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METHODS TO FORM AND OPERATE
MULTI-TERMINAL POWER SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority of U.S. Provisional Application Nos. 61/905,424
and 61/905,428 filed on November 18, 2013, the entire contents of which are hereby

incorporated by reference herein.
BACKGROUND ART

[0002] Electric power is usually supplied in the form of a voltage source, where the
supply voltage is maintained constant while the supply current varies with the loading
condition. Two or more voltage sources (vi, v2...v,) can be connected in series, as illustrated
in Fig. 1a, to provide a higher supply voltage. Parallel connection of voltage sources, on the
other hand, is difficult because a slight mismatch of the voltages can result in large current

unbalance among the parallel sources.

[0003] Sometimes, current-source behavior is required or preferred by certain loads for
which the supply current has to be maintained constant while the supply voltage can fluctuate
according to the loading condition. Two or more current sources (7y, »....7,) can be connected
in parallel, as illustrated in Fig. 1b, to provide a higher supply current. However, series

connection of current sources is difficult because of the need to precisely match the currents.

[0004] Renewable energy (such as wind and solar) and other distributed generation (DG)
sources are usually integrated into the power grid through a power electronics interface that
provides power conditioning and control of the raw source output. The common practice is
to control the interface to behave like a current source that injects a certain amount of current
into the power grid depending on the amount of power the source is able or required to
produce. Current-source behavior is desirable in this case because it avoids conflicts with the

grid which is a voltage source.

[0005] In practice, the grid is not an ideal voltage source due to the series impedances of
the lines, transformers, and generators. Likewise, the interface cannot be made a perfect
current source which, by definition, has infinite output impedance. In the presence of such

non-ideal effects, the stability of the DG-grid system requires that the ratio of the grid
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impedance to the interface output impedance satisfy the Nyquist criterion. See J. Sun,

“Impedance-based stability criterion for grid-connected inverters,” IEEE Transactions on

Power Electronics, vol. 27, no. 11, pp. 3075-3078, November 2011.

[0006] Multiple solar or wind sources can be connected to the power grid through their

own grid interfaces, effectively operating in parallel with each other as current sources.

There is an increasing need to operate such sources in series as a way to reduce the cost and

increase the efficiency of the power conditioning interface. There are several examples for

such applications:

1) Multi-Terminal DC Transmission for Offshore Wind: DC transmission is

2)

3)

favored over ac transmission for offshore wind because of the difficulties
associated with transferring power over long undersea ac cables. For this
application, as illustrated in Fig. 2a, the series-DC architecture (10), in which
each wind turbine (12) is controlled to produce a DC output and multiple such
DC terminals (14) are connected in series to build a sufficiently high DC
voltage for transmission to the onshore power grid, is advantageous as it
eliminates redundant DC-AC (16) and AC-DC (18) conversion stages required
when an AC offshore collection bus (24) is used, as illustrated in Fig. 2b.

Direct Connection of Solar Inverters to Medium-Voltage Distribution Lines:
Commercial (large-scale) solar installations are usually integrated to the power
grid by connecting to a medium-voltage (e.g. 15 kV or 33 kV) distribution
line. To avoid the need for high-voltage electronics, as illustrated in Fig. 3a,
the output of each solar inverter (26) is kept at a low voltage level (e.g. 480
V), and a medium-voltage transformer (28) is used to step up the voltage for
connecting to the distribution grid or network (30). An alternative architecture,
depicted in Fig. 3b, is to connect multiple solar inverters (26) in series such
that they can interface directly with a medium-voltage distribution network

(30) without a bulky step-up transformer.

Modular Low-Voltage Microinverters: As illustrated in Fig. 4a, a
microinverter (32) generates 50/60 Hz AC from the DC output of a single
solar panel (34). Since the panel output voltage is usually a fraction of the
peak voltage of the power grid (36), e.g. 160 V in residential buildings, a

microinverter requires a transformer to step up the voltage, as well as the use
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of high-voltage devices that can withstand the peak grid voltage. The use of a
transformer and high-voltage devices can be avoided by designing each
microinverter to generate a voltage lower than the panel output voltage and by
operating multiple microinverters (32) in series for connecting to the unity
grid (36), as depicted in Fig. 4b. This scheme is similar to that shown in Fig.

3b, and reduces the cost and increases the efficiency of the microinverters.

[0007] Common to these three examples are that a) multiple power sources (referred to as
sending terminals hereinafter) are connected in series to form a string, and b) the string is
connected in parallel with a DC or AC power grid which can be considered a voltage source.
To facilitate the series connection, individual sending terminals should act as voltage sources,
while the string should behave like a current source in order to operate in parallel with the

grid, which is a voltage source.

[0008] Such mixed voltage and current source behavior between individual sending
terminals and the overall string could be achieved by a central controller when all sending
terminals are located in close proximity, e.g. in the same housing. In that case, as depicted in
Fig. 5, the central controller (40) would control the total string voltage by regulating the
output voltage of individual sending terminals (42, 42”), and an inductor (L, L) could be
inserted in series to absorb the instantancous voltage difference between the string and the

grid, effectively turning the string into a controlled current source.

[0009] This central control scheme can work in both DC and AC networks, but requires a
high-speed communication link between the controller and each sending terminal, which is
difficult to implement when the sending terminals are dispersed, such as in the three
examples discussed above, where the physical dimension of a string may range from several
meters for rooftop microinverters to several kilometers for offshore wind turbines. The speed
of the central control must be comparable with the switching frequency of the semiconductor
devices used in each wind turbine or solar converter, such that a loss of control signal for
even a few milliseconds may result in destructive damage and bring down the entire string.
The central control is also difficult to modularize and to maintain. Therefore, a different
approach is needed in order to enable such series connection of renewable sources into the

power grid.

BRIEF SUMMARY OF THE INVENTION
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[0010] The present invention provides a method for forming and operating a multi-
terminal power system, comprising: connecting multiple sending terminals to a network of a
power system; and local control of each sending terminal to behave as a constant-power
source such that both output voltage and output current of the sending terminal may
simultaneously vary in response to changing external circuit conditions while maintaining

constant a product of the output voltage and the output current of the sending terminal.

[0011] The changing external circuit conditions may include: varying voltage and
current of the network the multi-terminal power system is connected to, or varying power
levels of the sending terminals; and the multiple sending terminals may be connected in a

series, parallel or a matrix configuration.

[0012] According to an aspect of the present invention, at least some of the multiple
sending terminals may be connected in series to form a string, and the string may be

connected in parallel with a bus of the network, the bus behaving as a voltage source.

[0013] The string may advantageously comprise a series connection of: solar inverters or
microinverters directly interfacing with a distribution network or grid, or offshore wind

turbines with DC output for DC transmission to an onshore power grid.

[0014] According to another aspect of the present invention, at least some of the multiple
sending terminals may be connected in parallel to form a row, and the row may be connected

in series with a bus of the network, the bus behaving as a current source.

[0015] Each sending terminal may advantageously comprise a renewable energy source
and an associated power conditioning circuit, with the local control producing constant power

source behavior at output terminals of the power conditioning circuit.

[0016] The method may further include: modifying constant-power source behavior of
the sending terminal by reducing power output of the sending terminal when at least one of

the output voltage or the output current exceeds a pre-specified level.

[0017] If the sending terminal comprises an AC source, power of the constant-power

source means average power over a fundamental cycle.

[0018] In one aspect of the present invention, at least one sending terminal may include a

power conditioning circuit comprising a capacitive output converter having a capacitor
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connected between two output terminals and the rest of the power conditioning circuit acts as
a controlled current source connected in parallel to the capacitor, and the local control may
comprise: controlling the current source to follow P/v as a reference, where P is the desired

output power of the converter and v is the voltage across the output capacitor.

[0019] In another aspect of the present invention, at least one sending terminal may
include a power conditioning circuit comprising an inductive output converter having an
inductor connected to an output terminal and the rest of the power conditioning circuit acts as
a controlled voltage source connected in series with the inductor, and the local control may
comprise: controlling the voltage source to follow P/i, where P is the desired output power

of the converter and 7 is a current through the inductor.

[0020] To provide fault isolation, a by-pass diode may be connected in parallel to the
output terminals of the power conditioning circuit, and a disconnect switch may be connected

in series between the output terminals and the bypass diode.

[0021] In one embodiment of the present invention, the renewable source powering a
sending terminal may comprise a wind turbine driving a generator, and the associated power
conditioning circuit converts the generator AC output into DC. The local control involves a
generator-side control and a network-side control, with the generator-side control regulating
the renewable energy source such that maximal amount of power is extracted, and the

network-side control being responsible for providing the constant-power source behavior.

[0022] The generator-side control may provide a power signal to the network-side control
indicating amount of power that is available for feeding into the network, and the network-
side control may use this signal as a command to control output power, and the network-side
control may communicate a level of desired power level to the generator-side control during
start-up, shut-down, or power curtailment when the output power has to be reduced or
limited.

[0023] The power conditioning circuit in this embodiment may further comprise a
rectification circuit that includes a rectifier that converts the generator output into DC, and a
DC-DC converter that steps up the output of the rectifier into a higher voltage and also
provides galvanic isolation using a high-frequency transformer. The DC-DC converter can be
a capacitive output converter or an inductive output converter. The generator-side control

controls the rectifier and the network-side control controls the DC-DC converter.
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BRIEF DESCRIPTION OF THE DRAWING FIGURES

[0023] Features, benefits and aspects of the present invention will be readily understood
from the following detailed description of various embodiments, taken in conjunction with

the accompanying drawings, in which:

[0024] Fig. 1 depicts (a) multiple voltage sources in series, and (b) multiple current

sources in parallel;

[0025] Fig. 2 depicts offshore wind farm architectures for (a) DC transmission to an
onshore power grid employing a multi-terminal series-DC arrangement, and (b) an AC

collection bus with a step-up transformer and a central rectifier station;

[0026] Fig. 3 depicts a commercial solar system connected to medium-voltage
distribution lines using (a) medium-voltage transformers, and (b) a series connection of

inverters for direct (transformer-less) grid interface;

[0027] Fig. 4 depicts connection of microinverters (a) in parallel and (b) in series, for

interfacing with a low-voltage utility grid;

[0028] Fig. 5 illustrates central control of a string voltage and creation of current-source

behavior by using a series inductor;

[0029] Fig. 6 presents (a) i-v characteristics of constant-power sources (CPS), (b) series

connection of CPS, and (c) parallel connection of CPS;

[0030] Fig. 7 illustrates operation of two CPS in series (a) in standalone mode with a

resistive load, and (b) connected to a voltage source;

[0031] Fig. 8 illustrates operation of two CPS in parallel (a) in standalone mode with a

resistive load, and (b) connected to a voltage source;
[0032] Fig. 9 depicts operation of series-connected wind turbines controlled as CPS;

[0033] Fig. 10 depicts (a) a series-row architecture, and (b) its equivalent matrix

configuration;

[0034] Fig. 11 depicts modification of CPS characteristics to reduce terminal voltage and

current variation by (a) voltage and current limiting, and (b) power curtailment;
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[0035] Fig. 12 illustrates multi-terminal DC transmission architectures for grid
integration of offshore wind employing (a) parallel strings, and (b) series rows (matrix), with

bus voltage assumed to be imposed by the onshore power station;

[0036] Fig. 13 depicts (a) an electric system of a turbine, (b) a converter with a capacitive

output, and (c) a converter with an inductive output;

[0037] Fig. 14 depicts overall local control of a turbine including both generator side and

network side controls;

[0038] Fig. 15 depicts (a) a string of #» wind turbines, (b) equivalent circuit of the string
with each turbine represented by its capacitive-output converter, (¢) and (d) string voltages

under two different conditions;

[0039] Fig. 16 depicts transient responses of a three-terminal string to power step

changes;

[0040] Fig. 17 depicts transient responses of a three-terminal string to power step changes

with difference capacitance;

[0041] Fig. 18 illustrates inclusion of a disconnect switch and a bypass diode to provide

fault isolation capabilities;

[0042] Fig. 19 depicts (a) a row of inductive-output terminals in series with a current-

source bus, and (b) its equivalent circuit; and
[0043] Fig. 20 depicts transient responses of a three-terminal row to power step changes.
DETAILED DESCRIPTION

[0044] The solution presented by the current invention to resolve the conflicting
requirements for voltage-source behavior for individual sending terminals in a string and
current-source behavior of the overall string, is to make each sending terminal behave as a
constant-power source (CPS). Unlike a voltage or current source, in which only the supply
current or voltage varies with external conditions, both the output voltage and output current
of a CPS vary with external conditions while the product of the output voltage and the output

current remains constant. Mathematically, this can be described by p =v-i = constant,
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where v and 7 are the output voltage and output current, respectively. This notation is

appropriate for DC sources.

[0045] For AC sources, the power should be understood as the average power over a
fundamental cycle. Additionally, it should be noted that the output power of a constant-
power source may vary over time due to change in either the amount of power that is

available or is required. Fig. 6a illustrates the i-v characteristics of such constant-power

Sourcces.

[0046] Constant-power sources can operate in either parallel or series with each other, as
illustrated in Figs. 6b and 6c¢, respectively, where a new symbol is introduced to represent a
CPS (48). In either configuration, both the output voltage and current of each CPS depends
on the external circuit. To illustrate how a CPS adjusts its output voltage and output current
to external circuit conditions, consider a series connection of two DC CPS, whose output
power is p; and p», respectively. Fig. 7 shows the i-v characteristics of each CPS as well as

their combination.
[0047] Consider two cases:

1) Standalone Operation with Resistive Load (Fig. 7a): The i-v characteristic of
the load is represented by a straight line (v = Ri ) starting from the origin. The
intersection point, A, of this line with the combined constant-power curve
(vi= p, + p,) defines the combined output voltage (¥) of the two CPS and the

current (/) through the load. The horizontal line passing point 4 intersects
with each CPS i-v curve, and the intersection point (4; and 4,) represents the

operation point of the corresponding CPS.

2) Parallel Operation with a Voltage Source (Fig. 7b): The i-v characteristic of
the parallel voltage source is represented by a vertical line v = V. This line

intersects with the combined constant-power curve (vi= p, + p,), and the

intersection point, B, defines the current (/) supplied by each CPS. The
horizontal line passing point B intersects with each CPS i-v curve, and the
intersection point (B and B») represents the operation point of the

corresponding CPS.
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[0048] Although the above analysis was for specific CPS and load conditions, it will be
apparent that the series connected CPS can adjust to varying load conditions as well as power
level of each CPS. The same analysis can be performed for parallel CPS. As an example,

consider two CPS in parallel with two different types of loads:

1) Standalone Operation with Resistive Load (Fig. 8a): The i-v characteristic of
the load is again represented by a straight line (v = Ri ) starting from the
origin. The intersection point, 4, of this line with the combined constant-
power curve (vi= p, + p,) defines the output voltage (») of both CPS and
their combined output current (/). The vertical line passing point A4 intersects
with each CPS i-v curve, and the intersection point (4, and 4,) defines the

output current (/; and /») of the corresponding CPS.

2) Parallel Operation with a Voltage Source (Fig. 8b): The i-v characteristic of

the parallel voltage source is again represented by a vertical line v= V. This
line intersects with the combined constant-power curve (vi= p, + p,), and the
intersection point, B, defines the output voltage () of both CPS. The same
vertical line intersects with each CPS i-v curve, and the intersection point (B

and B,) defines the output current (/; and /) of the corresponding CPS.

[0049] The above analysis can be extended to any number of CPS connected to series or

parallel, or the combination of both.

[0050] Consider now specifically the application of the present invention in multi-
terminal DC transmission of offshore wind, as depicted in Fig. 2a. Assume that each turbine
generator output is conditioned by a regulated rectifier to behave like a CPS at the DC output
terminals. When all mechanical and electrical power losses are ignored, the DC output power

is equal to the power the turbine blades extract from the wind.

[0051] The fact that the power extracted by the wind turbine is fixed under a given wind
condition should not be confused with the constant-power source behavior of the power
conditioning circuit measured at its output terminals: A fixed amount of power can also be
transferred by a voltage or a current source. The CPS behavior as defined here refers to the
fact that both its terminal voltage and current can simultaneously vary with the load. It is this
unique capability to adjust both output voltage and current simultaneously in accordance with

external circuit conditions while maintaining constant a product of the output voltage and the
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output current of the sending terminal that distinguishes a constant-power source from a

voltage or current source.

[0052] Without losing generality, consider five wind turbines (12) forming a string (50)
and connected to a 20 kV DC bus (52), as depicted in Fig. 9a. Assume that the output power
of the turbines (from top down) is 2 MW, 2.5 MW, 1 MW, 2.2 MW, and 1.5 MW,
respectively, and each turbine output is conditioned to behave like a CPS (48). Ignore all
power losses such that each CPS output power is equal to the corresponding turbine output.

The string current in this case can be calculated to be:

5

> P,

& 9,200,000
20,000 20,000

= =460 A. (1)
[0053] The voltage of each terminal is shown in Fig. 9a below the output power of each

turbine.

[0054] Assume now that the condition of the third turbine from the top has changed,

increasing its output power to 1.8 MW. As soon as this happens, the following will occur:

1) The output voltage of the third CPS increases such that its output power will

increase towards 1.8 MW;

2) The output voltage of other CPS decreases in order to keep the total string
voltage at 20 kV, which is imposed by the DC bus;
3) The string current increases to compensate for the decreasing voltage of other

CPS.

[0055] The net results are illustrated in Fig. 9b, where the string current has increased to
500 A and each CPS output voltage has adjusted itself to a new level that meets both the CPS
as well as the overall string voltage constraints. It should be noted that, with ideal CPS and
DC bus voltage (no impedance), these adjustments will occur simultaneously and instantly.
It should also be apparent that multiple strings can be connected to the DC bus at the same
time and they will operate independently from each other so long as the DC bus (with the
connection cables) can be considered an ideal voltage source (without any impedance). In
the presence of bus and cable impedance, the operation of parallel strings will be slightly

coupled.

10
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[0056] As an example, Fig. 9c shows two strings connected in parallel. The cable
connecting each string is assumed to have R = 0.1 Q resistance. For the purpose of
comparison, same turbine output power levels as used in Fig. 9a) and b) are assumed. The
two string currents are denoted by /; and /7, (see Fig. 9¢), and can be solved from the

following equations:

9,200,000

7 +RI, + R, +1,)=20,000
1

10.000.999 , r(z, +1,)=20.000

2

[0057] These equations have two sets of complex solutions and two sets of real solutions.
It is easy to verify that the actual solutions are /; =463.3 A and I, = 502.4 A, which are
slightly higher than those when there is no resistance. The corresponding turbine voltages are

given in Fig. 9c.

[0058] In addition to the parallel-string structure shown in Fig. 9¢, one can also connect
wind turbine terminals (48), and CPS sending terminals in general, in parallel to form a row
(54) first, and then connect multiple rows in series, as depicted in Fig. 10a. When the
interconnect cable impedance is ignored, such series-row structure (56) is equivalent to the

meshed (matrix) structure (58) shown in Fig. 10b.

[0059] As illustrated by the examples in Fig. 9, power variation in one sending terminal
can cause large variation to all sending terminal output voltages in the parallel-string
architecture. The string current, on the other hand, is less sensitive to individual sending
terminal power variations, as it is driven by the total power and voltage of the string. In
contrast, the row voltage in the series-row architecture is less sensitive to individual sending
terminal power output in a row, but ecach sending terminal current within a row can change

significantly when other sending terminal power changes.

[0060] In addition to selecting a proper architecture, the variation in sending terminal
voltage and current can also be reduced by modifying the CPS characteristic such that the
power output reduces when the sending terminal voltage and current exceeds certain level.

This can be implemented in different ways, including;:

11
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1) Voltage and Current Limiting (Fig. 11a): Both voltage and current are limited
by a maximal value (V. and I.x) and the sending terminal effectively
operates as a constant-voltage (Vmax) or constant-current (Znmax) source beyond

these limits.

2) Power Curtailment (Fig. 11b): The sending terminal output power is
gradually reduced as the sending terminal output voltage or current exceeds a
pre-specified level (V5 or Ii). This can be implemented in different ways, some

of which are illustrated by the dashed lines in Fig. 11b.

[0061] These features can be programmed into the control of individual CPS sending
terminal, and should be coordinated with the control of the prime source (wind turbine) to
maintain power balance between input and output power. Dependency of the i-v
characteristic of one sending terminal on other sending terminals may also be introduced to
further improve the performance. Such mutually dependent sending terminal characteristics
can be implemented autonomously within each sending terminal based on estimated
operation conditions of other sending terminals, or through communication among sending
terminals. The bandwidth required to implement such communication is low as it only needs
to carry slow-varying power signals, and the system can be made to tolerate communication

failure.

[0062] The analysis presented so far assumed ideal CPS and DC bus behavior. Under
these conditions (and when only the resistance of the cable is considered), system response to
any change will be instantancous, that is, the system will adjust itself and settle on a new
operation point instantly. In practice, cables have capacitance and inductance in addition to
resistance. The DC bus in offshore wind farm is usually established by the onshore inverter
station and has its own dynamics. Each CPS also has dynamics depending on its physical

(turbine, generator, and power electronics) as well as control design.

[0063] Because of these dynamics, the transition of system operation from one point to
another cannot be instantancous; instead, each change in CPS power and other parameters
will induce a transient affecting all voltages and currents of the system. The behavior of the
system during such transients as well as the ability of the system to settle on a new operating
point (stability) can be analyzed by dynamic models of the system. Such dynamic models

can also be used to design CPS control to ensure stability and satisfactory responses during

12
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transients. Design and dynamic control of CPS to achieve these objectives will be described

hereinafter.

[0064] Methods to form multi-terminal power systems using constant-power sources
(CPS) have been described above. A CPS allows both its output voltage and current to vary
with external circuit conditions, hence can be connected in either series or parallel with other
CPS. Meshed (matrix) configurations are also possible. In contrast, conventional voltage or
current sources can only be connected in series or in parallel, respectively. More importantly,
a string (series-connected) or row (parallel-connected) of CPS can operate in parallel or series

with another voltage or current source.

[0065] The ability to operate in parallel with a voltage source is particularly useful in the
integration of renewable energy into the power grid. Possible applications include multi-
terminal DC transmission for offshore wind farms, direct interface of low-voltage solar
inverters with medium-voltage distribution lines, and modular low-voltage microinverters, as

discussed above.

[0066] Methods to control renewable sources to realize such CPS behavior are now
presented. Multi-terminal DC transmission for offshore wind will be used as an example to

illustrate the methods.

[0067] Fig. 12a depicts a possible architecture (10) for such application, in which each
wind turbine (12) acts as a DC sending terminal (14) and multiple terminals are connected in
series to build a medium- or high-voltage DC bus. Each set of series-connected turbines will
be referred to as a string (15), and multiple strings can operate in parallel to build up the
current capacity. Alternatively, multiple turbines (12) can be connected in parallel first to
form a row (17) to build up the current, and multiple rows are then connected in series to
build up the voltage. The latter is equivalent to the matrix architecture (19) shown in Fig.
12b and may require more cables, but can help to reduce the voltage variation of each

terminal.

[0068] The control methods will be developed for the parallel-string architecture first,
and then extended to the series-row (matrix) architecture. In all cases, the DC bus voltage,

Ve, 18 assumed to be established and controlled by the onshore inverter station.
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[0069] The electrical system of each turbine acting as a sending terminal in the multi-
terminal network is assumed to consist of a synchronous generator (60) and a power
electronics converter (16) (also referred to herein sometimes as a power conditioning circuit),
as depicted in Fig. 13a. The converter generates a DC output from the variable-frequency ac
output of the generator. Different power electronics circuits can be used to perform this
function. The development here will not assume a specific converter circuit, but rather will
be based on two generic, electrically dual configurations of the DC output section of the

circuit:

1) Capacitive Output Converter (65): The first element seen from the DC output
into the converter is a capacitor (C) connected between the two output
terminals (64), as depicted in Fig. 13b. The remainder of the converter will be
treated as a parallel current source (66), which can be continuous (such as in
the case when a buck or buck-derived converter is used) or pulse-width
modulated (such as in the case when a buck-boost or boost type converter is
used.) In either case, the current i defined in Fig. 13b represents the average of
the current that is delivered to charge the output capacitor over a switching

cycle of the converter.

2) Inductive Output Converter (67): The first element seen from the DC output
into the converter is an inductor (L) connected to the positive or negative
terminal of the DC output (64). Fig. 13¢ shows the case when the inductor is at
the positive terminal, and the circuit is functionally equivalent if the inductor
is placed on the negative terminal. The remainder of the converter will be
treated as a voltage source (68) in series with the inductor (L). There are two
different ways to realize such inductive output: (a) using a buck or buck-
derived converter without output capacitor, or (b) adding a series inductor to a
capacitive-output converter. The voltage source is pulse-width modulated in
case (a) and continuous in case (b). In cither case, v represents the average of

the voltage that drives the current 7 to the output.

[0070] The control methods described below will seeck to make v-i constant for each
type of converter. This is essentially the power output of the controlled source in each case,

and is different from the actual output power of the converter, which can be expressed by
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v[i—Cﬂ}:vi—i[lez} (2)

dt dt| 2

for a capacitive-output converter, and by

i[v—Lﬂ}:vi—i[lLiz} (3)
dt dt| 2

for an inductive-output converter. The second term in equations (2) and (3) represents the
rate of change of the energy stored in the output capacitor and inductor, respectively. Since
this term is relatively small and only exists during transient, each converter can still be
considered a constant-power source at its output terminals when the internal source is

controlled as a CPS.

[0071] Fig. 14 depicts the overall control scheme of a turbine, which consists of
generator-side control (70) and (DC) network-side control (72). The main function of the
generator-side control is to regulate the turbine speed such that the maximal amount of power
is extracted. Other functions of the generator-side control (70) may include regulating the
wave-shape and power factor of the generator output current to maximize the generator
efficiency and maintain a more stable voltage. Different existing control methods can be

applied to fulfill these requirements.

[0072] The focus of this invention is the network-side control (72) that is responsible for
providing the desired constant-power source behavior. Among other signals, a power signal
(p) will be exchanged between the two parts of the control. The generator-side control (70)
provides this signal, based on either measurement or estimation, to indicate the amount of
power that is available for feeding into the network, and the network-side control (72) will
use this signal as a command to control its output power. Conversely, the network-side
control (72) will communicate the level of desired power level to the generator-side control
(70) during start-up, shut-down, or power curtailment when the turbine output power has to

be reduced or limited.
Control of Capacitive-Output Converters

[0073] As stated before, the objective of network-side control (72) for a capacitive-output
converter (62) is to regulate the current 7 (see Fig. 13b) such that vi= P, where P is the

desired output power determined by the generator-side control based on the amount of power
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available from the turbine, or by the network-side control (72) based on network operation
conditions and voltage and/or current limits of the converter. This can be achieved by a
current controller that uses P/v as reference and regulates the equivalent controlled current

source shown in Fig. 13b to follow this reference.

[0074] Many existing current control methods can be used to implement this current
control function. Additional control functions may be included to limit the current reference
level and its slew rate for safety of operation. The actual current may not exactly follow the
reference instantly depending on the form of the reference as well as the dynamics of the
converter and control. Detailed circuit and control models can be used to analyze such
nonlinear and dynamic behavior. For the sake of explaining the principle of the control
methods, it is assumed in the following that the current reference is equal to P/v unless
otherwise specified and that the actual controlled current 7 follows this reference perfectly.

Additionally, it is assumed that the DC bus behaves like an ideal voltage source.
String Startup

[0075] Since parallel strings operate independently except for some minor coupling due
to cable impedance, we will examine the operation of a single string first. A string (15) of n

turbines (12) can be connected to the multi-terminal DC network in the following steps:

1) Establish and stabilize the DC bus voltage by using the onshore power

(inverter) station.

2) Connect the turbine DC outputs in series without power output and without
connection to the DC bus, as indicated in Fig. 15a.

3) Close the string circuit breaker (13) to connect the string (15) to the DC bus
(11) while keeping the output power of each turbine at zero. The DC bus
voltage, vqc, 18 applied to the string and is divided among the output capacitors
(C1, C2...Cn) of the converters (16), as illustrated in Fig. 15b. Ideally, all
converters (16) should be identical such that each converter output capacitor is
charged to vq/n. Practical mismatch of the capacitance value and leakage
current may lead to slightly unbalanced voltages, but such unbalance is usually
small and can be ignored in principle analysis.

4) The network-side control (72) of each turbine converter (16) detects a stable

output capacitor voltage and starts to ramp up its current output. The ramp-up
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should be controlled at a sufficiently slow rate to ensure safety of operation.
Under ideal conditions, all turbine power outputs are equal such that their
output currents ramp up towards the same value at the same rate. In this case,
all capacitor voltages will remain constant at the pre-charged level (vac/n)
during current ramp-up. Unequal power outputs from different turbines will
cause variation of the capacitor voltages, which can be understood based on

the analysis in the following.

[0076] In any case, the end results (steady state) of the start-up will be that a) all turbine
output currents are equal to the total string current i, (such that the net charging current of
each capacitor is zero), and b) each turbine output capacitor voltage settles at P;/is, where Py
is the output power of the turbine. Figs. 15¢ and 15d show two cases for a three-turbine
string. The DC bus voltage is assumed to be 30 kV. For the case of Fig. 15¢, each turbine
puts out 2 MW of power such that the bus voltage is equally divided among the three
terminals. For the case of Fig. 15d, the turbine outputs from top down are 1 MW, 1.5 MW,
and 0.5 MW, respectively, resulting in unequal voltages. In either case (and in general when

there are n turbines in a string), the steady-state string current can be determined from

i=—3'p 4)

Vie k=1

and the DC output voltage of each turbine converter can be determined as follows:

Vk :‘—:—'Vdc’ k:l’ 2, n (5)

[0077] Note that these steady-state voltages are determined by the power output of the
turbines, and are independent of the converter output capacitance. In other words, mismatch
in converter output capacitance may affect the initial voltage of the turbines but has no effects

on the steady-state voltages once the turbines are operating.
Voltage Rebalance and Transient

[0078] To see the ability of the proposed control to automatically adjust individual cell
output voltages or to readjust the voltages when turbine output powers are unbalanced or

change, consider the transition from Fig. 15¢ to 15d. For this purpose, assume the string is
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initially working under the condition indicated by Fig. 15¢. At ¢ = 0, the output powers of the
sending terminals change from P, = P, =P;=2MWto P, =1 MW, P, =1.5 MW, and P; =
0.5 MW. The output capacitance of each sending terminal is assumed to be 100 uF. Under
the assumptions made before, the response of each sending terminal output voltage can be

solved from the following equations:

dav dv, . .
Clj;_c37;:ll_l3 (6)
av dv, . .
C37;_C27t2:l3_12 (7N
dav dv, . .
Cz?i_clj;:lz_ll (8)
i _Lh k=123; ZS:V =V 9)
% ) 9oty k de
Vi k=1

[0079] Note that the three differential equations are dependent such that only two are
needed. Fig. 16 shows the simulated responses of the cell voltages and currents during the

transient.

[0080] As can be seen, all voltages and currents settle smoothly towards their desired
values. Note that there is a step change in each of the currents in Fig. 16 at = 0. This is the
consequence of the step change in the power and the ideal current control characteristics

assumed in the analysis.

[0081] As noted before, the sending terminal output capacitance doesn’t affect the
voltage distribution once the sending terminal is active. This can be seen from the simulation
shown in Fig. 17, where the conditions are the same as that used for the simulation in Fig. 16
except that the sending terminal capacitance is changed from C; = C; = C3 =100 puF to C; =
150 uF, C; =2.5 uF, and C; =2 uF. As can be seen, all voltages and currents settle to the
same steady-state values as in Fig. 16 and Fig. 15d, but the transient takes longer because of

the increased capacitance.

[0082] In general, transient responses of a string of # turbines can be simulated using the

following equations:
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dv, dv,

C, ., i —Ckzzikﬁ—ik, k=1, 2, .., n-1 (10)
ik:i, k=1, 2, .., n-1 (11)
Vi
zvk =Vqc (12)
k=1
[0083] Dynamics of the converter and control can be incorporated by replacing each

current in equation (10) by the actual current of each converter sending terminal while
treating equation (11) as the reference for the current controller. Dynamics of the DC bus

and the cable, including cable resistance, can also be incorporated by modifying equation

(12).
Protection, Operation under Fault, and Shutdown

[0084] Equation (5) can be rearranged as follows where P,y is the average turbine output
power:

f o, B Ve oy o o (13)

zpk Pav n

k=1

[0085] Based on this, the steady-state output voltage of a sending terminal will exceed
1/n of the DC bus voltage if the sending terminal output power is higher than the average
output power of all turbines in the string. Therefore, excessive voltage may build up across a
sending terminal if the sending terminal power is significantly higher than other sending
terminals. To limit the sending terminal voltage, thereby avoiding possible damage, the
sending terminal output power can be reduced, or curtailed, when its output voltage reaches a

certain level.

[0086] Such curtailment control can be implemented using the methods discussed above.
When power curtailment is invoked, the network-side control (72) will also send a signal to
the generator-side control (70) to reduce the generator output power such that no high voltage

would be built up inside the converter due to input-output power imbalance.
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[0087] The string current, determined by the total power of the string based on equation
(4), 1s less a concern for protection in the parallel-string architecture. Nevertheless, power

curtailment (of all turbines) can be used to reduce the string current when needed.

[0088] A disconnect switch (74) and a bypass diode (76) can be added at the output of
cach sending terminal to provide fault isolation capabilities, as depicted in Fig. 18. In the
event of failure of the converter sending terminal, the switch can be open and the bypass
diode will be forced to conduct by the string current. The same switch (74) can be used to

connect and disconnect the sending terminal from the string under normal conditions.

[0089] With the bypass diode (76), operation of the string when one sending terminal is
removed is equivalent to having that sending terminal output power set at zero, which implies
that all other sending terminal voltages have to increase in order to compensate for the lost
sending terminal. Therefore, there is a limit for the number of failed sending terminals before
the voltage on remaining sending terminals becomes too high and the string has to be shut

down.
[0090] There are two ways to shut down a string:

1) Controlled Shutdown: In this case, the output power of all sending terminals
is gradually reduced (ramped down) to zero. Once the string current reaches
zero, the string breaker (13) can be opened to remove the string from the DC
bus. This can be invoked, for example, when a certain number of sending
terminals have failed and the remaining sending terminals cannot safely

operate with the imposed bus voltage.

2) Emergency Shutdown: In the event that the string breaker (13) opens abruptly
due to fault within the string or on the DC bus while individual sending
terminals are still “alive”, that is, still putting out current, the live sending
terminal voltages will rise, trigging a reduction in the sending terminal output
currents, which will eventually reach zero as the sending terminal voltages
continue to rise. Once the current is zero, the switch (74) shown in Fig. 18 can

be opened to remove the sending terminals from the string.

Operation in Series-Row and Matrix Configuration

20



WO 2015/073224 PCT/US2014/063288

[0091] Capacitive-output sending terminals can also operate in parallel. In fact, it is easy
to see that m parallel sending terminals is equivalent to a single CPS having an output power
equal to

P=YP

k=1
where P is the output power of the &™ sending terminal in the row. Therefore, the operation
and analysis methods outlined above can also be applied to series-row and matrix networks
by treating each row as a single capacitive-output cell having the total combined power and

capacitance of all sending terminals in the row.
Control of Inductive-Output Converters

[0092] Inductive-output sending terminals can be connected in parallel and then in series
with a current-source bus (80), as depicted in Fig. 19a. This topology and its equivalent
circuit (Fig. 19b) are dual to the string of sending terminals in parallel with a voltage-source
bus (Fig. 15a and b). Hence a dual control method can be applied to each sending terminal to
operate the system. Specifically, the voltage source (v) behind the inductor (L) is controlled
such that v,i, is equal to Py, the desired power output of the ™ cell. Under the assumption
that this voltage control is ideal, equations governing the operation of # parallel inductive-

output sending terminals in series with a current source iy, (80) can be developed as follows

by applying the principle of duality to equations (9) - (11):

di,. di
Lkﬂ#_l‘k?;:vkﬁ_vk’ k=1, 2, .., n-1 (14)
T (15)
I
i =i, (16)
k=1

[0093] The operation principle and procedure discussed before for series-connected
capacitive-output sending terminals can be applied to this configuration as well. For example,
to start the system, the » sending terminals will be connected in parallel first without any

power output. The circuit breaker (82) in parallel with the bus current source (80) is then
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open. The output voltage of each sending terminal is then ramped up to gradually increase
the power. Current rebalance and transient in response to changes in sending terminal output

power can also be simulated by solving equations (14)-(16).

[0094] As an example, Fig. 20 shows the transient responses of a three-terminal row
connected to a 3 kA bus. The output inductance of the sending terminals is Ly =Ly =L3 =5
mH. Initially, the output powers of the sending terminals are P, = P, = P3=2 MW. The
corresponding bus voltage is 2 kV. At ¢ = 0, the sending terminal output powers are changed
to Pr=1MW, P,=15MW, and Ps = 0.5 MW. Fig. 20 shows that the bus voltage will settle
at a new level of 1 kV, and the sending terminal currents will adjust automatically to match
the new power output of each sending terminal. The transient behavior is similar to that

shown in Fig. 16.

[0095] Note that series connection of inductive-output sending terminals in series with a
current source is dual to parallel connection of capacitive-output sending terminals in parallel
with a voltage source. The operation of individual sending terminals in each such
configuration is independent of other sending terminals (except for minor coupling due to
network impedance). Hence each sending terminal can be controlled using conventional
voltage and current control methods. The output capacitor of the capacitive-output sending
terminal and inductor of the inductive-output cell can also be removed in these configurations
without affecting the functionality. However, they are usually retained to provide filtering of
switching ripple. Additional filtering components (inductors and capacitors) can be included
at the sending terminal output to further attenuate the high-frequency ripple in each of the
configurations discussed thus far. These components usually don’t affect the steady-state
operation, and their effects on dynamic behavior can be ignored if their corner frequencies

are outside the control bandwidth.

[0096] In summary, methods to form multi-terminal (series, parallel, and meshed) power
systems by controlling each terminal to behave as a constant-power source are provided by
the current invention. A constant-power source in this context refers to the ability of the
source to simultancously adjust its output voltage and current in response to changing
external circuit conditions, while maintaining constant the product of the output voltage and

output current. The present invention facilitates:
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» Use of CPS instead of conventional voltage or current sources to form multi-

terminal power networks.

» Different system configurations enabled by CPS behavior: series, parallel,

parallel-string, series-row, and matrix.

* Modification of CPS i-v characteristics to reduce voltage and current
variations of individual CPS sending terminals when system operation

conditions change.

* Applications in multi-terminal DC transmission, series connection of low-
voltage solar inverters for direct interface with medium-voltage distribution

lines, and modular low-voltage microinverters.

[0097] Among different applications, the current methods would benefit the integration
of renewable energy into the power grid by enabling new system architectures that are

modular, inherently more efficient, less costly, and more reliable.

[0098] Furthermore, methods to control renewable sources for integration into a multi-

terminal DC network are provided for two different types of converter circuits.

* A capacitive-output converter has a capacitor at its output and a parallel
current source behind it that represents the rest of the converter. The voltage
across the capacitor is left to be determined by system operation while the

current source is locally controlled by the sending terminal.

» Control of the current source in a capacitive-output converter is implemented
locally by using i = p/v as a reference, where p is the desired output power of

the converter and v is the voltage across the output capacitor.

* An inductive-output converter has an inductor at its output and a series voltage
source behind it that represents the rest of the converter. The current through
the inductor is left to be determined by system operation while the voltage

source is locally controlled by the sending terminal.
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» Control of the voltage source in an inductive-output converter is implemented
locally by using v = p/i as a reference, where p is the desired output power of

the converter and 7 is the current through the output inductor.

» Capacitive-output converter sending terminals can be connected in series,
parallel, or in a meshed (matrix) form with both series and parallel connection

to form a multi-terminal converter network.

*  When operated in parallel with an external voltage source, the multi-terminal
network of capacitive-output cells can automatically adjust individual sending
terminal output voltage and output current to satisfy network operation

constraints while achieving desired output power for each sending terminal.

* Inductive-output converter sending terminals can also be connected in series,
parallel, or in a meshed (matrix) form with both series and parallel connection

to form a multi-terminal converter network.

*  When operated in series with an external current source, the multi-terminal
network of inductive-output sending terminals can automatically adjust
individual sending terminal output voltage and output current to satisfy
network operation constraints while achieving desired output power for each

sending terminal.

» The disclosed control methods are implemented locally for each sending
terminal and require no communication with other sending terminals in the
network, yet can achieved desired overall network behavior in terms of steady-

state operation as well as transient stability.

» Startup, protection, operation under fault condition, and system shutdown

methods are also provided for each system configuration.
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What is claimed is:

1. A method for forming and operating a multi-terminal power system (10, 19)

comprising:
connecting multiple sending terminals (14) to a network of a power system; and

local control of each sending terminal (14) to behave as a constant-power source (48)
such that both output voltage (v) and output current (i) of the sending terminal may
simultaneously vary in response to changing external circuit conditions while maintaining

constant a product of the output voltage and the output current of the sending terminal.

2. The method of claim 1, wherein the changing external circuit conditions include at
least one of: varying voltage and current of the network, or varying power levels of the
sending terminals; and the multiple sending terminals are connected in a series, parallel or a

matrix configuration.

3. The method of claim 1, wherein at least some of the multiple sending terminals (14)
are connected in series to form a string (15), and the string is connected in parallel with a bus

(11) of the network, the bus behaving as a voltage source.

4. The method of claim 3, wherein said string comprises a series connection of: solar
inverters (26) or microinverters (32) directly interfacing with a distribution network or grid

(30, 36), or offshore wind turbines (12) for DC transmission to an onshore power grid.

5. The method of claim 1, wherein at least some of the multiple sending terminals (14)
are connected in parallel to form a row (17), and the row is connected in series with a bus of

the network, the bus behaving as a current source.

6. The method of claim 1, wherein each sending terminal (14) comprises a renewable
energy source (60) and an associated power conditioning circuit (16), and said local control
produces constant power source behavior at output terminals of the power conditioning

circuit.

7. The method of claim 6, wherein the renewable energy source comprises a wind
turbine equipped with a generator and said power conditioning circuit comprises a

rectification circuit.
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8. The method of claim 1, further comprising: modifying constant-power source
behavior of the sending terminal (14) by reducing power output of the sending terminal when

at least one of the output voltage or the output current exceeds a pre-specified level.

9. The method of claim 1, wherein the sending terminal (14) comprises an AC source

and the power of the constant-power source means average power over a fundamental cycle.

10. The method of claim 1, wherein at least one sending terminal (14) includes a power
conditioning circuit comprising a capacitive output converter (65) having a capacitor (C)
connected between two output terminals (64) and the rest of the power conditioning circuit
acts as a controlled current source (66) connected in parallel to the capacitor, and wherein the
local control comprises: controlling the current source to follow P/v as a reference, where P

is the desired output power of the converter and v is the voltage across the output capacitor.

11. The method of claim 1, wherein at least one sending terminal (14) includes a power
conditioning circuit comprising an inductive output converter (67) having an inductor (L)
connected to an output terminal (64) and the rest of the power conditioning circuit acts as a
controlled voltage source (68) connected in series with the inductor, and wherein said local
control comprises: controlling the voltage source to follow P/i, where P is the desired output

power of the converter and 1 is a current through the inductor.

12. The method of claim 6, further comprising: connecting a bypass diode (76) in parallel
to the output terminals (64) of the power conditioning circuit, and connecting a disconnect
switch (74) in series between the output terminals and the bypass diode to provide fault

isolation.

13. The method of claim 7, wherein said rectification circuit includes a rectifier and a DC-DC
converter, the DC-DC converter being a capacitive output converter or an inductive output

converter.

14. The method of claim 13, wherein the local control involves a generator-side control (70)
and a network-side control (72), the generator-side control regulating the rectifier and the
generator such that maximal amount of power is extracted from the wind turbine, and the
network-side control regulating the DC-DC converter to produce the constant-power source

behavior.
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15. The method of claim 14, wherein the generator-side control (70) provides a power
signal to the network-side control (72) indicating amount of power that is available for
feeding into the network, and the network-side control uses said signal as a command to
control output power, and the network-side control communicates a level of desired power

level to the generator-side control during start-up, shut-down, or power curtailment when the

output power has to be reduced or limited.
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