wo 20207142330 A1 |0 0000 KO0 VO 000

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
09 July 2020 (09.07.2020)

(10) International Publication Number

WO 2020/142330 A1l

WIPO I PCT

(51) International Patent Classification:
H02J 3/24 (2006.01) H02J 3/38 (2006.01)

(21) International Application Number:

(72) Inventor: GONG, Maozhong, One Research Circle,
Niskayuna, NY 12309 (US).

(74) Agent: MASCHOFF, Kurt, M. et al.; Buckley, Maschoff

PCT/US2019/068467 & Talwalkar LLC, 50 Locust Avenue, New Canaan, CT

(22) International Filing Date: 06840 (US).

24 December 2019 (24.12.2019)
English

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(25) Filing Language:
(26) Publication Language: English

(30) Priority Data:
16/238,516 02 January 2019 (02.01.2019) UsS

(71) Applicant: GENERAL ELECTRIC COMPANY
[US/US]; 1 River Road, Schenectady, NY 12345 (US).

(54) Title: VIRTUAL SYNCHRONOUS GENERATOR SYSTEM AND METHOD

-~ 101
S~ 110
DC Bus
109
""""" 140 212
! ! 142 213
: 102 : / 112 - Inveer/ 105
I Power Source i —L De-0C ” Grid
I H T Converter \
;-l,é i : / 1 20s
e e 130
. . 218
inverter Contralter 117 s
~ L ~119 |/
[ 253 a5 115
L__PPT inertia controtier _I’- —————— I
hefe o = mpfe e
- 1 7216 ¢
5 248 ’i 713 1 Central :
Prop) ___F_)E__, 1 _controller
Power Controlier l
FIG. 1A e i |
Power Reserve Module |~ I

(57) Abstract: A virtual synchronous generator device (110) disclosed. The device includes an inverter (212) and inverter controller
(231) having a power control pottion (275), a power reserve portion (264), a power point tracking control portion (253), and a virtual
inertia control portion (242). The power reserve portion determines an amount of power to be reserved and sends a signal, indicative of
the determined amount of power to the power point tracking controller. The power point tracking controller determines a power point
that is less than a MPP, and provides a signal to the power control portion indicative of the determined power point. The inettia control
portion determines a virtual inertia and provides a signal indicative of the virtual inertia to the power control portion. The power control
portion provides a power control signal to the inverter based on the power point tracking signal and the inertia command signal.

[Continued on next page]



WO 2020/142330 A | /100000000 0O

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



WO 2020/142330 PCT/US2019/068467

VIRTUAL SYNCHRONOUS GENERATOR SYSTEM AND METHOD

BACKGROUND
TECHNICAL FIELD
[0001] Embodiments of the invention relate generally to power generators and more

specifically to power generators employing a virtual synchronous generator.

DISCUSSION OF ART

[0002] The use of grid-connected photovoltaic (PV) power generation systems has
increased in recent years. One problem with the increasing utilization of PV power generation, is
that the reserve capacity, or rotational inertia, provided by conventional power systems may be
consequently decreased, and the risk of system instability increased.

[0003] Conventional generators (such as fossil fuel generators) increase the temperature
and pressure of a gas to drive turbines. The rotating turbines are coupled to alternators by a shaft
or rotor to generate AC electricity therewith, wherein the rotational speed of the alternator is
directly proportional, (i.e., synchronous) relative to the grid frequency.

[0004] Such conventional synchronous generators operate with high inertia, due to the
mass of the spinning turbine, and thus any disturbance to the grid must work against the inertia.
This inertia associated with synchronous generators is desirable, for example because it provides
time, in the event of a disturbance, for a grid operator to take actions such as shedding loads or
switching to backup systems. Additionally, the inertia associated with synchronous generators
increases the transient stability of the system (i.e., the ability of the power system to maintain
synchronism when subjected to a disturbance such as a fault on transmission facilities, loss of

generation, or loss of a large load).
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[0005] In contrast to synchronous generators, PV solar generators are asynchronous
relative to grid frequency. In further contrast, PV generators are typically connected to the
power grid through voltage-source converters or inverters that convert a DC voltage of the PV
modules into an AC voltage. Since typical inverter-based photovoltaic (PV) power stations do
not have rotating elements, and usually operate under conventional maximum power point
tracking (MPPT) control strategies (such as conventional incremental-conductance type MPPT),
they are not able to provide adequate kinetic or potential energy to stabilize the power grid. As
a result, in the event of load changes or other disruptions, the frequency change in a conventional
PV-based power system will be faster and result in a less stable grid than synchronous generator-
based power systems.
[0006] To enable use of PV and other DC-side power supplies in grid-connected power
systems without reduction of system inertia, virtual synchronous generator (VSG) technology
may be employed. Some known conventional VSGs allow grid-connected inverters to simulate
the inertia of synchronous generators by using current/voltage feedback from the inverter output
and generating appropriate gating signals and frequency controls to thereby define a “virtual
inertia” of the system. For example, some known VSGs define a virtual inertia through the
application of frequency controls.

[0007] Such frequency control is typically implemented by modifying the inertial
response of the system (i.e., by adding a virtual inertia), for example, by controlling the power
electronics interface of a distributed generator or an inverter to minimize variations in the
fundamental frequency as well as in the power flow through the energy storage system.

[0008] The frequency variation in a power system after a frequency event or disturbance

can be approximated by the equation:.
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where, Pgen is the generated power, Pload is the power demand including losses, J is the total system
inertia, and wg is the system frequency. The inertia constant of the power system H is the kinetic

energy normalized to apparent power Sg of the connected generators in the system:

[0009] Equation (2) can then be written as:
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[0010] Equation (4) can also be represented in terms of frequency (Hz) instead of angular frequency

(rad/s) as follows:

where df/dt is the rate of change of frequency (ROCOF) of the system. With the reduced inertia
of conventional grid-connected PV systems, the ROCOF of the system increases, which causes
larger changes in frequency of the system in the same time-frame.

[0011] Additionally, conventional PV systems employ MPPT to improve the efficiency of

power transfer from the solar cells which depends on both the amount of sunlight falling on the
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solar panels and the electrical characteristics of the load. As the amount of sunlight varies, the
load characteristic that gives the highest power transfer efficiency changes, so that the efficiency
of the system is optimized when the load characteristic changes to keep the power transfer at
highest efficiency. This load characteristic is called the maximum power point (MPP) and MPPT
controls determine this maximum power point and keep the load characteristic at the MPP to
provide the maximum power output. Conventional MPPT controls operate (for example, using a
microcontroller) by sampling the output power (I-V curve) from the solar modules and applying
a calculated resistance (i.e., load) to obtain the maximum power at any given environmental
condition. MPPT devices are typically integrated into an electric power converter system that
provides voltage or current conversion, filtering, and regulation for driving various loads,
including power grids, batteries, or motors. The power at the MPP (Pmpp) is the product of the
MPP voltage (Vmpp) and MPP current (Impp).

[0012] For example, a typical MPPT controller may employ an incremental conductance
method, wherein the MPPT controller measures incremental changes in PV array current and
voltage to predict the effect of a voltage change. This uses the incremental conductance (dI/dV)
of the photovoltaic array to compute the sign of the change in power with respect to voltage
(dP/dV). The MPP is determined by comparison of the incremental conductance (IA/ VA) to
the array conductance (I/ V). When these two are the same (I/V =1A/ VA), the output voltage
is the MPP voltage. The incremental conductance method is based on the observation that at the
maximum power point dP/dV = 0, and that P =IV. The current from the PV array can be
expressed as a function of the voltage: P = I(V)V. Therefore, dP/dV = VdAI/dV + I(V). Setting
this equal to zero yields: dI/dV = -I(V)/V. Therefore, the maximum power point is achieved

when the incremental conductance is equal to the negative of the instantaneous conductance.
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[0013] If the PV power supply operates at a sub-optimal output (i.e. not maximum power
tracking), the conventional VSG control methods can contribute to the system frequency
regulation (for example, primary frequency regulation). For example, this may be done by
applying a power limit and/ or a frequency droop (which may have a frequency dead-band for
frequency regulation). However, the power limit is not an optimal since the maximum power is
not typically known until a maximum power point tracking (MPPT) is performed. Additionally,
the frequency-based droop is based on a frequency measurement (e.g., locally or from a higher-
level controller) which may have filtering in the measurement and thus may cause some delay in
response to the frequency event, in addition to the dead-band may cause non-responsiveness
from the PV inverter. These factors cause the PV inverter to not effectively contribute to the
system inertia when it is most needed. Therefore, it is difficult to directly connect the PV power
supply to traditional VSGs for providing power to the grid into the grid.

[0014] Conventional solar inverter controllers convert the DC power to AC power and
typically apply MPPT algorithms to determine the maximum power output available from the
PV panel. It is well known that the amount of sunlight available to the PV panel varies over
time, and the load characteristic that enables the highest power transfer efficiency likewise
changes. In such cases, the efficiency of the system is optimized when the load characteristic
changes to keep the power transfer at highest efficiency. The power delivered from the PV panel
is optimized where the derivative (i.e., the slope) dI/dV of the I-V curve is equal and opposite the
I/V ratio (where dP/dV=0). This is known as the maximum power point (MPP) and corresponds
to the "knee" of the curve. MPPT devices and systems are configured to determine the MPP and
retain the load characteristic at the MPP.  For example, many conventional MPPT systems

sample the electrical output (e.g., the I-V curve) of the PV panel electrical output and apply a
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corresponding resistance (load) to obtain the maximum power for a given environmental
condition. The power at the MPP (Pmpp) is the product of the MPP voltage (Vmpp) and MPP
current (Impp). MPPT devices are typically integrated into electric power converters that
additionally provide voltage or current conversion, filtering, and regulation for driving various
loads.

[0015] As discussed above, this approach results in zero available inertia for a PV
system, for example in the event of a contingency such as an under-frequency event. Therefore,
it is desirable for a PV system to reserve a predetermined amount of reserve power to be
provided in the event of an undesired drop in the grid frequency. However, because the
maximum power available at a given point in time in a PV system is not known with certainty
beforehand, it has been challenging to reserve a specific amount of power based on a certain
percentage of maximum power. For example, relying on a conservative fixed power limit to run
the PV inverter may result in large power losses and therefore is not economically feasible.
Alternatively, relying on forecasts or predicted maximum power levels requires costly hardware

and more complicated software to implement.

[0016] It is well known that at the maximum power point, the following equation holds
true:
Vou * ALy, + Iy, * AV, = 0 (6)

Additionally, when a per-unitized dynamic conductance (PDC) is defined as:

ALy,

* Voo / lpv, (7

pv
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then, at the maximum power point (MPP), the PDC is equal to -1. Accordingly, while there is a
large variety of PV panel manufacturers and of PV cell technologies (e.g., mono-si, poly-si,
CdTe), the PDCs of most panels are similar across a large power range. Additionally, at a given
power range, for example, 50%-100% of maximum power, the PDC and PV power of most
panels have an approximately linear relationship.

[0017] It would be desirable therefore to have an improved system and method to enable

an inverter to more effectively control the virtual inertia of an asynchronous power system.

BRIEF DESCRIPTION

[0018] In an embodiment, a method for operating a power system is disclosed. The
method includes receiving a DC power signal by an inverter and controlling a power output of
the inverter with an inverter controller, wherein the inverter controller comprises a power control
portion, a power reserve portion, a power point tracking control portion, and a virtual inertia
control portion. The method further includes the steps of determining, with the power reserve
portion, an amount of power to be reserved by the power point tracking control portion,
providing a power reserve signal, indicative of the determined amount of power to be reserved,
from the power reserve portion to the power point tracking controller, determining a power point
that 1s less than a maximum power point by the power point tracking controller, providing a
power point tracking signal to the power control portion that is indicative of the determined
power point, determining with the inertia control portion a virtual inertia; providing an inertia
command signal indicative of the determined virtual inertia to the power control portion, and

providing a power control signal from the power control portion to the inverter. The control
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signal is based at least in part on the power point tracking signal and the inertia command signal.

The method also includes operating the inverter based at least in part on the power control signal.

DRAWINGS

[0019] The present invention will be better understood from reading the following
description of non-limiting embodiments, with reference to the attached drawings, wherein
below:

[0020] FIG. 1A is a schematic diagram of a power system employing a VSG according to
an embodiment;

[0021] FIG. 1B is a schematic diagram of a power system employing a VSG according to
an alternative embodiment;

[0022] FIG. 1C is a schematic diagram of a power system employing a VSG according

to another alternative embodiment;

[0023] FIG. 2 illustrates a voltage-current curve for a solar power source;
[0024] FIG. 3 illustrates a voltage-power curve for a solar power source;
[0025] Fig. 4 1is a schematic diagram of an inverter controller according to an

embodiment; and

[0026] Fig. 5 is a flow diagram of a method according to an embodiment.
DETAILED DESCRIPTION
[0027] Reference will be made below in detail to exemplary embodiments, examples of

which are illustrated in the accompanying drawings. Wherever possible, the same reference

characters used throughout the drawings refer to the same or like parts, without duplicative
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description.

[0028] While the embodiments disclosed herein are primarily described with respect to
PV power generation systems and methods, it is to be understood that embodiments of the
present invention may be applicable to other apparatus, systems, and/or methods that benefits
from the teachings herein.

[0036] Embodiments as describe herein include a power generation system, such as a PV
panel, coupled to a DC bus in signal communication with an inverter and an inverter control
system employing an inverter control method, for connection to a load such as a grid.

[0037] Referring now to FIG. 1, a schematic diagram of an exemplary power generation
system 101 is shown. In one embodiment, power generation system 101 comprises a power
source 102 that provides a DC voltage output 140. In certain embodiments, a DC-to-DC
converter 112 may be coupled to the power source 102 to receive and control the DC voltage
140. In other embodiments, power source 102 may provide alternating current (not shown)
which is then converted to direct current by an AC to DC converter (not shown).

[0038] The power source 102 may comprise a renewable power source such as a
photovoltaic (PV) generator or a wind turbine generator, for example. In embodiments, the
power source 102 may comprise at least one PV panel 103. As depicted in the illustrated
embodiment, power generation system 101 may also comprise a DC link 130 with a temporary
energy storage device, such as a capacitor, arranged to receive the DC voltage 140.

[0039] The power generation system 101 is configured for connection to an electrical
load or power grid 105 and comprises a virtual synchronous generator (VSG) 110 including an
inertia controller 242 according to an embodiment. The power source 102 is operated

substantially at a power limit that is less than the maximum power point (MPP), that is, where
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the output values of the current and voltage of the power source 102 result in a power output that
is less than the MPP.

[0040] The power source 102 is electrically coupled to the VSG 110. As described
herein, the VSG 110 is configured to convert the direct current (DC) voltage 140 into an
alternating current (AC) output signal 205 which is fed to the electric grid 105. The VSG 110
comprises a power converter such as an inverter 212. The DC voltage 140 may be provided to a
DC bus 109. The DC bus 109 is coupled via a conductive line to an inverter 212 to provide the
DC voltage 140 thereto. In other embodiments, the DC voltage 140 is provided directly to the
inverter 212. The inverter 212 is configured to convert the DC voltage 140 to an AC voltage and
to provide an output signal 205 to the grid 105.

[0041] As shown in the illustrated embodiments of Figs. 1A-1C, the VSG 110 may
include a DC-DC converter 112. The power source 102 is electrically coupled to the VSG 110 to
provide the DC power output of power source 102 to the DC-DC converter 112. For example, in
embodiments, the power source 102 output is at a first DC voltage 140 which is provided to the
DC-DC converter 112, for conversion to a second DC voltage 142 by the DC-DC converter 112.
Other embodiments, as depicted in Fig. 1C, may omit the DC-DC converter 112.

[0042] For example, in an embodiment, a high-frequency DC-to-DC converter 112 may
be arranged to convert the first DC voltage 140 output from the PV module 103 to a high-
frequency AC voltage, and then rectify the high frequency AC voltage back down to the second
DC voltage 142. The second DC voltage 142 is provided via a conductive line to a DC bus 109.
The DC bus 109 may be electrically coupled to an inverter 212 to provide the second DC voltage
142 thereto. It will be understood that additional PV panels 103, and/or power storage devices

(not shown) may likewise be coupled in parallel to respective DC-DC converters (not shown),

10
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each having a respective second DC voltage output 142 coupled to the DC Bus 109, without
departing from the scope of the invention.

[0043] In various embodiments, the inverter 212 may be a single-stage inverter 212. In
other embodiments, the inverter 212 may be a multi-stage inverter 212, such as a two-stage
inverter 212. For example, in one embodiment, the inverter 212 has a three-phase two-level
topology comprising a series of semi-conductor power switches 213 fully controlled and
regulated, for example, using a conventional pulse width modulation (PWM) method. The
semiconductor power switches 213 may comprise any appropriate devices such as Insulated Gate
Bipolar Transistors (IGBTs), Gate Communicated Thyristors (GCTs), and Metal Oxide
Semiconductor Field Effect Transistors MOSFETSs). In other embodiments, power converter 212
comprises other multi-level converters such as five-level converters.

[0044] The VSG 110 includes an inverter control portion 231 in signal communication
with the inverter 212 to control the inverter 212 AC output signal 205. In the illustrated
embodiment of Figs. 1A-1C, inverter 212 functions as a voltage source for electrical system 101
wherein the inverter controller 231 controls the frequency and amplitude of the output signal 205
of inverter 212. The inverter controller 231 provides a control signal 218 to control the turn-on
or turn-off actions of the inverter 212 semiconductor switches 213 to generate a regulated AC
voltage output signal 205 to be provided to the grid 105.

[0045] According to an embodiment, the inverter controller 231 comprises a regulator or
power control portion 275, a power reserve portion 264, a power point tracking (PPT) control
portion 253, and a virtual inertia control portion 242, which cooperatively generate the control
signal 218 to control the inverter 212. In some embodiments, the inverter controller 231 may

also be further responsive to an external controller 716 (such as a centralized or plant-level

11



WO 2020/142330 PCT/US2019/068467

controller 716) to generate the control signal 218 to control inverter 212. The inverter control
portion 231 may include conventional active power and reactive power control circuits (not
shown). In embodiments, the active power control circuit may include the virtual inertia control
portion 242.

[0046] The inverter 212 operation is controlled based at least in part on the input control
signal 218 received from the inverter control portion 231. The inverter control portion 231 may
provide the control signal 218 in the form of a PWM control signal to control the operation of the
inverter 212 to transform the received DC voltage 140, 142 into the AC voltage output 205.

For example, in the embodiment depicted in Figs. 1A-1C, the power control portion 275 may
comprise a modulator portion 214 that includes a high switching frequency SPWM (Sinusoidal
Pulse Width Modulation) stage (not shown) configured to produce a low-frequency sine-wave
output as the input control signal 218 to the inverter 212. In some embodiments, inverter
controller 231 comprises an onboard microcontroller (not shown) arranged to rapidly toggle
switches 213 such as power MOSFETs in inverter 212 between an ON and an OFF condition at a
high frequency (e.g., 50 kHz). The power MOSFETs may use a low voltage DC source (such as
the PV panel, a battery, or the DC bus 109) to provide a DC signal to one or more step-up
transformers (not shown) to produce a higher voltage signal. The output of the step-up
transformers (not shown) may be filtered (e.g., using capacitors). This higher voltage DC signal
may then be further pulsed with additional power MOSFETs (not shown) by the microcontroller
to produce a modified sine wave signal. In other embodiments, for example, the DC input stage
of inverter 212 may be modulated to a rectified sine-wave output, followed by a low-frequency

switched stage to provide a desired sine-wave output 205.

12
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[0047] In some embodiments, the inverter control portion 231 is arranged integral with
the inverter 212. In other embodiments, the inverter control portion 231 is disposed remote from
the inverter 212.

[0048] The control signal 218 received by the inverter 212 from inverter control portion
231 may be based on at least on one or more factors, such as a calculated or determined amount
of reserve power, a calculated or determined virtual inertia, a power point tracking value, and a
status of the grid.

[0049] Referring to FIG. 4, the inverter control portion 231 according to one embodiment
comprises power control portion 275, which may include conventional elements such as an
integrator (not shown), a detector (not shown) a voltage regulator (not shown), an integrator (not
shown), a modulator 214, and various summation elements which are collectively configured to
generate PWM control signals 218 for inverter 212. However, in contrast to conventional
inverter control methods, and as discussed in more detail herein, the output signal 218 of the
power control portion 275 is additionally based at least in part on an inertia command signal 248
received from the inertia control portion 242, and a power point tracking output signal Ppp that is
less than a maximum power point (MPP) of the power source.

[0050] In embodiments, the virtual inertia control portion 242 is arranged in signal
communication with the power control portion 275. The virtual inertia control portion 242
calculates or determines an amount of virtual inertia 248. In an embodiment, the virtual inertia
control portion 242 calculates or determines the virtual inertia 248 based at least in part on a
predetermined or desired virtual inertia to be available during a grid 105 contingency event, and
a signal input to the inertia control portion 242. In embodiments, the signal input to the inertia

control portion 242 may comprise one or more reference signals, such as a first reference signal

13
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119 received from the DC bus 109, a second reference signal 115 received from grid 105
indicative of a status (e.g., a voltage, current, frequency, power, load, or other status) of the grid
105, and a third reference signal received from the inverter 212. The virtual inertia control
portion 242 provides an inertia command signal 248a to the power control portion 275 that is
indicative of the determined or calculated virtual inertia 248.

[0051] For example, as illustrated in Fig. 1B, the virtual inertia control portion 242 may
determine an amount of virtual inertia 248 based in part on a first input signal provided to the
inertia control portion 242, such as a DC reference signal 119 indicative of the voltage on DC
bus 109. In other embodiments, as depicted in Fig. 1C, the virtual inertia control portion 242
may determine the amount of virtual inertia 248 based in part on a second reference input signal
115 indicative of a predetermined external variable, (e.g., the rate of change of the frequency
(ROCQOF) or other measured variable indicative of a status of the grid 105) provided to the
inertia control 242. In still other embodiments, as illustrated in Figs. 1A-1C, the virtual inertia
control portion 242 may determine the amount of virtual inertia 248 based in part on a third input
reference signal 117 indicative of the grid frequency, (e.g. received from the inverter 212). In
yet other embodiments, as depicted in Fig. 1A, the virtual inertia control portion 242 may
determine the amount of virtual inertia 248 based at least in part on a combination of the first,
second and third input reference signals 119, 115, 117 provided to the inertia control portion 242.
[0052] In embodiments, the inertia control portion 242 may determine the virtual inertia
248 using a conventional processing block (not shown), such as for example, a simple gain or a
regulator processing block. In some embodiments, the processing block may include a direction

control or limit to the input and output, respectively.

14
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[0053] The predetermined or calculated amount of virtual inertia 248 may be defined
relative to a full load output of the VSG 110. In embodiments, inertia control portion 242
provides the inertia command signal 248a to the power control portion 275 that is indicative of
the determined virtual inertia 248 (for example, 20% of the full potential output of the PV panel
103, subject to the rating of the VSG 110). In various embodiments, this inertia signal 248a is
indicative of a predetermined fixed amount of virtual inertia 248. The fixed amount of virtual
inertia 248 may be stored in a look up table or calculated using predetermined algorithms. In
some embodiments, the determined amount of virtual inertia 248 may be based at least in part
upon a control signal 713 provided to the virtual inertia control portion 242 by an external or
centralized controller 716, such as a plant controller, remote from the VSG.

[0054] In other embodiments, the inertia command signal 248a indicative of the
determined amount of virtual inertia 248, is indicative of a dynamically variable amount of
virtual inertia 248. For example, in such embodiments, the virtual inertia command signal 248a
to the power control portion 275 from the virtual inertia control portion 242 is indicative of an
amount of virtual inertia 248 that is variable with respect to the full load output of the VSG 110.
In certain embodiments, the variable amount of virtual inertia 248 is based at least in part on the
control signal 713, that may be indicative of a predetermined system inertia estimate function
determined by the external controller 716 and provided to the virtual inertia control portion 242
therefrom.

[0055] In the illustrated embodiments of FIGS.1A-1C, the VSG 110 includes a power
point tracking (PPT) control portion 253. In contrast to conventional power systems, which are

typically configured to ensure that the power sources work substantially at a maximum power
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point, embodiments as described herein are configured to operate without determining the MPPT
and are configured to operate at a power point that is less than a conventionally determined MPP.
[0056] Specifically, the PPT control portion 253 of VSG 110 is arranged to operate
similarly to a conventional MPPT control (for example, using a conventional incremental
conductance calculation) but is instead configured to provide a PPT signal (Ppp) output that is
indicative of an predetermined or calculated amount of power that is less than a maximum
available power (MPP) of the panel 103, in order to thereby provide an increased virtual inertia
for the PV system. The PPT control portion 253 is coupled in signal communication with the
power control portion 275 and provides the power point tracking output signal Ppp thereto.
[0057] Referring to FIGS. 2 and 3, a current-voltage curve (V-I curve) 281 of FIG. 2
illustrates the voltage-current characteristic of power source 102 under certain operating
conditions, and a power-voltage curve (P-V curve) of FIG. 3 illustrates the corresponding power

characteristic of power source 102 under the same conditions. The voltage at the V-I curve is

almost zero at a short-circuit current (Oshort) when the output terminals of the PV panels 103 are

shorted together. As the output voltage increases, the current value of V-I curve 281 remains at a
substantially constant level until it reaches a knee point (Im, Vm) at which it descends rapidly
toward zero current at an open circuit voltage output (V open).

[0058] Referring to FIG. 3, in certain embodiments, P-V curve 381 is the current times

the voltage at each point along V-I curve 281. P-V curve 381 has a maximum power (Pmpp)
corresponding to the knee point of the V-I curve in FIG. 2, which is known as the MPP.
[0059] In accordance with certain embodiments, the power reserve portion 264 is in

signal communication with the PPT control portion 253. A power reserve signal (Prpp) is output

from the power reserve portion 264 and provided as an input to the PPT control portion 253.

16



WO 2020/142330 PCT/US2019/068467

The PPT portion determines a power tracking point that is less than a maximum available power
(MPP) of the panel 103 and provides a PPT signal (Ppp) output that is indicative of the
determined power point to the power control portion 275. By incorporating the input signal
(Prpp) from the power reserve module 264, the PPT control 253 can enable either maximum or
partial power extraction at a predetermined percentage of maximum power in a predefined linear
range such as 70%-100%.

[0060] In an embodiment, the power reserve module 264 calculates or determines an
amount of reserve power (Prpp) relative to the maximum power potential (Pmpp) of the DC
source 102. In some embodiments, the maximum power potential may be the maximum power
output of the PV power source, or the maximum power point as would be determined using
conventional MPPT methods. The calculated reserve power amount (Prpp) is used by the power
point tracking control 253 to determine an optimal tracking point that is less than the
conventional maximum power point (Pmpp).

[0061] For example, the power reserve module 264 determines the amount of available
power (Prpp) to be withheld (i.e., held in reserve), from the grid 105 under normal operating
conditions, in anticipation of providing the reserved power to the grid 105 under a contingency
condition. The determined amount of reserve power (Prpp) may be based at least in part on
predetermined values stored in a look-up table, and/or by executing an algorithm.

[0062] In embodiments, the amount of reserved power (Prpp) is determined by the power
reserve module 264 based on a predetermined relationship or mapping between an amount of
reserve power and a standardized or normalized dynamic conductance. In this way, the amount
of reserved power (Prpp) is determined without a need to calculate the MPP. For example, in

embodiments, the amount of reserved power (Prpp) may be determined based on a
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predetermined value or amount of reserve power, and a corresponding standardized dynamic
conductance that is calculated (e.g, by a look-up-table method).

[0063] In embodiments, the power control portion 275 of inverter control portion 231
may comprise both the inertia control portion 242 and the power reserve module 264.
Moreover, in addition to receiving the reserve power signal Prpp and power point tracking output
signal Ppp, in various embodiments, the power controller 275 may additionally receive a
command signal (Pcmd). For example, the power command signal (Pcmd) may be a scheduled
power command from a centralized controller 716 or other supervisor controller, such as a
command signal from an external or remote distribution system operator (DSO) or a
transmission system operator (TSO). In other embodiments, the Pcmd signal may be adjusted
based on a level of the power point tracking output signal Ppp.

[0064] In embodiments, the power controller 275 may further receive a power feedback
signal (Pfeedback). In one embodiment, inverter control portion 231 has a closed loop power
control and uses a measured power signal from AC power as the power feedback signal

(Pfeedback).  The inertia command signal 248 from the virtual inertia control portion 242 may

also be added to the power feedback signal (Pfeedback).

[0065] In other embodiments, the power feedback signal (Pfeedback) may comprise a

blended signal. For example, the power feedback signal (Pfeedback) may comprise both the

measured power signal 119 from the DC bus 109 and the reference signal 115 from the grid 105.
In another embodiment, the blended power feedback signal (Pfeedback) may comprise an average

value of the measured power signals from DC bus 109 and the grid signal 115. The power

controller 275 may use the signal (Pfeedback) to generate an internal frequency signal (w). In
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certain embodiments, the internal frequency signal (w) is different from a frequency of electrical
grid 105. A phase angle signal (not shown) may be generated by integrating the internal
frequency signal (w) using an integrator (not shown).

[0066] The power control portion 275 may also use any number of known techniques to
generate an internal frequency signal (w). For example, as depicted in Fig. 5, the power control
portion 275 may comprise a typical proportional-integral (PI) controller 271 and may include a
droop loop (not shown) to generate the internal frequency signal (w). The droop loop may

comprise a comparator (not shown) to compare the internal frequency signal (w) with a

frequency base signal (wref) and uses a difference thereof to limit a power imbalance.

[0067] In some embodiments, the power control portion 275 may provide an output
signal (not shown) to a voltage regulator portion (not shown) of the inverter control 231. In
other embodiments, the output signal of the power control portion 275 may be provided to the
modulator 214 of inverter control portion 231 to thereby provide the input control signal 218 to
the inverter 212.

[0068] With reference to Fig. 5, the VSG 110 as described herein may be employed to
execute method steps in an embodiment. For example, a PV power system 101 may be operated
using the VSG 110. At step 501, the DC power signal 142 is received by an inverter 212. At
step 502, a power output of the inverter 212 is controlled with an inverter controller 231, wherein
the inverter controller 231 comprises a power control portion 275, a power reserve portion 264, a
power point tracking control portion 253, and a virtual inertia control portion 242. At step 503,
an amount of power to be reserved by the power point tracking control portion 253 is determined
with the power reserve portion 264. At step 504, a power reserve signal Prpp, indicative of the

determined amount of power to be reserved, is provided from the power reserve portion 264 to
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the power point tracking controller 253. At step 506, a power point Ppp is determined by the
power point tracking controller that is less than a maximum power point MPP. At step 507, a
power point tracking signal Ppp is provided to the power control portion 275 that is indicative of
the power point. At step 508, the virtual inertia control portion 242 determines a virtual inertia,
and at step 509, provides an inertia command signal 248 indicative of the determined virtual
inertia to the power control portion 275. At step 510, a power control signal 218 is provided
from the power control portion 275 to the inverter 212, wherein the control signal is based at
least in part on the power point tracking signal Ppp and the inertia command signal 248. At step
511, the inverter 212 is operated based at least in part on the power control signal 218. The
output of the inverter 212 is provided to the grid 105.

[0069] While the dimensions and types of materials described herein are intended to
define the parameters of various embodiments, they are by no means limiting and are merely
exemplary embodiments. Many other embodiments will be apparent to those of skill in the art
upon reviewing the above description. The scope of the invention should, therefore, be
determined with reference to the appended claims, along with the full scope of equivalents to
which such claims are entitled. In the appended claims, the terms “including” and “in which” are
used as the plain-English equivalents of the respective terms “comprising” and “wherein.”
Moreover, in the following claims, terms such as “first,” “second,” “third,” “upper,” “lower,”
“above,” “below,” etc. are used merely as labels, and are not intended to impose numerical or
positional requirements on their objects. Further, the limitations of the following claims are not
written in means-plus-function format and are not intended to be interpreted as such, unless and
until such claim limitations expressly use the phrase “means for” followed by a statement of

function void of further structure.
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[0070] This written description uses examples to disclose several embodiments of the
invention, including the best mode, and to enable one of ordinary skill in the art to practice the
embodiments of invention, including making and using any devices or systems and performing
any incorporated methods. The patentable scope of the invention is defined by the claims, and
may include other examples that occur to one of ordinary skill in the art. Such other examples
are intended to be within the scope of the claims if they have structural elements that do not
differ from the literal language of the claims, or if they include equivalent structural elements
with insubstantial differences from the literal languages of the claims

[0071] As used herein, an element or step recited in the singular and proceeded with the
word “a” or “an” should be understood as not excluding plural of said elements or steps, unless
such exclusion is explicitly stated. Furthermore, references to “one embodiment” of the present
invention are not intended to be interpreted as excluding the existence of additional embodiments
that also incorporate the recited features. Moreover, unless explicitly stated to the contrary,
embodiments “comprising,” “including,” or “having” an element or a plurality of elements
having a particular property may include additional such elements not having that property.
[0072] Since certain changes may be made in the above-described invention, without
departing from the spirit and scope of the invention herein involved, it is intended that all of the
subject matter of the above description shown in the accompanying drawings shall be interpreted

merely as examples illustrating the inventive concept herein and shall not be construed as

limiting the invention.
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WHAT IS CLAIMED IS:

Claim 1. A method for operating a power system comprising the steps of’
receiving a DC power signal by an inverter;

controlling a power output of the inverter with an inverter controller, the inverter controller
comprising a power control portion, a power reserve portion, a power point tracking

control portion, and a virtual inertia control portion;

determining, with the power reserve portion, an amount of power to be reserved by the power

point tracking control portion;

providing a power reserve signal, indicative of the determined amount of power to be reserved,

from the power reserve portion to the power point tracking controller;

determining a power point by the power point tracking control portion that is less than a

maximum power point;

providing a power point tracking signal to the power control portion that is indicative of the

determined power point;
determining a virtual inertia with the inertia control portion;

providing an inertia command signal indicative of the determined virtual inertia to the power

control portion;

providing a power control signal from the power control portion to the inverter, wherein the
control signal is based at least in part on the power point tracking signal and the inertia

command signal; and
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operating the inverter based at least in part on the power control signal.

Claim 2.

Claim 3.

Claim 4.

Claim 5.

Claim 6.

Claim 7.

Claim 8.

The method of claim 1, further comprising electrically coupling the inverter to a

power source.

The method of claim 2, wherein the power source comprises a photovoltaic (PV)

generator.

The method of claim 1, further comprising coupling the power system to an

electrical load.

The method of claim 1, wherein the determining a virtual inertia with the inertia
control portion comprises one of determining a variable amount of virtual inertia, and

determining a fixed amount of virtual inertia.

The method of claim 4, wherein the virtual inertia is determined relative to a full

load output of the power system.

The method of claim 4, wherein the determining a virtual inertia with the inertia
control portion is based at least in part on a signal input to the inertia control portion,
wherein the signal input comprises at least one of a first reference signal received from
a DC bus; a second reference signal received from the load, and a third reference signal

received from the inverter.

The method of claim 4, wherein the determining a virtual inertia with the inertia
control portion is based at least in part on upon a control signal provided to the virtual

inertia control portion by an external controller.
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Claim 9. The method of claim 1, wherein the determining a power point by the power
point tracking control portion is based at least in part on a predetermined value stored

in a look-up table.

Claim 10. The method of claim 9, wherein the predetermined value is a percentage of the

maximum power output of the power system.

Claim 11. The method of claim 1, further comprising:

receiving, by the power control portion, a command signal from an external supervisory

controller;

wherein the providing a power control signal from the power control portion to the inverter is

further based at least in part on the command signal.

Claim 12. A virtual synchronous generator for supplying power to an electrical load,
comprising:
a DC-DC converter configured to receive power from a DC power source;

an inverter coupled to the DC-DC converter, arranged to receive a DC signal therefrom and

configured to convert the DC signal to and AC signal;

an inverter controller coupled in signal communication to the inverter and configured to control
an output of the inverter, the inverter controller comprising: a power point tracking
control portion, a power reserve portion, a virtual inertia control portion, and a power
regulator portion, wherein the power point tracking control portion is coupled in signal

communication with the power reserve portion and the power control portion; and

wherein
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the power reserve portion is configured to determine an amount of power to be reserved and to
provide a power reserve signal, indicative of the determined amount of power to be

reserved, to the power point tracking control portion;

the power point tracking control portion is configured to determine a power point that is less than
a maximum power point for an output of the DC power source, and to provide a power
point tracking signal to the power control portion indicative of the determined power

point;

the virtual inertia control portion is coupled in signal communication to the power control
portion, and configured to determine a virtual inertia, and to provide an inertia
command signal indicative of the determined virtual inertia to the power control

portion;

the power control portion is configured to provide a power control signal to the inverter, wherein
the power control signal is based at least in part on the power point tracking signal and

the virtual inertia command signal.

Claim 13. The system of claim 12, wherein an output of the inverter is configured to be

electrically coupled to an electrical load.

Claim 14. The system of claim 12, wherein the virtual inertia is one of a variable amount of

virtual inertia and a fixed amount of virtual inertia.

Claim 15. The system of claim 13, wherein the virtual inertia is determined relative to a full

load output of the power system.

Claim 16. The system of claim 13, wherein the inertia control portion is configured to

receive a signal input that comprises at least one of a first reference signal received
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from a DC bus, and a second reference signal received from the load, and a third

reference signal received from the inverter.

Claim 17. The system of claim 13, wherein the signal input to the inertia control portion

further comprises a control signal from an external controller.

Claim 18. The system of claim 12, wherein the power point tracking control portion is
configured to determine the power point based at least in part on a predetermined value

stored in a look-up table.

Claim 19. The system of claim 18, wherein the predetermined value is a percentage of the

maximum power output of the power system.

Claim 20. The system of claim 12, wherein the power control portion is configured to
receive a command signal from an external supervisory controller, and wherein the

power control signal based at least in part on the command signal.
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