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(57) Abstract: A consumer product elec-
tric power supply is provided and includes
a grid power converter that is coupled to a
power grid; an energy storage element that
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which provides an intermediate voltage to
the energy storage element; a load power
converter that is coupled to the energy stor-
age element and provides constant power
to a load; and a power controller that meas-
ures a state variable of the grid, wherein
the power controller controls the grid
power converter based on the state variable
of'the grid to help stabilize the grid.
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POWER SUPPLY SUPPORTING VIRTUAL INERTIA FOR GRID CONTROL (MICRO-
SPRING CONVERTER)

BACKGROUND OF THE INVENTION

Electric power grids must be able to balance power generation and power consumption at
all times. If there is a sudden increase in the power consumption load, there must be a
corresponding immediate increase in the power delivered. Today, this is accomplished by a
cascade of power balancing steps. First, additional power can be instantly delivered from the
rotational inertia of conventional generators that supply the grid. This additional power
production results in a decrease in the rotation rate of the grid generators as well as a
corresponding decrease in the electric frequency of the grid. The reduced electric frequency is
used as a control signal for the next step of the cascade, the primary power control (e.g. adding
additional steam or fuel to increase generator output). In addition, as the frequency drops,
frequency dependent loads such as electric motors also draw less power, further helping to
stabilize the grid.

In future power grids it is expected that most of the power will be generated by
decentralized renewable energy sources. Most of the power sources will feed in power using
electronic inverters, which do not react the same way to load or frequency changes as the
conventional generators of today. As renewable energy replaces conventional generators, there
will be less availability of rotational inertia to immediately supply the extra power demand when
the load on the grid increases [1]. In addition, more and more motors are using electronic
inverters, which operate independent of the grid frequency and do not automatically reduce
power consumption. Both of these trends lead to more and more difficulty controlling grid
stability.

Proposals exist to add “virtual inertia” to the control of feed-in inverters [2][3][4][5].
This method discharges an electric storage element, such as a battery or a capacitor, allowing the
feed-in inverters to deliver additional power if frequency decays. However, existing feed-in

inverters are not easily modified and will not be replaced anytime soon due to their cost and long
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lifetime. In addition, adding power storage to the grid is costly so it is beneficial to keep it to a

minimum.

BRIEF SUMMARY OF THE INVENTION

To address the above mentioned problems, new methods, devices, and machinery are
needed for replacing the cascade of power balancing steps that take place in conventional electric
grids. The subject invention provides novel and advantageous electric power supplies that have
virtual inertia control, as well as methods for compensating for changes in grid power demand.
The electric power supplies of the subject invention may control power drawn from the grid,
supply power to the grid, or control the amount of power given to the load, based on, for
example, the grid frequency, the grid voltage, and the load demand. The electric load can be
anything that consumes electricity and has the ability to store power (e.g., lamps with a lamp
driver, motors with electronic inverters, IT-equipment with ac/dc converters, etc.). The subject
invention has the benefit that many loads with their electric power supplies can each compensate
for a fraction of sudden change in grid power demand. The present invention may be
implemented through, for example, industry or government standards.

In one embodiment, an electric power supply for an electric load includes: a first electric
power converter that is suitable for connecting to a power grid; an electric energy storage
connected to the first electric power converter; and a second electric power converter connected
to the electric storage and suitable for powering the electric load; wherein the first electric power
converter is suitable for charging the electric energy storage using the power grid; and wherein
the first electric power converter is controlled, at least in part, by a state variable of the power
grid. In addition, the first electric power converter may be suitable for providing power to the
grid by extracting power from the electric energy storage. Furthermore, the second electric
power converter may be controlled, at least in part, by an amount of power required by the

electric load and under some conditions may reduce the power being supplied to the load.

BRIEF DESCRIPTION OF THE DRAWINGS
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Figure 1 is a schematic diagram of an embodiment of the present invention having two
power stages, energy storage, and a grid state dependent control circuit.

Figure 2 is a schematic diagram of a conventional power factor correction circuit.

Figure 3 is a schematic diagram illustrating a conventional PFC control circuit, as shown
in Figure 2.

Figure 4 1s a schematic diagram of a power factor correction circuit with virtual inertia
frequency control according to an embodiment of the present invention.

Figure S is schematic diagram of the control circuit of the embodiment of Figure 4.

Figure 6 is schematic diagram of an embodiment of the present invention that is able to
provide constant power transmission to an LED load.

Figure 7 is a schematic diagram of an embodiment of the present invention having two
power stages and an additional charge converter.

Figure 8a is a graph illustrating capacitor energy content versus volume for various
electrolytic capacitors.

Figure 8b is a graph illustrating the needed capacitor energy and volume size to store
S0Ws of energy.

Figure 9 is a graph illustrating the measured frequency and power deviation of an energy
grid over a period of 4 minutes.

Figure 10 is a graph illustrating the measured frequency of an energy grid over a one
hour period along with the calculated corresponding voltage fluctuation on a capacitor with an

energy content of 300 Ws.

DETAILED DISCLOSURE OF THE INVENTION
The subject invention provides novel and advantageous electric power supplies that have
virtual inertia control and methods of compensating for grid power demand. The subject
invention can be beneficial for use in micro-grids, but also in future power grids that have a large
proportion of renewable energy feed-in, as discussed above. An electric power supply can
include a first electric power converter that is suitable for connecting to a power grid; an electric

energy storage connected to the first electric power converter; and a second electric power
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converter connected to the electric storage and suitable for powering the electric load; wherein
the first electric power converter is suitable for charging the electric energy storage using the
power grid; and wherein the first electric power converter is controlled, at least in part, by a state
variable of the power grid. The first electric power converter may also be suitable for providing
power to the grid by extracting power from the electric energy storage. In summary, the first
electric power converter has a double function, providing power factor correction and grid
control. Furthermore, the second electric power converter may be controlled by a state variable
of the grid in addition to the amount of power required by the electric load.

US Patent Application US 2013/0322139A1 (“Input AC voltage control bi-directional
power converters”) [6] discloses controlling a power converter connected to the grid based on the
measured grid frequency and grid voltage for grid stabilization purposes. This converter may be
connected to a dedicated storage device, which provides the energy needed for the power control.
It may also be connected to a load device, but the load may experience power fluctuations
because it 1s directly connected to the power converter. Therefore, the disadvantage of this
solution is that it requires a dedicated storage device and it can result in fluctuations to load
power, which is unacceptable for lighting and other critical loads.

Figure 1 is a schematic diagram of an exemplary embodiment of the present invention.
The power supply consists of a grid power converter, a load power converter, an LED lamp
acting as a load, a power controller and an energy storage. The LED lamp is simply used an
example and this invention could potentially be applied to the power supply of any load (e.g.
motors with electronic inverters, IT-equipment with ac/dc converters, etc.). The load power
converter 1s connected to the energy storage and has the capability of delivering constant power
to the load. If the intermediate voltage at the energy storage drops, the load power converter has
the ability to automatically increase its input current to maintain the power delivered to the load.

The energy storage may be an electrolytic capacitor (elcap), which is frequently used, or
any other energy storage element. The energy storage can smooth out the ripple effect from
alternating current supplied by the power grid after it has been rectified, as in a conventional
power supply. In addition, the energy storage can store energy to act as virtual inertia for the

grid. The grid power converter can include a rectifier and a dc-to-dc converter, preferably a boost
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converter. The grid power converter may also have the ability to supply power to the power grid
by using the energy stored in the energy storage, possibly having a dc-to-ac converter to serve
this function. Additionally, the grid power converter may provide power factor correction (PFC)
functionality.

The grid power converter is controlled by the power controller. The power controller may
control the PFC functionality of the grid power converter. Under normal operating conditions,
the power controller may control the grid power converter so that the amount of power it
provides is equal to the demand of the load. Additionally, in the subject invention, the power
controller measures a state variable (e.g. voltage, frequency, grid frequency time derivative,
voltage frequency time derivative, changes in voltage and/or frequency, etc.) of the grid and
determines whether the grid power converter should increase the amount of power being drawn
from the grid, decrease the amount of power being drawn from the grid, or even supply power to
the grid. For example, the additional amount of power (or “control power”) may be calculated
according to Equation 2, below. Then, this additional amount of power may be added to the
constant power (the power that the load requires), resulting in a current draw that corresponds to
the new power demand. With this additional amount of power, the energy storage capacitor is
charged or discharged.

For protection, if the intermediate voltage at the energy storage exceeds a maximum
threshold or reduces below a minimum threshold, the control power may be set to zero in order
to avoid damage to the circuit. Or, simply, all power supplied to the energy storage can be
stopped.

In another embodiment, the control structure may be as follows. With no grid control
power is applied, the intermediate voltage is kept constant by the power controller. The power
controller then sets the actual current of the grid power converter based on the intermediate
voltage set-point using a proportional—integral—derivative (PID) controller. With additional grid
power control, the set-point of the intermediate voltage follows the grid frequency according to
Equation 8, below. In this manner, the additional power automatically corresponds to the

required virtual inertia power.
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A circuit diagram of a conventional power factor correction (PFC) circuit is depicted in
Figures 2 and 3. Its function is well known (see, e.g., [8]). Referring to Figure 2, voltage source

U, represents the sinusoidal grid voltage. The diodes D; to D, provide rectification. Inductor L,
diode D5 and switch .S form a boost converter. Switch .S 1s typically a fast switching transistor,

such as a MOSFET. Capacitor C provides buffering between the halve cycles of the sinusoidal

voltage. Resistor R;, s represents an arbitrary load. The PFC control has the task of providing a
suitable duty cycle for the switching of switch S, such that the rectified current is sinusoidal and
the voltage at intermediate voltage capacitor C remains constant.

Figure 3 shows the details of the PFC control circuit of Figure 2. A reference voltage U,qr
is subtracted from the intermediate voltage Uy, and the result 1s amplified with a selected
amplification factor using a first op-amp. This stage provides the control of the intermediate
voltage Up, to a value proportional to U, This result is multiplied with the rectified voltage
Uyecr to obtain a reference signal 7., for the current mode control circuit. A pulse width

modulation (PWM) signal is generated for the switch, such that /,,, follows /.., A simple circuit

ec
for that purpose could be a comparator with hysteresis. If /.., is lower than /., the comparator
switches the switch on and the current rises. If it exceeds the hysteresis threshold, the switch is
switched off and the current decreases.

Another embodiment of the present invention is shown in Figure 4. In the embodiment of
Figure 4, the PFC control circuit is extended to include a frequency detection circuit. This circuit
provides an output voltage Uy that is proportional to the measured grid frequency fand can be an
analogue or digital circuit. The load is represented by a load converter. This converter is built
such that 1t delivers constant power to the load, even if the intermediate voltage Uy, varies.

Figure 5 is schematic diagram of the control circuit of the embodiment of Figure 4. A
constant voltage corresponding to 50 Hz is subtracted from the voltage Urand this difference is
amplified with a suitable factor by the left op-amp. The resulting voltage AUy relates to the
frequency deviation according to Equation 8. This signal is added to the reference voltage U,

As a result, the intermediate voltage follows a value corresponding to the sum of the reference
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voltage U,.s plus the voltage AUy, representing the frequency change. It is in this manner that

the circuit operates, adjusting the required power flow according to Equation 8.

Figure 6 is a schematic diagram of an embodiment of the present invention in which an
LED (typically represented by a series of connected LEDs) is driven. Keep in mind, however,
that the subject invention can be applied to the power supply of any load and an LED is merely
an example. The circuit of Figure 6 is a down converter with current control. The output current
is kept constant using a current mode controller. Similar to the PFC circuit, several possibilities
exist to realize the current control. In contrast to the PFC operation, a constant reference current
value 1s used here. The constant output current leads to a constant output power, because the
LED voltage remains constant. This allows the converter to transmit constant power,

independent of the intermediate voltage Uy, .

In yet another embodiment of the present invention shown in Figure 7, the energy storage
(e.g. an elcap) is not directly connected to the intermediate voltage, but is connected by an
additional charge converter. This converter is a bi-directional converter and can charge or
discharge the energy storage capacitor. An advantage that is present in this embodiment is that
the charge converter can discharge the energy storage to a much lower voltage than possible
otherwise (i.e. if the energy storage was directly connected to the intermediate voltage).
Therefore, in the embodiment shown in Figure 7, the energy storage (e.g. a capacitor) can
operate across a wider voltage range and has the potential to be reduced in size.

The charge converter only needs to process a small amount of control power and can
therefore be small in comparison with the main power supply. The power flow of the charge
converter is controlled directly by the power controller based on a state variable of the grid (e.g.
the grid frequency, voltage, or changes in grid frequency or voltage). The grid power converter is
independently controlled by the power controller to keep the intermediate voltage constant. That
is, the power controller and the grid power converter can sense the amount of additional power
required as the load changes and adjusts automatically. It is envisioned that the embodiment of
Figure 7 would be particularly beneficial for power converters that need no or only a small
amount of intermediate energy storage, such as three phase converters or power supplies that can

withstand a strong ripple on the intermediate voltage. In addition, the charge converter with
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energy storage and power controller of Figure 7 can be added to an existing system. The existing
power factor correction (PFC) circuit (operating as grid power converter) then performs its
normal operation of keeping the intermediate voltage constant.

In a further aspect of this invention, the load power converter is designed such that it can
reduce the power to the load. For example, this can be done in cases where there is an extreme
energy demand by the grid (e.g when the grid frequency or voltage falls below a certain
threshold). This provides one more option to help stabilize the grid. In addition, the energy
storage may be selected for not only for normal operation, but also for helping to compensate for
extreme grid events. As shown in Figure 1 with the dashed line from the power controller to the
load power converter, the power controller is able to control the load power converter. In a
simple implementation, the power controller reduces the power to the load if the grid frequency
falls below a given threshold, which could be, e.g., 49.8 Hz in a European grid (compared to the
nominal frequency of 50 Hz). In another implementation, the load power converter reduces the
load power if the intermediate voltage at the energy storage reduces below a threshold.

In applying the present invention to a direct current (DC) grid, the grid voltage may be
used as a control input (i.e. a measured state variable of the grid). In particular, with a grid
having droop control, the grid voltage 1s good indicator of the power balance of the grid. A rising
grid voltage indicates an excess of generated power, while a decay of the grid voltage indicates a
lack of power. The grid power controller then needs to control the power according to the grid
voltage time derivative instead of the grid frequency time derivative.

As previously mentioned, much of the proposed topology is already being used in today’s
power supplies. Usually, the first stage includes a rectifier, to change the AC current to DC
current, and a converter operating as power factor correction (PFC) circuit and ensuring a
sinusoidal input current. The second stage of the power supply generally includes a load power
converter, which provides constant output power to the load. This functionality is required for
many devices including, e.g., LED lamp drivers operating with over 25 Watts and even some
lamp drivers operating at over 5 Watts. Furthermore, many power supplies contain energy
storage in the form of an elcap, which maintains the intermediate voltage and smooths out the

ripple caused by the alternating grid voltage. Therefore, to implement the present invention, little
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or no additional hardware would be required, and only the control mechanism of the first power
stage would have to be modified. Since little to no hardware is would be required, it is
envisioned that this invention could be easily and cost effectively added to existing power
supplies. And, as power supplies of consumer products are replaced much more often than feed-
in inverters, a transition to grid control without real rotating masses could be accomplished more
easily by applying the present invention than by adding new feed-in inverters or by replacing or
modifying existing feed-in inverters.

To get exemplary power and energy requirements and demonstrate the potential
effectiveness of the subject invention, the methodology and data of reference [1] is used for the
grid in Germany: a worst case event of a lack of 3 GW of power in the ENTSO-E grid is
assumed. This requires 372 MW in the German grid. Assuming the primary control taking over
with a linear increase within 20 s [1], this requires energy of 3720 MWs of instantaneous power
to be delivered by the virtual inertia. Relating this to the peak demand of 80 GW leads to
4.6 W/kW, rounded up to 5 W/kW. Concluding, an additional 5 W of power and 50 Ws of
energy per installed kW of power capacity are needed to cover one event.

Typically, the size of a capacitor relates to its maximum energy content E,, . To
determine the interdependence, the capacity C, rated voltage U,,,,, diameter and height of 190

electrolytic capacitors have been collected from an electronic components distributor [7]. Rated

energy I, .- and volume V" are calculated from this data and shown in Figure 8a. In real circuits,
the maximum rated energy capability £,,,, cannot be used because the capacitor 1s discharged

from the maximum voltage U, by only the voltage difference AU. Therefore, the usable

energy I

use 18°

(D
E

use

=L

max

[1 - (l'AU/Umax)z]

Equation 1 is illustrated by the lower gray line in the graph of Figure 8b, demonstrating

what £, 1s necessary if the required energy of £, ,, = 50 Ws 1s stored. The black curve 1s an

extrapolation of the volume V using the fit function in Figure 8a. The maximum voltage has no
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influence on the capacitor size and can thus be freely selected. Only the relative voltage
difference, or the relative voltage ripple, determines the size. If a DC link capacitor is used, the
ripple should remain below 10%, requiring at least 300 Ws of energy, resulting in capacitor
volume size of about 130 cm® per installed kW. This size corresponds in its order of magnitude
to the size of single phase DC link capacitors. However, keep in mind that the voltage step
considered here pertains to a worst case scenario of an extreme power loss event.

During daily operation, much smaller deviations from the desired operation point are
expected. In replacing virtual inertia, the required control power AP is dependent on the time

derivative of the frequency deviation Af from the nominal frequency f, (S0Hz):
2)

AP _, 480
Py “di

In Equation 2, P 1s the nominal power of the system (in this case the power supply) and 7,
1s a time constant. In the European power grid, this time constant (7, ) typically equals 20s. AP 1s

the power that can be drawn from the grid by the power supply in addition to the power needed
by the load. If this value is negative, the power supply draws less power than required by the
load, and thus “delivers” control power to the grid. A controller of the first power stage (i.e., the
“power controller” or power grid converter) according to this invention can be designed to
measure the time derivative of the grid frequency and control the additional power flow
according to Equation 2.

Figure 9 shows the measured frequency (Df/fy) for 4 min on 8.Feb.2014. A simulation
using values of one hour was performed as well and led to similar results. Assuming a typical

inertia time constant 7}, = 20s, the required power demand AP (Dp/Py) can be calculated from the

time derivation of the frequency slope according to Equation 2. The frequency graph has been
filtered to achieve workable results (Df/f; filtered).

It can be seen that the required control power is only a small fraction in the range of less
than +/-0.1% of the rated power of the power supply. This shows that the hardware does not need

to be changed and can provide the required control power during daily operation.
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The voltage fluctuation on the intermediate voltage storage elcap, as an example of

energy storage, can be calculated as follows. Generally, the voltage change AU(#) on a

capacitor C 1s calculated from the integral of the charging current Al(z):

€)
AU (1) = %J Al (1) dt

This charging current Al(?) results from the control power AP(?). Assuming a fairly constant

capacitor voltage of U, (which 1s the intermediate voltage), it 1s:

4
AP (1) = Uyal (1)
Combining the two equations results in:
(%)
1 AP (t
AU () = =~ Adt
C Uy
If Equation (2 1s inserted, the integral cancels with the time derivative resulting in:
(6)
T P
a0
AU (1) = ————Af (1)
C
Expressing the capacity C by its nominal energy content £
(7)
1 2

Results in
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(8)

AUc(l) _ 1 PO Af

e
Uy 2 Ey fo

Equation 8 shows that the relative voltage fluctuation AU~/U, 1s directly proportional to
the frequency fluctuations Af/f.

The required power is used to charge and de-charge a capacitor with a typical maximum

energy content of £,=300 Ws, which relates to charging the DC-link capacitor directly (see

above). From this information, the capacitor voltage and its fluctuation can be calculated. The
calculated results are shown for one hour on 8.Feb.2014 in Figure 10 (DUc/Uy).

The voltage variation during the investigated time remained between +/-3.4% of the
nominal voltage. This value is relatively small and consumer devices implemented with the
present invention should easily compensate for these fluctuations. Additionally, this information
demonstrates that typical intermediate voltage elcaps, as an example of energy storage, can be
used without additional hardware to implement virtual inertia control in power supplies

according to the present invention.

The subject invention includes, but is not limited to, the following exemplified
embodiments.

Embodiment 1. An electric power supply for an electric load comprising:

a first electric power converter that is suitable for connecting to a power grid;

an energy storage connected to the first electric power converter;

a second electric power converter connected to the energy storage and able to power the
electric load;

wherein the first electric power converter is suitable for charging the energy storage using
the power grid,

wherein the first electric power converter is controlled, at least in part, by a state variable

of the power grid,
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and wherein the second electric power converter is controlled, at least in part, by an

amount of power required by the electric load.

Embodiment 2. The electric power supply of embodiment 1, wherein the state variable of

the power grid is a frequency.

Embodiment 3. The electric power supply according to embodiment 1, wherein the state

variable of the power grid is a grid voltage.

Embodiment 4. The electric power supply of any one of embodiments 1-3, wherein the
first electric power converter is also suitable for adjusting a current from the grid
such that the current has sinusoidal time dependence.

Embodiment 5. The electric power supply of any one of embodiments 1-4, wherein a
voltage of the energy storage is controlled to be proportional to the measured grid

frequency.

Embodiment 6. The electric power supply of any one of embodiments 1-5, wherein the
second electric power converter reduces the power to the electric load if the

energy content or voltage of the energy storage falls below a threshold level.

Embodiment 7. The electric power supply of any one of embodiments 1-6 wherein the
electrical energy storage is charged from a third electric power converter,

which is connected to the output of the first electrical power converter,

and which is controlled to charge or discharge the electrical storage with a power related

to the state variable of the power grid.

Embodiment 8. The electric power supply of any one of embodiments 1-7 wherein the

electric load is a lamp, motor, or a consumer electronics device.
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A greater understanding of the present invention and of its many advantages may be had
from the following examples, given by way of illustration. The following examples are
illustrative of some of the methods, applications, embodiments and variants of the present
invention. They are, of course, not to be considered as limiting the invention. Numerous

changes and modifications can be made with respect to the invention.

EXAMPLE 1

A power supply with virtual inertia may include a power controller, a grid power
converter, energy storage, and a load power converter. The power controller measures one or
more state variables from the grid (e.g. voltage or frequency) and may also measure the voltage
(1.e. the potential energy stored) of the energy storage. The grid power converter is connected to
the power grid, rectifies the grid power, provides power factor correction, and charges the energy
storage (e.g. an elcap). The load power converter is coupled to the energy storage and provides
power to a load.

The power controller may use the measured state variables to determine a change in
voltage or frequency over time (i.e. calculate a time derivative). The power controller may use a
measured state variable, a time derivative of a measured state variable, or both, as well as the
voltage of the energy storage (i.e. the energy storage energy content) to control the grid power
converter. The power controller may also use predetermined threshold frequencies, threshold
voltages, as well as threshold time derivatives to determine how to control the grid power
converter.

In an example applied to an AC grid, a main threshold frequency in Europe may be 50 Hz.
When the frequency falls below 50 Hz, the power controller may control the grid power
converter to reduce (or taper) power consumption from the grid. ~ When the frequency goes
above 50 Hz, the power controller may control the grid power converter to increase power
consumption from the grid. If the measured frequency were to drop below a first lower
threshold, the grid power converter may actually return power from the energy storage to the grid.
While the grid power is stable, the power controller will control the grid power converter to keep

the intermediate voltage of the energy storage constant.
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The load power converter is coupled to the energy storage and is designed to keep the
power to the load constant, regardless of what is happening with the grid power converter and
energy storage. However, in some embodiments of the present invention, the power controller
may also control the load power converter to reduce power flowing to the load. It is envisioned

that this functionality may be applied when the grid is under extreme stress.

EXAMPLE 2

A power supply with virtual inertia may include a power controller, a charge converter, a
grid power converter, energy storage, and a load power converter. The power controller
measures one or more state variables from the grid (e.g. voltage or frequency) as well as the
intermediate voltage. The power controller may also measure the voltage (i.e. the potential
energy stored) of the energy storage. The grid power converter is connected to the power grid
and provides intermediate power. The load power converter and the charge converter are
coupled to the intermediate power.

The power controller may use the measured state variables to determine a change in
voltage or frequency over time (i.e. calculate a time derivative). The power controller may use a
measured state variable, a time derivative of a measured state variable, or both, in addition to the
intermediate voltage and the voltage of the energy storage to control the grid power converter
and the charge converter. The power controller may also use predetermined threshold
frequencies, threshold voltages, as well as threshold time derivatives to determine how to control
the grid power converter and charge converter.

As an example using a DC grid, a main threshold voltage may be 20V. When the voltage
falls below 20V, the power controller may control the grid power converter to reduce (or taper)
power consumption from the grid. = When the voltage goes above 20V, the power controller
may control the grid power converter to increase power consumption from the grid. If the
measured voltage were to drop below a first lower threshold, the grid power converter may
actually return power from the energy storage to the grid. While the grid power is stable, the

power controller will control the grid power converter to keep the intermediate voltage constant.
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The load power converter is coupled to the intermediate voltage and is designed to keep
the power to the load constant, regardless of what is happening with the grid power converter,
charge converter, and energy storage. However, in some embodiments of the present invention,
the power controller may also control the load power converter to reduce power flowing to the
load. It is envisioned that this functionality may be applied when the grid is under extreme stress.

The function of the charge converter is to have greater control of the energy storage.
That 1s, the charge converter can allow the energy storage to operate over a greater voltage range,
being able to extract more energy from the energy storage and/or allowing the energy storage to

be smaller.

It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of this
application. In addition, any elements or limitations of any invention or embodiment thereof
disclosed herein can be combined with any and/or all other elements or limitations (individually
or in any combination) or any other invention or embodiment thereof disclosed herein, and all
such combinations are contemplated with the scope of the invention without limitation thereto.

All patents, patent applications, provisional applications, and publications referred to or
cited herein (including those in the “References” section) are incorporated by reference in their
entirety, including all figures and tables, to the extent they are not inconsistent with the explicit

teachings of this specification.
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CLAIMS

We claim:

1. An electric power supply comprising:

a grid power converter that is coupled to a power grid;

an energy storage element that is coupled to the grid power converter, which
provides an intermediate voltage to the energy storage element;

a load power converter that is coupled to the energy storage element and provides
constant power to a load; and

a power controller that measures a state variable of the power grid,

wherein the power controller controls the grid power converter based on the state

variable of the power grid to help stabilize the power grid.



WO 2017/125067

PCT/CN2017/071889
N e PEWET Grid
Power
; cwtt}:ﬁier
; e LED lamp
e Ot fo = o a8 00
. o { §
; t, W%
L o Ea NN I
T :
; i
LI g B o e
’ i T } }'
Grid Energy Load  —
power storage power
converter converter

Figure 1

0 -
| 1 '[PFC —
Uol L __]Control S ——1@ RLoad
VUrect l U, IM.

Figure 2

1/5



WO 2017/125067 PCT/CN2017/071889

UIM Urecl / rect

& ————==.

Current
Mode S
Control

| PFC S, C Load
Contm'ﬁ ! Uns |converter

I _|Frequency| {jf_ _
detection
Figure 4
UIM Urecl / rect
>_

> —————=-

Current
Mode S
Control

Figure 5

2/5



WO 2017/125067 PCT/CN2017/071889

O $
Current P
Control Y
— : 7
N\ | 7
|
Uy ! LED
iy
Y 7
(o, N @
Figure 6
Power grid Power Charge Energy
~ controller converter storage
U \\I v
Licril4| 34| | =8
rl.
| = — [ -
1 X 7
! — | 7 LED lamp
) I 4 as load
Grid Load y
power power
converter converter

Figure 7

3/5



WO 2017/125067 PCT/CN2017/071889

100

[¢)

-

)

-~ 10

?J Rated

- Capacitor
= 1 Voltage
S s 450V
s 1 s 400V
S & 200V
& 01 B s 63V
g I [Fit: Vi[cm®] = 3.33(E/[Ws])0ss | * 16V
@) R AR T Fit

0.01 ERHI R IR ===
0.001 0.01 0.1 1 10 100
Energy content E /Ws

Figure 8a

10000 e — 1000

Available energy / Ws: 50 |f -
Se  RoTe=_ 5
S 21000 100 >
= o ©
= S
o5 i NG 2
E &> 100 TE, ~ 300 Ws 10 =
.= Vg ~ 100cm® o
x © =
o < o
=® oo g
10 4 ——rrrt 1 3

1% 10% 100%

Relative voltage difference AU/Umax

Figure 8b

4/5



PCT/CN2017/071889

WO 2017/125067

0d/dV uoneins(q Jamod aAneay

0.10%
-0.20%

- Df/fo filtered
ammnenene DP /P O
120 150 180 210 240

~ Dfffo

0.20%
0.15%
0.10%
0.05%
0.05%
-0.10%

0} / Iv uoneinaq Aouanbai4 m>_wm_mm_

30 60 90

0

Timet/s

20%

oN/oNV uoleinaq abeyjon

(=]
o
o

oS
< o

o =
o 1

-20%
-30%

-40%

X

v\m.\\\&\\\\“\\\.\\\.

- Dfffo
-~ Dfffo filtered

—DUJc/Uo

T

-, \WW\\

!

srroriil
P \ﬂ\\ \\w. -
.&“\\\\W

“\\\“N»_

Figure 9

A

3

=

A

\\.N\\\\\\\\\\\\MN 3

crril ol

Aoy

P

G
w\\\\\\\\\\.
.
:\\\\M o \\\\\\H\“.«\\\\\..
\\m\\,\\\h\\\\\\\w\. "

B M\W\\\\.\K.\WM\)

P e
oot Y Y

\w\\w\\\\\\\\m
- .\\\VN.«\.\MM\\W\\ ppperee-

0.4%

Y

x x
) N
o o
(o)

0.1%

e

0.0%
0.1%

] / IV uoneinaq Aouanbal4

-0.2%

1200 1800 2400 3000 3600

600

0

Timet/s
Figure 10

5/5



INTERNATIONAL SEARCH REPORT

International application No.

PCT/CN2017/071889

A. CLASSIFICATION OF SUBJECT MATTER

HO02J 3/18(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO2J

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

CNKLCNPAT,WPLEPODOC: grid,converter,energy,storage,voltage,load controller, stabilize,stability, AC/DC,DC/DC

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

description of paragraphs [0055]-[0069], figures

1-2

CN 103904671 A (XI'AN UNIVERSITY OF TECHNOLOGY) 02 July 2014 (2014-07-02) 1

21)
the whole document

CN 102790422 A (GUANGDONG EAST POWER CO., LTD.) 21 November 2012 (2012-11- 1

2012 (2012-07-11)

the whole document

CN 102570560 A (NORTH CHINA ELECTRIC POWER UNIVERSITYBAODING) 11 July 1

2012 (2012-05-02)
the whole document

CN 102437628 A (NORTH CHINA ELECTRIC POWER UNIVERSITYBAODING) 02 May 1

the whole document

US 2011148205 A1 (SAMSUNG SDI CO., LTD.) 23 June 2011 (2011-06-23) 1

D Further documents are listed in the continuation of Box C.

See patent family annex.

*  Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E» earlier application or patent but published on or after the international
filing date

“[” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other

means

“p” document published prior to the international filing date but later than
the priority date claimed

wp

“x

wy»

“ g

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand the
principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

Date of mailing of the international search report

18 April 2017 25 April 2017
Name and mailing address of the ISA/CN Authorized officer
STATE INTELLECTUAL PROPERTY OFFICE OF THE
P.R.CHINA
6, Xitucheng Rd., Jimen Bridge, Haidian District, Beijing ZHANG,Zhen

100088
China

Facsimile No. (86-10)62019451

Telephone No. (86-10)62413329

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/CN2017/071889
. Patf:nt document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
CN 103904671 A 02 July 2014 CN 103904671 B 24 February 2016
oN 102790422 A 21November2012  CN 102790422 B 29 July 2015
oN 102570560 A 11July2012  CN 102570560 B 09 July 2014
" N -1-(-)-2437628 ------ A 02 May 2012 None -----------------------
CUS 2011148205 Al 23Junc2011 KR 101097261 Bl 22 December 2011
us 8810066 B2 19 August 2014
KR 20110069398 A 23 June 2011

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - wo-search-report
	Page 26 - wo-search-report

