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tion and rotational speed of the virtual rotor (14) of this virtual synchronous generator. The torque electromagnetically exerted on
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STATIC SYNCHRONOUS GENERATORS

The present invention is concerned with a control device for an inverter associated
with an electrical power supply. Specifically, the control device causes the power
supply and inverter together to mimic in some respects the behaviour of a

synchronous electrical generator.

For economic, techﬁical and environmental reasons, more and more distributed
energy sources, such as combined heat and power (CHP) plants, and renewable
energy sources, such as wind power, solar power, wave and tidal power etc, will
play an important role in the future electric.ity supply. The EU has set a 22% target
for the share of renewable energy sources and an 18% target for the share of CHP
in eléctricity generation by 2010. The electrical power system is currently
undergoing a dramatic change from centralised generation to distributed
generation. Most of these distributed/renewable energy generators produce
variable frequency AC sources, high frequency AC, or DC sources, and
éonsequently require DC-AC converters to interface with the public grid. The
term “inverter” will be used herein to refer to any device for converting DC to a
controlled AC output. Wind turbines, for example, are most effective if free to
generate at variable frequency and so they require conversion from variable
frequency AC to DC to AC; small gas-turbines with direct drive generators
operate at high frequency and require AC to DC to AC conversion; photo-voltaic
arrays require DC-AC conversion. More and more inverters will be connected to

the grid and will probably dominate the power generation eventually. In all of

SUBSTITUTE SHEET (RULE 26)
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these cases the same basic inverters arc used and need to be controlled to provide

high-quality supply waveforms fo consumers.

The current paradigm in the control of wind or solar power generators is to extract
the maximum power from the power source and inject it all into the power grid.
This is a good policy as long as such power sources constitute a negligible part of
the grid power capacity, and power fluctuation of the renewable power generators
can be compensated by the controllers associated with the grid’s large
conventional generators. Some of these generators will also take care of overall
system stability and fault ride-through. When renewable power generators
(especially the solar oncs) provide the majority of the grid power, such
“irresponsible” behaviour {on their part) will become untenable, Thus, the need
will arise to operate them in the same way as conventional power generators
function today. This requires first of all large and high efficiency energy storage
units, so that the random fluctuations of the prime power source can be filtered
out, but it also requires appropriatc control of the outputs of the distributed encrgy
sources. There are two options, One is to re-design the whole power system and (o
change the way it is operated. The other is to find & way for the inverters to be
integrated into the existing system and behave in the same way as large
synchronous generators (SG), which are the main generators in power plants of

today. Apparently, the first option is not economically viable.

It has been proposed that the inverters associated with distributed energy sources

should be operated to mimic the behaviour of a synchronous generator {58G). The
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term “static synchronous generator ( SSG)” has been defined by the Institute of
Electrical and Electronic Engineers (IEEE) to represent a static, self-commutated
switching power converter supplied from an appropriate electric energy source
and operated to produce a set o f adjustable multi-phase o utput v oltages, w hich
may be coupled to an AC power system for the purpose of exchanging
independently controllable real and reactive power. This was originally d cfincd
for one of the shunt-connected controllers in FACTS (flexible AC transmission
system). This term is borrowed here to represent inverters which behave like
synchronous generators. An SSG has the characteristics of an SG but without
rolaling parts (hence static). In this way, distributed energy sources can be made
to operate on principles well understood in cormection with conventional

synchronous generators.

A paper entitled “Virtual Synchronous Machine” given at the 9% International
Conference on Electrical Power Quality and Utilisation of 9-11 October 2007 by
H.P. Beck and R. Hesse describes the basic concept of a virtual synchronous
generator, as does the paper “Virtual Synchronous Generators™ published in 2008
IEEE Power and Energy Society General — Conversion and Delivery of Electrical
Energy in the 21* Century, pages 1-3, 2008 and written by J. Driesen and J.
Visscher. Weither paper desoribes the practical details of a system required to

control a static synchronous generator and this aspect remaing problematic.
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In accordance with a first aspect of the present invention there is a control device
for an inverter, the conirol device implementing a model of a synchronous
gonerator comprising

variables representing the angular position and rotational speed of a virtual
generator rotor,

logic for culculating a virtual electromagnetic torque acting on the virtual
gencrator rotor from measured inverter output current and from a variable
representing a virtual excitation current,

logic for calculating the rotational speed of the virtual rotor from the
virtual electromagnetic torque and from at least one variable representing a virtual
drive torque applicd to the virtual generator rotor, and from a parameter
representing the rotor’s virtual inertia, and

logic for caleulating, from the variables representing angular position and
rotational speed of the virtual generator rolor and from the variable representing
the excitation current, a control signal for controlling the inverter to produce an
AC output which corresponds to that of the virtual synchronous generator,

the control device further comprising logic which implements a first
feedback loop in which deviation of the rotational speed of the virtual generator
rotor from a reference rolational speed is detected and used to adjust the virtual
drive torque, thereby o regulate the angular speed of the virtual generator rotor,
and hence to regulate frequency of the AC output from the inverter and the real

power supplied by the inverter.
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In accordance with a second aspect of the present invention, there is a method of
controlling an inverter, comprising modelling of a synchronous generator by

representing the angular position and rotational speed of a virtual
generator rotor using numerical variables,

measuring the inverter’s output current,

calculating a virtual electromagnetic torque acting on the virtual generator
rotor from measured inverter output current and from a variable representing a
virtual excitation current,

calculating the rotational speed of the virtual rotor from the virtual
clectromagnetic torque and from at least one variable representing a virtual drive
torque applied to the virtual generator rotor, and from a parameter representing
the rotor’s virtual inertia, and

caleulating, from the variables representing angular position and rotational
speed of the virtnal generator rotor and from the variable representing the
excitation current, a control signal for controlling the inverter to produce an AC
output which corresponds to that of the virtual synchronous generator,

implementing a first feedback loop in which deviation of the rotational
speed of the virtual generator rotor from a reference rotational speed is detected
and used to adjust the virtual drive torque, thereby to regulate the rotational speed
of the virtual generator rotor, and hence to regulate fiequency of the AC output

fiom the inverter and the real power supplicd by the inverter.

Specific embodiments of the present invention will now be described, by way of

example only, with reference to the accompanying drawings, in which:-
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Figure | represents the physical construction of an idcalised threc-phase round-

rotor synchronous generator with a single pair of poles per phase;

Figure 2 is a circuit diagram of an inverter for use in implementing the present

invention;

Figurc 3 is a block diagram representation of a virtual synchronous generator,

without control logic;

Figure 4 corresponds to Figure 3 but includes control logic;

Figures 5a to ¢ arc graphs of frequency variation over time in a simulation of an

SSG according to the present invention;

Figures 6 a and b arc graphs of rcal and reactive power respectively in the

simulation;

Figure 7a shows variation of the amplitude of the terminal voltage of the SSG

sinusoidal variation of the three AC phases of the output from the SSG in a steady

state; and
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Figures 8a to ¢ are graphs of (a) frequency, (b) real and reactive power and (c)
terminal voltage amplitude, all over time and all obtained in a second simulation

ofthe SSG, this time in island mode,

The rest of this description is organised as follows. In Section I, a dynamic model
of a synchronous generator is established under no assumptions on the signals.
Although the model of an SG has been well described in the literature, the way the
model is described here is somewhat fresh. Then, how to implement an inverter to
mimic a synchronous generator is described in Section II and a system embodying
the present invention for control of an §SG, incorporating frequency and voltage
drooping mechanisms for load sharing, is described in Section III, followed by

simulation results given in Section IV,

1. MODELLING SYNCHRONOUS GENERATORS

The present embodiment of the invention is based on a mathematical model of a
synchronous generator which is considered to be a dynamic system without any
assumptions on the signals. Consider the generator arrangement 10 seen in Figure
1, which is a round rotor machine (without demping windings), with p pairs of

poles per phase and no saturation effects in the iron core.

A. The electrical part
Three identical stator windings 12a—c arc distributed in slots around the periphery

of & uniform air gap. The stator windings can be regarded as concentrated coils
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having self-inductance L and mutual inductance -M (M > 0 with a typical value

%L, the negative sign being due to the ? phase angle). A field (or rotor)
winding 14 can be regarded as a concentrated coil having self-inductance Ly The
mutual inductance between the field winding 14 and each of the three stator coils

12a-c varies with respect to the rotor angle 6 as follows:

M, = Mscos(d),

My, = Mcos(® — —-),

My = Mycos(f ~ —=).

The Aux linkages of the windings are
b, = Li, — Miy, — Mi, -+ f‘vfm;‘ifﬁ
Gy, = M, Ly — Mo+ Mg,
D, == —Mi, = Miy -+ Li, + M.y,
(I’_[ = ﬁ*fﬂ_fﬁ,l + A‘f{f,‘(’ib -+ ﬁf‘!gf‘ig -+ i;fif,
where i,, I, and i, are the stator phase currents and iis the rotor excitation current,

i.e. the current through the rotor winding 14. Denote

by i
6:3 = {r}é ; { frrerd ‘3' i
D, e
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9
cosf sin#
. . [ PR ""\“ —_— ek X
cosfi = | cos(f— &) | . sinff = | sin(f — é;)
cos(f — i‘,—;—} sin(@ :{?}

Assume for the moment that the neutral line is not connected, then
ig iy +i.=0
The stator flux linkages can be rewritten as

(I) = AL¢‘ “%” ﬂ.{. mﬁSé)
ok FLFCOSY. )

where L, = I + M, and the field flux linkage can be rewritten

Oy = Lpip+ My, st

/i -
where ’ denotes the conventional inmer product. The second term
5 e AN N N f
My (2, €O80) is constant if the three phase currents are sinusoidal and balanced.

Assume that the resistance of the stator windings is R,, then the phase terminal

T
B e { Ul g T j

voltages can be obtained from (1} as

dd , di

U = “HSE - a{ = *ng - {isg + e,
3)
- [ =
—M 821 € 2] - -
where ! | iz the hack emf duc to the rotor movement given
by

e o diy
¢ Ml i BSing — ;z-@é‘fgwsgx,

()

We mention that, from (2), the field terminal voltage
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. dd
vp = Byig + "'&"{ﬁ
‘ (5)

where Re is the resistance of the rotor winding. However, in the present treatment
we shall not need the expression for v hecause we shall use i instead of'vy; as an
adjustable constant input. In other cmbodiments it would be possible to regulate vr

in place of i This completes modelling the electrical part of the machine,

B. The mechanical part

The mechanical part of the machine is governed by

JA = T — To + D8,
(6)

where J is the moment of inertia of all parts rotating with the rotor, 75, is the
mechanical torque upon the rotor due to the driver acting upon it (e.g. the engine
driving a power station generator), 7, is the electromagnetic torque on the rotor
due to its interaction with the stators and D, is a damping factor. T, can be found
from the total energy £ stored in the machine, which is the sum of the magnetic
energy stored in the stator and rotor magnetic fields and the kinetic energy stored

n the rotating parts, i.e.

L. !, 1
I = 5 (i, @) + 6’5f§?j§” + ;g’{?"
oo e
=3 (¢, L@+ Myipcosl)
ﬂ.g_“i.,? (i;, R 1}{;‘3 5’“«(‘;;{;\;‘ : i?,)’g
FoiplLyip = My (i, cost)) + 5.0
I — 1 1 .
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Since the mechanical rotor position 8y, satisfies 6=pb, we have

, O OE
T = e = p
Ay, e

R

= —~phyiy <z }Ecosf}}

Ty / ™

Note that if ¢ = *057% (45 would be the casc in sinusoidal steady state), then

St

. P J . .
T = pMyipiy <3111-;:~} snn‘:}> = 5pMyigigeos(d

C. Provision of a neutral Line

The above analysis is based on the condition that the neutral line is not connected.
If the neutral line is connected, then the sum of the three line currents is not 0.
Asgsume

b ip+i, =iy

where iy is the current flowing through the neutral line. Then the formula for the

stator flux linkages (1) becomes

G = Lyi+ M;i o8t - l | j Mig

o e et

1

and the phase terminal voltages (3) become

o ?%Mﬁf{fﬁf
dt L dt

Foe
e
———r

oy

where ¢ is given by (4). The other formulae are not affected.
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It is important to note that, in a physical synchronous generator, the provision of a
noutral linc apparently complicatcs the system analysis. However, in an SSG to be
designed in the next section, M is a design parameter and can hence be chosen as
0. The physical meaning of this is that the mutual inductance M between stator
windings is 0. In other words, there is no magnetic coupling between stator
windings. This docs not happen in a physical synchronous generator but can be
easily implemented in an SSG. In the rest of this paper, A is chosen as 0 and the
model of a synchronous generator, consisting of cquations (3), (4), (5), 6) and (7),

will be used to operate an inverter.
1. IMPLEMENTATION OF A STATIC SYNCHRONOUS GENERATOR

In this section, the details of how to implement an inverter as a static synchronous
generator will be described. A simple DC/AC converter (inverter) used to convert
the DC power supply Vnc obtained from rencwable/distributed cnergy sources
into three-phase AC (va, vy, v,) is shown in Figure 2. It consists of three phase legs
16a-c and a three-phase LC filter 18 which i3 used to suppress the switching
noise. If the inverter is to be connceted to the grid then a three-phase coupling

inductor 20 and a circuit breaker 22 are needed to interface with the grid. The

1
N is

filtering capacitors C should be choscn such that the resonant frequency

. kfavgfzw,gQ - B - 5 -
approximately where @, is the nominal angular frequency of the
voltage and e, is the angular switching frequency used to turn on/off inverter

switches in the phase legs 16a-c (insulated gate bipolar transistors 22 are shown in

the figure but other types of switch could be substituted).
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An SSG can be implemented according to the mathematical model developed in
the previous section. As explained in detail later in this section, an SSG consists
of a power part, i.e., the inverter shown in Figure 2, and an electronic part shown
in Figure 3. These two parts are interfaced via the signals e and i (and v and v to

be used for regulating purposes).

A. The electronic part

Tt is advantageous (but not esscntial) to assume that the field (rotor) winding is fed
by an adjustable DC current source ir instead of a voltage source vy In this case,
the terminal voltage vy varics, but this is irrelevant. As long as ir is constant, the

generated voltage of the virtual generator from (4) 15

e = QM i sing). ,

Define the generated real power F and reactive power (J as
P=1{,e and Q= e, ,

where ¢, has the same amplitude as ¢ but with a phase delayed from that of e by

[EE

3 l'c'.?

8,’; = é‘,ﬁa}‘:{{{g;sil}\{é} e } feond ~§ﬁ{‘j’?éf€?é”é§‘

ol A

Then, the real power and reactive power are, respectively,

P = M, Q ;i%ﬁ} ,
Q= --0Mpis (i, cosd.
©)
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Note that if * = "% (as would be the case in the sinusoidal sleady state),

then

&
S

SRl BV
et
ry

P= G (i, sind ) =

[y
i

e

Q = ~0Miy (i, costl) = =0 M i sigsin(d — o).

&

These coincide with the conventional dcfinitions for real power and reactive
power (note that the coefficient 3 is because there are three phases). When the
voltage and current are in phase, i.e. when 8 — ¢ = 0, the product of the rms valucs

of the voltage and current gives the real power P. When the voltage and current

KD

arc 2 out of phasc, this product gives reactive power (). Moreover, inductors

~

. . . . G — o= T, .
absorb reactive power with a positive ¢ {smnee ¥ Z¢ je. the voltage
p

leads the current by > ) while capacitors generate reactive power with a negative 0

o5

(since - ” j.e. the voltage lags the current by # . The above

two formulac about P and { are very important when regulating the real and
reactive power ofa SG. However, it seerns that the formula for reactive power has
not been well documented in the literature and the reactive power has not been
regarded as an important part of the SG model.

Equation (6} can be written as

Dy, 1
0= L8+ (T~ T,
j %ji i z}s

where the mput is the mechanical torque 7, while the electromagnetic torque T,
depends on f and 8, according to (7). This equation, together with (7), (8) and (9),

are implemented in the electronic part of an S8G shown in Figure 3. Thus, the
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state variables of the SSG are i {which are actual currents), 8 and 8 (which are a
virtual angle and a virtual angular speed). The control inputs of the 53G are i
and Myie In order to operate the S8G in a useful way, we need a controller that
generates the signals 7, and My such that system stability is maintained and the
desired valucs of real and reactive power are followed. The significance of Q will

be discussed in the next section.

B. The power pari

£
1 given in (3) can be oblained

-
The terminal voltages “ %
from the (local load) terminals v, vy and v, of the inverter shown in Figure 2. The
inductance L. and resistance R, of the inductor can be chosen to represent the
stator impedance of a synchronous generator. The switches in the mverter are
operated so that the average values of e,, ¢, and ¢, over a switching period should
be equal to e given in (8) and, hence no special pulse-width-modulation (PWM)
tochniques are necessary. Also shown in Figure 2 is a three-phase terfacing

inductor L/R, and a circuit breaker to facilitate synchronisation/connection with

the grid.
1. OPERATION OF AN 880

A. Frequency drooping and regulation. of real power
The terms “real” and “reactive” power arc very well known in relation to AC
power transmission. The power flow resulting in net transfer of energy, over a

complete AC cycle, is the real power. The power flow due to energy which is
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stored and returned to the source over a cycle (by virtue of capacitance,

inductance or equivalent) is the reactive power.

For synchronous generators, the rotor speed is maintained by the prime mover and
it is known that the damping factor [, is due to mechanical friction etc. In a real
SG frequency tends to droop (fall) according to the real power delivercd. This is
important in the existing power distribution grid as it results in SGs sharing load.
When the real power demand increases, the speed of the prime mover drops. The
speed regulation system of the prime mover then increases the mechanical power,
e.c. widening the throttle valve of an engine, so that a new power balance is
achieved. This mechanism can be implemented by comparing the virtual angular

speed g e.g. with an angular frequency relerence O, e.g. the nominal angular

speed ‘9’“;, before feeding it into the damping block 1, - see the upper part of
Figure 4(a). As a result, the damping factor 0, actually behaves as a frequency
drooping coefficicnt, which is defined as the ratio of the required change of torque

AT to the change of speed (frequency) <. That is

h AT AT O T
p ooy ey e e s -
PaY) Lo B0 a9,

where T.., is the nominal mechanical torque. Note that in much of the literature,

Al

D, is defined as 5T The mechanical torque T, can be obtained from a set point

..

of real power P, after dividing by the nominal mechanical speed “ . This
completes the feedback loop for real power; see the upper part of Figure 4(a).

Because of the built-in frequency drooping mechanism, an S8G automatically
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shares the load with other inverters of the same type connected on the same bus.
The power regulation loop is very simple because no mechanical devices are
involved and no measurements are needed for real power regulation (all variables

are available internally).

The regulation mechanism of the real power (torque) shown in the upper part of
Figure 4(a) has a cascaded control structure, of which the inner loop is the
frequency loop and the outer loop is the real power (torque) loop. The time

constant of the frequency loop is

g
Ty = o,
DP
In other words, J can be chosen as
-j == _Dp?‘ff

Because there is no delay involved in the frequency drooping loop, the time
constant 7; can be made much smaller than that of a physical synchronous
generator. In order to make sure that the frequency loop has a quick response so
that it can track the frequency reference quickly, 7 should be made small. Henee,
for a given frequency drooping coefficient 1, J should be made small. This
indicates that it is not necessary to have a large inertia for the virtual physical
synchronous gencrator, although a larger inertia means that more energy can be
stored. In other words, the energy storage function of an SSG can, and should, be

decoupled from the inertia,
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B. Voltage drooping and regulation of reactive power

The regulation of reactive power ¢ flowing out of the SSG can be realised
similarly. Define the voltage drooping coefficient D, as the ratio of the required
change of reactive power AQ to the change of voltage Av, i.e.

L AQ AR v, E}“

D, = s = .
q ;’})’U (Q»ﬂ &.53 Z"*{; ‘

where O, is the nominal reactive power, which can be chosen as the nominal
power, and v, is the nominal amplitude of terminal voltage v. The regulation
mechanism for the reactive power can be realised as shown in the lower part of
Figurc 4(a). The difference between the voltage reference vy, e.g. the amplitude v,
of the nominal voltage, and the amplitude v, of the actual terminal voltage v is
amplified by the voltage drooping coefficient D, before adding to the difference
between the set point Qg and the current reactive power ), which is calculated

according to (9). The resulting signal is then fed into an integrator with a

gain & to generate My (here, £ is dual to the inertia J). It is important to note that

there is no need to measure reactive power () as it is available internally.

The regulation mechanism of the reactive power shown in the lower part of Figure
4(a) has a cascaded control structure, if the cffect of the LC filter [8 is ignored or
compensated (which means v = ¢). The inner loop is the (amplitude) voltage loop
and the outer Joop is the reactive power loop. The time constant of the voltage

loop is
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as the variation of 4 is very small. Hence, £ can be chosen as
K =0, D47

The amplitude v, of the terminal voltage v can be obtained as follows. Assume
that v, = VemsinG,, v = vp.sindy and ve = ve,sing, then

Uglp + Dyl + Ula = Prrs Uy SINGLSI08, + Vg tomsindysing, + oo, sind, sind,

Vizors Plser . . E/g s"t [ .
w2 e0s(0, - 0) 4 < eos(ly — ) + = 008(0; — fa)

s F

Ugin U e . uy Lo
~-—~1_~;»’31c0&;(d,, + 8, ~~~1%ﬂc;>q(!?§ ) - mi’-’-fg,—-“-"icos(b’c + 8,).

When the terminal voltages are balanced, ie, when Vay = Vom =Vou = Vm and

by = Oa— 5 = O+ 3, then the last {hree terms in the zbove equality are

balanced, having a doubled frequency. Hence,

7
- 7 . 44 2
U Uy, + Tl T Ul = Zi Yo

and the amplitude v, of the actual ferminal voltage v can be obtained as

— (W, Uy 4 UL, A WU, )

\f
\/— (10)

In real implementation, a low-pass filter is needed to filier out the ripples at the

Ty =

doubled freguency as the terminal voltages may be unbalanced. This also applies

to T, and .

C Operation modes of an SSG and iis synchronisation

As shown above, an SSG can be operated in the same way as a synchronous

generator under normal working conditions. An important process related to an
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SSG or SG is the synchronisation procedure, prior to connection of the SSG/SG to
another SSG/SG or to the public grid. This procedure involves bringing the
terminal voltage v to be (almost) the same as the grid voltage v, on the other side
of the circuit breaker 22, which means the same amplitude, the same frequency
and the same phase angle. Tt is not an easy task to implement this for conventional
SGs as this procedure involves much external equipment. For the 85G developed
in this paper, this is relatively easy as the variables required are all available
internally. A change of operation mode from island mode (in which the SSG
operates without connection to a power grid) to grid-connected mode or vice verse
can be implemented via a controlled multi-pole-double-throw (MPDT) switch
30a, b, Figure 4, with one throw for island mode {labclled as i) and the other for
grid-connected mode (labelled as g), to change the frequency/voltage references.
Whether an SSG works in island mode or grid-connected modc, the status of the
MPDT switch 30a, b, is determined by the presence of the grid voltage and the
status of a mode switch which sets the operation mode of the SSG. See Table 1
for the logic of operation. The default position of the mode switch is at “orid-
comnected” and it is turned to “island” when there is a fault, In grid-connected
mode, the frequency/voltage references arc sct as the corresponding values of the
grid voltage v, and the integrator that produces phase 8, the electrical angle
between the rotor field and %7‘2‘ phase-a field, is reset according to the grid phase

when the circuit breaker is not turned on. There are many ways to obtain the grid

frequency g“ and phase 8, one of them is to usc a phasc-locked loop (PLL), as

shown at 32 in Figure 4. The amplitude v,,, of the voltage v, on the grid side of
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the circuit breaker can be caleulated according to (10), replacing v with ve. In

island mode, the references are set to the corresponding nominal values
B, =0, v, =,

When the voltuge across the circuil hreaker is small, the S8G can provide a green
(go-ahcad) signal for the operator to tum on the circuit breaker (it can be set to
turn on automatically). The circuit breaker is allowed to be turned on in two cases:
(1) when the MPDT switch i_g is set at Throw g, ie, when the grid voltage is
present and the mode switch is turned at grid-connected mode; (2) when the grid
voltage is not present and the mode switch is turned at island mode, which allows

parallel operation of multiple inveriers (to be discussed in morc detail later).

After the circuit breaker is turned on, as the amplitude of the terminal voltage is
set to follow that of the grid voltage, the voltage drooping mcchanism disappears

and the terminal voltage amplitude is determined by the grid. The frequency also

Table I

THE LOGIC OF OPERATION FOR AN §8G (TRUTH TABLT)

Inputs Outputs
Presence of v, Mode switch MPDT i, Circuit breaker to be turned on
Yes island i Prohibited
Yes grid-conmected ¢ Allowed alter synehronisation
Na island i Allowed without synchronisation
Mo grid-connected i Prohibited
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follows that of the grid. The integrator that produces phase 8 is no longer reset
according to the grid phase and hence real power can be regulated. Multiple SSGs
can be connected to the grid in the same way. Because of the presence of a grid,
Py and O, should be set at the values requested by the grid operator. In this case,
local load can be connected to the inverter terminals vy, vy and v, to form a micro
grid. In order for the frequency and the voltage o follow those of the grid, it is

important to choose small rrand 7,

If there is no grid voltage present, then an 58G works in island mode and the real
power and reactive power delivered by the SSG are determined by the load. If
there is more than one SSG to be connected in parallel, then the first one that is
put into operation works with the mode switch set at “island” to establish the
system frequency and voltage. Note that in this case the circuil breaker can be
turned on straightaway, according to the logic of operation set in Table 1, so that
the voltage is present on the other side of the circuit breaker, which allows other
$SGs to synchronise with it and 1o join the system under the grid-connected
mode. In this case, Py, and J.., should be set at 0 as the power delivered s

bl

determined by the local load.

D. Some practical issues
It is necessary to measure the terminal voltage v for the voltage drooping, the
current i flowing out of the inverter for the caloulation of 7, P and O the grid

voltage v, for synchronisation. A complete SSG consists of a power part shown in

PCT/GB2009/051460
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Figure 2, and a complete electronic part shown in Figures 4(a) and (b), which are

interfaced with each other via ey @y and @ 4 can be scen that the nominal

angular frequency n and voltage (amplitude) v, are all set in the system via the

frequency reference 6. and voltage reference v,. A resetting mechanism is added
to the intcgrator generating 8 to prevent numerical overflow under normal
working condition and to obtain the same phase as the grid voltage during
synchronisation. The phase of the SSG can be reset as ¢ when the grid voltage
crosses (), which is impossible for 2 physical synchronous generator. Another
important mechanism is to add a constant phase shift 8. to the phase @ so that the
delay in the PWM switching process and the phase shift of the LC filter can be
compensated, which brings the phase difference between v and vy to be minimal
during synchronisation. The electronic part of an §8G can bo implcmented in a

microcontroller (this is normally the case) and, hence, it is possible to use

different values of Dy(D, Jand J (K) when the SSG works in ditferent modes.

Some guidelines on choosing 1, and J are: (1) D, should be chosen to satisty the
frequency regulation requirement; (2) J should be chosen to achieve the desired

frequency-loop time constant 7y

Some guidelines on choosing 1, and K are: (1) 1, should be chosen to satisfy the
voltage regulation requirement; (2) X should be choesen to achieve the desired

voitage-loop time constant 7.
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For relatively smal] inverters, D, and (D) should be chosen so that the full step
change of real and reactive power should not cause noticeable change in the

frequency and voltage.

Table I

PARAMETERS OF TIIE INVERTTR-INFINITE BUS SYSTEM

Parameters Yalues Parameters Valucs
L 0.15mll L, 0.0534 mH

R, 0.0458 R, 00640

C 22 gF Frequency 50 Hz

R (parallei to C) 1000 £ Voltage (line-line} 17 Vrms
Rated power 00w Initial grid phase 0°
Inertia J 0.01 Kgm* K 13580

1V, SIMULATION RESULTS

The idea described above has been verified with simulations. The parameters of

the inverter for carrying out the sirnulations arc given in Table IL.

The frequency drooping coetficient is chosen as D, = 0.2432 so that the frequency
drops 0.5% when the torque (power) increases 100%. The virtual inertia is chosen
as J=0.01 so that no-load time constant is roughly 77=0.04 second. The sinulation
was carried out in MATLAB® 7.4 with Simulink™. The solver used in the
simulations is ode23tb with a relative tolerance 107 and a maximum step size of

10" second.

PCT/GB2009/051460
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A. Grid-connected mode: Without voltage drooping

The inverter is connected to the grid via a circuit breaker and a step-up
transformer. In this case, D, = 0. The S8G was connected to the grid at f=1
second, The real power P=80W waus applied at =2 second by suitably setting P
and the reactive power Q=60 Var was applicd at /=3.5 second by means of QOser. In
the simulations, a model of the LC filter and the interfacing inductor was included
in the control algorithm so that it is possible to assume that the inverter was

connected fo the grid virtually inside the controller all the time (although the

converter was not connected to the grid vhysically until 71 second). The initial

state of 0 was set at 1007, The drooping coefficient I, was reduced to 1% of its
original value before any real power was applied and the inertia was reduced so
that the no-load time constant WAS about 2 cycles before the inverter was

connected to the grid.

The response of the SSG frequency is shown in Figure 5. The 853G quickly
synchronised with the grid in about 10 cycles. No visible dynamics were seen
after the SSG was connected to the grid at 71 second. When the SSG was
requested to deliver 80W real power to the grid, tho frequency of the S8G
increased and then returned to the grid frequency 50Hz afier about 20 cycles.
When the SSG was requested to deliver 60Var reactive power to the grid, the
frequency of the S8G decreased slightly and then refumned to the grid frequency

guickly.
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The output power of the SSG is shown in Figure 6. During the synchronisation
period, there were some oscillations in the power (which is inside the controller as
the breaker is not yet turned on and hence it does not cause any problem). Before
the SSG was requested to deliver power (i.c., before =2 seconds), the rcal power
and reactive power were zero. Then, the real power delivered to the grid gradually
increased to the set point 80W. During this transient process, the SSG initially
took reactive power from the grid but returned to normal. At =3.5 second, the
reactive power delivered by the SSG increased to the sctpoint 60Var gradually.
During this period, the real power increased slightly but then relurned to the set

point 80W very quickly.

B. Istand mode: With voltage drooping

In this case, P, and (,, were set at 0 and D,=144.0876 so that the voltage
changes 5% if the reactive power changes 100%. The island mode is simulated by
setting R,=10000Q and L,~0. The resistor £ connected in parallel with C is
reduced to 50 at =2 second and C is increased to 660uF at =3.5 sccond. The
current i is not fed back to the system before /0.1 second, i.e., before the voltage

v ig established.

The frequency curve is shown in Figure 8(a). After the real power applied at =2
second, the frequency reduced to 49.855Hz, which further reduced to 49 .842Hz
after the reactive load was applied. The real power and reactive power are shown
in Figure 8(b). The change of the load caused some fast oscillations { spikes) in the

curve. The amplitude of the terminal voltage is shown in Figure 8(c). Although
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there were some fast oscillations (spikes) in the voltage when the load was

changed, the voltage fell into the closc range of the nominal value very quickly.
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CLAIMS

1. A control device for an inverter, the control device implementing a model
of a synchronous generator comprising

variables representing the angular position and rotational speed of a virtual
generator rotor,

logic for calculating a virtual electromagnetic torque acting on the virtual
generator rotor from mcasured inverter output current and from a variablc
representing a virtual excitation current,

logic for calculating the rotational speed of the virtual rotor from the
virtual electromagnetic torque and from at least one variable representing a virtual
drive torque applied to the virtual generator rotor, and from a parameter
representing the rotor’s virtual incrtia, and

logic for caleulating, from the variables representing angular position and
rotational speed of the virtual generator rotor and from the variable representing
the excitation current, a control signal for controlling the nverter to produce an
AC output which corresponds to that of the virtual synchronous generator,

the control device further comprising logic which implements a first
feedback loop in which deviation of the rotational speed of the virtual generator
rotor from a reference rotational speed is detected and used to adjust the virtual
drive torque, thereby to regulate the angular speed of the virtual generator rotox,
and hence to regulate frequency of the AC output from the inverter and the real

power supplied by the nverter.
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2. A control deviee as claimed in claim | frther comprising logic
implementing a second feedback lvop in which deviation of a measured inverter
output voltage from a reference valuc is detected and used in adjustment of the

virtual excitation current, thereby to regulate the inverter output voltage.

3. A control device as claimed in claim 2 in which the deviation of reactive
power from a reference level is detected and is uscd in adjustment of the virtual
excitation current in the second feedback loop, thereby to regulate reactive power

supplied by the inverter.

4, A control device as claimed in any preceding claim in which the first
feedback loop receives as an input a nominal virtual drive torque, this being added
to @ correction to the virtual drive torque provided through the feedback loop to
form the virtual drive torque and added to the virtual clectromagnetic torque to

determine the total virtual torque acting upon the virtual generator rotor.

5. A control deviee as claimed in claim 4 in which the total virtual torque
acting upon the virtual rotor is integrated and divided by a virtual rotor

momentum to determine the rotational speed of the virtual generator rotor.

6. A control device as claimed in claim 5 in which the difference between the

rotational speed of the virtual generator rotor and a reference rotational speed,
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corresponding to the desired AC output frequency of the inverter, is multiplied by

a frequency drooping coefficient to form the correction to the virtual drive torque.

7. A control device as clainied in any of claims 4 to 6 in which the nominal
virtual drive torque is determined by dividing an input representing desired
inverter real output power by a valuc representing the angular speed of the AC

inverter output.

8. A conirol device as claimed in any preceding claim in which the virtual
electromagnetic torque is calculated as the product of the measured inverter
output current, the virtual excitation current, and a sin or cosine function of the

angular position of the virtual generator rotor.

9. A control device ag claimed in any preceding claim in which the inverter is
controlled to provide an alternating output voltage determined from the model of

the synchronous generator.

10. A control device as claimed in claim 9 in which the alternating output
voltage to be provided by the inverter is calculated as the product of'the rotational
speed of the virtual generator rotor, the virtual exeitation current, and 2 sin or

cosine function of the angular position of the virtual generator rotor.
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11. A control device as claimed in ¢laim 10 in which the control signal for
controlling the inverter is pulse width modulated to causc the inverter to provide

the calculated alternating output voltage.

12. A control device as claimed in any claim 2, or claim 3, or in any
subscquent claim when dependent on claim 2 or claim 3, in which, in the sccond
feedback loop, the difference betwesn reactive power and its reference level is
added to a voltage drooping variable representing the deviation of the measured
inverter output voltage from its reference value and is integrated to establish the

virtual excitation current,

13. A control device as claimed in claim 12 in which the voltage drooping
variable is established by multiplying the deviation of the measured inverter

output voltage from its reference value by a voltage drooping coefficient.

14, A control device as claimed in claim 13 in which the measured inverter

output voltage is the amplitude of the inverter’s AC output.

15. A control device as claimed in any preceding claim for controlling an
inverter which is to be connected to a power distribution grid, the control device
comprising a device for detecting the AC frequency of the power distribution grid
and using same to form the reference rotational speed used in the first feedback

loon to control rotational spesd of the virtual generator rofor.
& =
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16. A control device as claimed in claim 15 further comprising a device for
detecting the AC phase of the power distribution grid, and for resetting the
angular position of the virtual generator rotor to match the phasc of the grid prior

to connection of the inverter to the grid.

17. A control device as claimed in claim 16 in which the frequency and phase

of the power distribution grid are obtained using a phasc locked loop.

18.  An apparatus for regulating supply of electrical power from a power
source, the apparatus comprising a contrel device as claimed in any preceding
claim operatively connected to an inverter, and the inverter having at least one

output line connectable via a circuit breaker to a power supply grid.

19.  An apparatus as claimed in claim 18 comprising LC smoothing circuitry

connected between the invorter and the cirenil breaker.

20.  An apparatus as claimed in claim 18 or claim 19 further comprising a

coupling inductance in series between the inverter and the circuit breaker.

21. A method of conirolling an inverter, comprising modelling of a
synchronous generator by

representing the angular position and rotational speed of a virtual
generator rotor using numerical variables,

measuring the inverter’s output current,
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calculating a virtual electromagnetic torque acting on the virtual generator
rotor from measured inverter output current and from a variable represcnting a
virtual excitation current,

calculating the rotational speed of the virtual rotor from the virtual
electromagnetic torque and from at Jeast one variable representing a virtual drive
torque applied to the virtual generator rotor, and from a parameter representing
the rotor’s virtual inertia, and

caleulating, from the variables representing angular position and rotational
speed of the virtual generator rotor and from the variable representing the
cxcitation cartent, a control signal for controlling the inverter to produce an AC
output which corresponds to that of the virtual synchronous generator,

implementing a first feedback loop in which deviation of the rotational
speed of the virtual gencrator totor from a reforence rotational speed is detected
and used to adjust the virtual drive torque, thereby to regulate the rotational speed
of the virtual generator rotor, and hence to regulate frequency of the AC output

from the inverter and the real power supplied by the inverter.

22, A method as claimed in claim 21 forther comprising implementing a
second feedback loop in which deviation of a measured inverter output voltage
from a reference value is detected and used in adjustment of the virtual excitation

current, thereby to regulate the inverter output voltage.

23. A methed as claimed in claim 23 in which the deviation of reactive power

from a reference level is defected and is used in adjustment of the virtual
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excilation current in the second feedback loop, thereby to regulale reactive power

supplied by the inverter.
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Figure 5
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Figure 6a
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Figure 7
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Figure 8
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