device and on a load to
which the energy storage device and the power genera-
tion device are operably coupled for power transfer;
to determine a first minimum power set point and a first
maximum power set point for the energy storage device
based on the determined mode of operation and on a
storage output power, wherein the storage output power
is measured at a first power bus operably coupled to the
energy storage device;
to determine a second minimum power set point and a
second maximum power set point for the power genera-
tion device based on the determined mode of operation
and on a generation output power, wherein the genera-
tion output power is measured at a second power bus
operably coupled to the power generation device;
to control a first output power of the energy storage device
based on the determined first minimum power set point
and the determined first maximum power set point; and

to control a second output power of the power generation
device based on the determined second minimum power
set point and the determined second maximum power set
point.

2. The controller of claim 1, wherein controlling the first
output power of the energy storage device comprises:

calculating a maximum frequency change for an inverter

coupled with the energy storage device based on a first
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comparison between the determined first maximum
power set point and the storage output power;

calculating a minimum frequency change for the inverter
based on a second comparison between the determined
first minimum power set point and the storage output
power;

calculating an operating frequency for the inverter based

on a third comparison between a power set point and a
measured power flow;

calculating a requested frequency for the inverter by com-

bining the calculated maximum frequency change, the
calculated minimum frequency change, and the calcu-
lated operating frequency; and

integrating the calculated requested frequency to deter-

mine a phase angle of a voltage of the inverter to control
the first output power.

3. The controller of claim 2, wherein the measured power
flow is the storage output power.

4. The controller of claim 2, further comprising regulating
an output voltage of the inverter using a voltage versus reac-
tive power droop controller.

5. The controller of claim 1, wherein controlling the second
output power of the power generation comprises:

calculating a maximum frequency change for the power

generation device based on the determined second maxi-
mum power set point and the generation output power;
calculating a minimum frequency change for the power
generation device based on the determined second mini-
mum power set point and the generation output power;
calculating an operating frequency for the power genera-
tion device based on a third comparison between a
power set point and a measured power flow;
calculating a requested shaft speed for the power genera-
tion device by combining the calculated maximum fre-
quency change, the calculated minimum frequency
change, and the calculated operating frequency;
calculating a shaft speed adjustment for the power genera-
tion device based on a fourth comparison between the
calculated requested shaft speed and a measured shaft
speed of the power generation device;
calculating a fuel command for the power generation
device based on the calculated shaft speed adjustment;
and

adjusting a rotation rate of a shaft of the power generation

device based on the calculated fuel command to control
the second output power.

6. The controller of claim 5, wherein the measured power
flow is the generation output power.

7. The controller of claim 5, further comprising regulating
an output voltage of the power generation device using a
voltage versus reactive power droop controller.

8. The controller of claim 1, wherein in a first mode of
operation, the determined first minimum power set point is a
constant power level, the determined first maximum power
set point is the constant power level, the determined second
minimum power set point is approximately zero, and the
second maximum power set point is determined to provide an
excess power level required by the load.

9. The controller of claim 8, wherein the constant power
level s a preferred discharge rate of the energy storage device.

10. The controller of claim 1, wherein in a first mode of
operation, the determined second minimum power set point is
a constant power level, the determined second maximum
power set point is the constant power level, the determined
first maximum power set point is a maximum discharge rate
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of'the energy storage device, and the first minimum power set
point is determined to provide an excess power level required
by the load.
11. The controller of claim 1, wherein in a first mode of
operation, the determined first minimum power set point is a
charge rate of the energy storage device and the determined
first maximum power set point is a maximum discharge rate
of the energy storage device.
12. The controller of claim 11, wherein the determined
second minimum power set point is approximately zero, the
determined second maximum power set point is approxi-
mately zero, and further wherein the power transfer charges
the energy storage device.
13. The controller of claim 1, wherein in a first mode of
operation, the determined first minimum power set point is a
maximum charge rate of the energy storage device, the deter-
mined first maximum power set point is a maximum dis-
charge rate of the energy storage device, the determined sec-
ond minimum power set point is approximately zero, and the
determined second maximum power set point is a maximum
sustained power output of the power generation device.
14. The controller of claim 13, wherein the power transfer
is zero.
15. The controller of claim 1, wherein the energy level of
the energy storage device is below a minimum reserve value,
and further wherein the determined second minimum power
set point is a maximum sustained power output of the power
generation device, the determined second maximum power
set point is the maximum sustained power output of the power
generation device, and the second output power of the power
generation device charges the energy storage device.
16. The controller of claim 15, wherein the determined first
minimum power set point is a maximum charge rate of the
energy storage device, and the determined first maximum
power set point is a maximum discharge rate of the energy
storage device.
17. The controller of claim 1, wherein the energy level of
the energy storage device is above a maximum reserve value,
and further wherein the determined second minimum power
set point is approximately zero, the determined second maxi-
mum power set point is approximately zero, the determined
first minimum power set point is approximately zero, and the
determined first maximum power set point is a maximum
discharge rate of the energy storage device.
18. A method of controlling an energy storage deviceand a
power generation device used in a distributed energy
resource, the method comprising:
determining a mode of operation for an energy storage
device and a power generation device based on an
energy level of the energy storage device and on a load to
which the energy storage device and the power genera-
tion device are operably coupled for power transfer;

determining a first minimum power set point and a first
maximum power set point for the energy storage device
based on the determined mode of operation and on a
storage output power, wherein the storage output power
is measured at a first power bus operably coupled to the
energy storage device;

determining a second minimum power set point and a

second maximum power set point for the power genera-
tion device based on the determined mode of operation
and on a generation output power, wherein the genera-
tion output power is measured at a second power bus
operably coupled to the power generation device;
controlling a first output power of the energy storage device
based on the determined first minimum power set point
and the determined first maximum power set point; and
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controlling a second output power of the power generation
device based on the determined second minimum power
set point and the determined second maximum power set
point.
19. A microsource, the microsource comprising:
an energy storage device operably coupled for power trans-
fer to a load through a first power bus;
a power generation device operably coupled for power
transfer to the load through a second power bus; and
a controller operably coupled with the energy storage
device and the power generation device, the controller
including circuitry
to determine a mode of operation for the energy storage
device and the power generation device based on an
energy level of the energy storage device and on the
load;
to determine a first minimum power set point and a first
maximum power set point for the energy storage
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device based on the determined mode of operation
and on a storage output power measured at the first
power bus;

to determine a second minimum power set point and a
second maximum power set point for the power gen-
eration device based on the determined mode of
operation and on a generation output power measured
at the second power bus;

to control a first output power of the energy storage
device based on the determined first minimum power
set point and the determined first maximum power set
point; and

to control a second output power of the power generation
device based on the determined second minimum
power set point and the determined second maximum
power set point.
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