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1. Executive summary

Microgrids comprise low voltage distribution networks with distributed energy sources, storage devices
and controllable loads operating as a coordinated, controlled entity.

In contrary to high and medium voltage networks having an inductive character, low voltage
distribution networks are mostly resistive. This results in a coupling between active power and voltage.
On the low voltage level voltage control through reactive power is very limited. Advanced voltage

control approaches in Microgrids for low voltage networks are investigated in this report.

Voltage controlled battery inverters using droop control functionality come into operation for
establishing the power equilibrium of generation and consumption in Microgrids consisting of an
appreciable share of renewable generation. For providing additional functionalities used by the
developed advanced voltage control strategies the control and the load flow management system
have been extended.
» Modules for the load flow management system “DroopControl” based on ISET SELFSYNC
control method are developed for the Sunny Island 5048 battery inverter by the SMA Solar
Technology AG.

Nonetheless direct voltage control using “DroopControl” functionality is not always possible. However
advanced voltage control strategies are needful to maintain the voltage profile within certain limits.
Two different strategies are discussed within this report by means of simulations and measurements:
» The approach of voltage control within meshed low voltage networks is successfully proofed
by simulations and measurements.

o The voltage profile at designated points of a meshed low voltage network with a pure
resistive character consisting of inverters with droop functionality Q(V) is influenced
systematically by reactive power injection.

0 The amount of reactive power depends on the slope of the Q(V)-droop of the battery
inverter with droop control. The higher the slope the less reactive power for the same
voltage change is needed.

o The amount of reactive power required for a fixed voltage change using investigated
approach is notable smaller than the amount of reactive power using conventional
methods without droop mode inverters.

o0 The voltage at a user-defined point of the network can be hold at a defined set-point
achieved through a superordinated control responsible for the injection of the required
amount of reactive power.

» The approach of inductive decoupling of long low voltage lines is successfully proofed by
simulations and measurements.

0 The development of selection criteria for the essential size of the decoupling inductor

is done by means of calculation results.
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o Quasi-stationary voltage deviations within 230V = 10 % are controlled to a given set-
point (e.g. 230 V) for loads in the inductive decoupled sub-network at the end of the
long low voltage line.

o Dynamic voltage deviations are damped significantly for loads in the inductive
decoupled sub-network at the end of the long low voltage line.

0 The voltage profile is considerably enhanced for loads in the sub-network at the end
of the long low voltage line.

Both approaches of advanced voltage control strategies for low voltage Microgrids have been
investigated by simulations, successfully implemented in prototype systems and tested on laboratory

experimental level.
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2. Network Configuration and Energy Transmission in

Electrical Networks

Configuration of electrical networks complies with several requirements. These requirements
are for example costs, security of supply or protection effort. For choosing the right form of
network configuration afterwards the three most common types of networks are described.
Second part of this chapter handles with energy transmission of electrical networks where
several kinds of transmission mechanisms come into consideration. Especially for developing
additional voltage control strategies knowledge of energy transmission mechanisms is

essential.

2.1. Network configuration of transmission and distribution

networks
2.1.1. Radial networks

Radial networks are in fact one-side fed branch lines which can be found on utilities low and
medium voltage level for supply of small loads. Normally several radial networks are not
meshed among each other. Radial networks also are used at medium voltage level for weak
load conditions implemented as overhead lines and for heavy load conditions in case of short

transmission distances. Figure 1 shows a typical appearance of a radial network.

Substation

Figure 1: Radial network; one-side fed branch lines with loads

Disadvantage of radial networks is the voltage drop due to switching of big loads [Han05].
2.1.2. Loop networks
In general loop networks are special cases of double fed branch lines because of an existing

common point of supply. Using double-side feeding a higher security of supply can be
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assured for loads. Within the medium voltage level loop networks are used to supply
substations with laminar building density and multiple small load centres or substations which
are distant from transmission stations.

Often low voltage networks are built as loop networks. During normal operation the loop is
opened, so that in fact a radial network exists. But if a grid fault occurs within the loop
network, it is possible to clear the faulted part of the line by opening the bordering
disconnecting points and closing the disconnecting point in the middle of the loop in order to

supply the connected loads further.

Substation

—O-

T: Opened Disconnecting point
Closed disconnecting points are not shown

Figure 2: Network operated as open-loop

21.3. Meshed networks

Meshed networks assure security of supply for single load consumers through connection of
feeders among each other and through several in-feeds in an optimum way. As shown in
Figure 3 every branch can drop out without influence on security of supply. Enough parallel
supply branches can compensate the loss of a line within the meshed network. Particular
transmission grids used for transmission of high power amounts across long distances
(380 kV, 220 kV and 110 kV networks) are built in a meshed style. For dispersion of electrical
energy in smaller geographic regions, as for example in a city, meshed grids are not used

that often due to several factors. Main factor is protection complexity. Also different line
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lengths between two points of supply could lead to a load flow problem and overload of
particular network lines.
Important characteristics of meshed networks are intrinsic safety, high voltage stability and

low network losses. But after blackouts it is quite difficult to perform a black start in meshed

(O

Substation

networks.

Substation

Substation

Figure 3: Example of a meshed network

A specialty is a meshed network on the low voltage level. Security of supply of such kind of
networks is very high because due to reserves by other lines in parallel. They are used for
load densities higher than 5 MVA/km?. Loading of the line is according to the line impedance
and load sharing within the network. According to the type of in-feed from medium voltage
level into meshed low voltage grids different kinds of terms are used [Sch05].

e station wise fed-in networks

e single-stranded fed-in networks

e multiple-stranded fed-in networks
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2.2. Energy transmission mechanism in transmission and
distribution networks [Jah07]

2.21. Differences of electric networks on transmission and distribution level
Electrical networks on transmission and distribution level do not only differ regarding their
voltage level but also in respect of their coupling between the connected voltage sources.
Whereas resistance load per unit length clearly outbalance the inductance load per unit
length at the low voltage level, the arrangement reverse at the high voltage level (cp. Table
1). The ratio between the resistive and inductive share of the line parameters is often
adducted in literature for evaluation of network behaviour and labelled as R/X-ratio:

R 9%{;Grid }

R _ Porig _ Vo Meria S
X arctan(¢g, ) ST (2.1)

According to this R/X-ratio coupling of voltage sources with R/X-ratio > 1 is indicated as a
coupling with a predominantly resistive character, whereas couplings between voltage
sources with R/X-ratio < 1 show a predominantly inductive character. On the basis of
extreme values of the pure inductive and pure resistive coupling respectively difference of
energy transmission mechanism can be illustrated clearly.

Table 1: Typical parameter of transmission and distribution lines [Heu05]

R X I, R
Voltage Level [Q / km] [Q / km] [Q/ km] X
Low Voltage 0.642 0.083 142 7.7
Medium Voltage 0.161 0.190 396 0.85
High Voltage 0.06 0.191 580 0.31

In the following sections energy transmission in ideal inductive and ideal resistive coupled
networks is firstly described in detail. Afterwards the common case of a mixed resistive-

inductive coupling is assumed.
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2.2.2. Electric networks with inductive coupling
In Figure 4 inductive coupling of two voltage sources is presented. The active and reactive
power flow depends on the amplitude and the phase difference between both voltage

sources.

I LNetwork

——

Vi\,d /V,

Figure 4: Inductively coupled voltage sources on the left, pointer diagram of the
voltages on the right [Eng01]
With the voltages
~ 1 Nt
v, =V, -e" (2.2)
and
~ joyt -5
vV, =V, e .e” (2.3)

as well as the network impedance Lyetwork the complex current can be calculated which arise

due to the difference of the amplitudes and the phases angles of the two voltage sources.

,Jé‘
iZY1_Y2°e g lant
) Ja)N ’ LNetwork
. v v . :
=—j L 2___(coss— jsings)|-el! (2.4)
a)N ) I—Network a)N ) LNetwork
v . . v v -
=| —2——-sind—j L — 2 .€0oso | |-e!™
a)N * Network a)N ) I—Network a)N ) LNetwork

With the voltage from equation (2.2) and the current from equation (2.4) the complex

apparent power can be determined:

\

m‘ ~ Fraunhofer

IWES



More Microgrids Deliverable DA5: 12
“Microsource local controllers capable to deal with resistive and inductive coupling of interconnecting lines”

S=P+]jQ=7vi
1 . v, . . v, v, (ot o jnt
S=—v,:|————sind+j - -COSO | |- .7 ™ o5
2 @y - LNetwork Qy - I—Network Qy - I—Network ( ' )
1 v, -V . ) v’ v, -V
== | —2-1 _.sind+j L -—21 2 _.cosS
2 a)N ’ LNetwork a)N ’ LNetwork a)N ’ LNetwork

Therefore the active and reactive power results in:

V -V
PziR{S}: 1,RMS  Y2,RMS sins (2.6)

a)N LNetvvork

V2 Views -V
Q — S{S}: 1,RMS _ _LRMS 2,RMS 0035 (27)

a)N LNetwork a)N Network

With the equations (2.6) and (2.7) it is obvious that for inductive coupled voltage sources and
a small angle & the active power flow is dependent from angle & by itself. The reactive power
flow depends from the difference of the voltage amplitudes. This is corresponding to the
energy transmission mechanism of networks within the transmission system, wherein voltage

control can be achieved with reactive power.

2.2.3. Electric networks with resistive coupling
In Figure 5 reverse network conditions in comparison with section 2.2.2 by means of a pure

resistive coupling are shown.

R Network

1

Y, Y,
1 2 VAN FAA

Figure 5: Resistive coupled voltage sources on the left, pointer diagram of the

voltages on the right [Jah07]

For further calculations of active and reactive power flows the equations (2.2) and (2.3) are

starting points again.

\
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In this case the complex current results in:

_y. .9
i: \_/1 Y2 e .eja)Nt
RNetwork
vV v .. :
=| ————"2_(cosS— jsins)|-e! 28)

RNetwork RNetwork
V,-V,-c0sé . V . :
L - 2 + j—=2—-sino |-e!

Network Network

The complex apparent power is given through:

1 .~ (V,—-V.-c0S6 . V . : .
S==—.v, | 12 — 2_.sin o |-elnt.gTiond
2 R R
Network Network (2 9)
1 (v,°=V,-V,-c0S6 . V.V .
=—.| 2 2 1 + j—2%21—-sin o
2 R Network R Network
and the active and reactive power is:
Vel Vo V.
P:ER{S}: 1,RMS . 2,RMS 1,RMS ’COS§ (2'10)
RNetwork RNetwork
Vv -V .
Q=3{s}=1 2R ins (2.11)
Network

Contrary to the inductive coupling, active power flow now depends of the voltage amplitude
difference, whereas the reactive power flow is dependent from the angle &. This kind of

energy transmission mechanism predominately occurs in low voltage networks.

2.2.4. Electric networks with resistive-inductive coupling
Figure 6 shows the equivalent circuit diagram of two parallel connected voltage sources with

a mixed resistive and inductive coupling.

\

m‘ ~ Fraunhofer

IWES



More Microgrids Deliverable DA5: 14
“Microsource local controllers capable to deal with resistive and inductive coupling of interconnecting lines”

i R Network LNetwork

Vi\,0 / Vs

Figure 6: Mixed (resistive and inductive) coupled voltage sources on the left, pointer

diagram of the voltages on the right [Jah07]
Unlike the extreme conditions for a pure resistive or a pure inductive coupling, described in
the sections before, the denominator of the complex current is not either pure real or pure

complex any longer.

gl (2.12)

| = -
RNetwork + Ja)LNetwork
Therefore the equations cannot be merged as before and the result loses clearness.

Based on the network impedance according to DIN EN 61000-3-3 of
Z=04Q+ jw0.8mH :|Z|-ej“’“t (2.13)
for low voltage networks, it appears that the network angle
Pretvork = arg(;) =0.561=32° (2.14)

can not be considered as pure resistive, what is also expressed by the R/X-ratio which is

significant nearer to 1 than stated in Table 1.

gz ja)ocfsgran =159 (219)
This deviation can be constituted because the network impedance of the DIN EN 61000-3-3
also considers loads connected to the network and Table 1 only shows values for lines the
corresponding networks are built of. The difficulty of having a clear view on the energy
transmission mechanism is originated by the increasing number of parameters. In the

following the energy transmission mechanism is explained by varying the network impedance

angle.

\
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% 2000 — “““\\‘\“;}\ _
£ 1000 “‘{“e“““:‘&.’*’&"
: L CLIOOS SO
f LSS
s LTRSS

-4000 ;\\fo
90 80 70 60 50 40 30 20 10 0 2 &

Network Impedance Angle [°]

Figure 7: lllustration of transferable active power dependent of the network impedance

angle and the angle deviation of the voltage sources. MATLAB calculation resuilt.

A
|- e

Network Impedance Angle [°]

Figure 8: lllustration of transferable reactive power dependent of the network impedance

angle and the angle deviation of the voltage sources. MATLAB calculation resuilt.
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4000 —

3000 —

2000 —

1000 —

Transferable Active Power [W]
(=]
|

90 80 70 60 50 40 30 20 10 0 {@Q

Network Impedance Angle [°]

Figure 9: lllustration of transferable active power dependent of the network impedance

angle and the voltage deviation of the voltage sources. MATLAB calculation result.

4000 —
3000 —
2000 —

1000 —

-1000 —

Transferable Reactive Power [VAr]
o
|

-2000 —

-3000 —

-4000

(4
% 8 70 60 50 40 30 20 10 o ° Ao*@g

Network Impedance Angle [°]

Figure 10: lllustration of transferable reactive power dependent of the network

impedance angle and the voltage deviation of the voltage sources. MATLAB calculation

result.
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Figure 7 and Figure 8 show the transferable active and reactive power in dependence of the
network impedance angle and the angle deviation of the voltage sources. Therefore the
absolute value of the network impedance is kept constant at 0.5 Q. The voltage difference
between the two voltage sources is 3 V. At the extreme values of 0° and 90° for the network
impedance angle the behaviour described in the equations (2.6) and (2.7) rather (2.10) and
(2.11) can be seen.

In Figure 9 and Figure 10 instead of the angle deviation, the voltage deviation is used as
parameter. The absolute value of the network impedance is kept constant at 0.5 QO again.
Now the angle deviation between the voltage sources is 2°. Once again the changes of the
energy transmission behaviour due to the kind of coupling can be seen. It is obvious that for
small network impedance angles the transferable reactive power is getting more and more

independent from the voltage difference.

2.2.5. Specific characteristics of weak low voltage networks

As described in section 2.2.1 low voltage networks are characterised by a R/X-ratio > 1. The
problem of energy transmission is getting worse for network branches with a particular high
absolute value of the network impedance. A network can be supposed as weak if the
network impedance is higher than 10% of the ratio between rated voltage to rated current
[Org02].

U

U,|
L]

Generally complex power fluctuations produce fluctuating voltage drops at the active and

Z|>0.1- (2.16)

reactive parts of the network impedance [Klo97].

AP ) RNetvvork + AQ ) JX

AV = v M = Z s wor - AL (2.17)
Network RMS
The voltage ratio is
AU _ AS
gNetwork,RMS B SkV (2.18)

whereas Sy is the apparent power at the Point of Common Coupling (PCC).

With equation (2.18) it is obvious that the sign of the voltage fluctuation depends on the

direction of the apparent power fluctuation. Hence voltage fluctuations increase in network

\
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areas where power generation represent an essentially part of consumption. Furthermore the
voltage change is proportional to the value of the network impedance (cp. equation (2.17)).

In general it can be stated that system perturbation caused by distributed generation
increases with the rated apparent power of the generation unit and decreases with the short

circuit power at the PCC [Wie01], as shown schematically in Figure 11.

-

Increase of
System Perturbation

Increase of
rated apparent power

-
Short Circuit Power
at the Connection Point

b1

Lines with constant
rated apparent power

Figure 11: Schematically, qualitative relation of system perturbation intensity [Wie01]

In order to clarify in what degree a voltage rise through a decentralised or renewable feed-in
at several network configurations will occur, a simulation computation according to the

equivalent circuit diagram of Figure 12 is performed.

RNelwork LNelwork

Iper
>

Voer Verid

Figure 12: Equivalent circuit diagram of a distributed energy resource connected to

an stiff grid
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Therefore a Distributed Energy Resource (DER) with constant current injection over
concentrated network impedance having a constant absolute value is coupled to a stiff
voltage source Vgg. This assembly correspond to the connection to a superior, strong grid
over the secondary windings of a transformer.

The network angle from 0° (pure resistive) to 90° (pure inductive) as well as the phase angle

of the injected current

V ___ /I (2.19)

—DER —DER

are varied as parameters from -90° to +90°. The exemplary pointer diagram, shown in Figure
13, reflects the means of the equivalent circuit diagram in Figure 12. The adjustable ranges
of the phase angle and the network angle are drawn dashed. Because of simplifying the
system by injecting only a constant current, the pointer length of the voltage drop at the

network impedance is also constant.

PDER
-\ MDER :." ) VR,Network

MN etwork ML, Network

Figure 13: Exemplary pointer diagram of the equivalent circuit diagram in Figure 12

It is obvious that the output voltage of the DER unit for the case above has to be higher than
the constant network voltage in order to drive a current through the network impedance.

In Figure 14 the voltage difference in dependence of the network angle and the phase angle
is presented. In the special case of a pure resistive coupling (network angle 0°), it is evident
that any injection increases the voltage at the point of supply. In case of a pure injection of
reactive power the voltage rise is lowered by the orthographic position of the current pointer.
A decrease of the voltage is only possible if the injected power is reduced.

For an increasing network angle the phase angle with the maximal voltage rise is reduced
respectively. For the special case of a pure inductive coupling (network angle of 90°) the
injection of an active current has no influence of the voltage level whereas the voltage can be
both increase and decreased by an injection of a reactive current.

Regarding low voltage networks with predominantly resistive coupling the voltage rise can be

decrease only very limited by injection of reactive power. Moreover a very high amount of
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reactive current would be needed which would load the network lines and network equipment
additionally. This implies that additional voltage control strategies for low voltage networks
with a predominantly resistive coupling are required. Two approaches are introduced in the

following chapter.

240
235

230

Voltage Increase [V]

240 260
200 220
180

140 160

90 100 120
Network Angle [°] Phase Angle [°]

Figure 14: Voltage deviations due to injection of 16 A dependent of network angle and

phase angle. MATLAB calculation resulit.
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3. Approaches of voltage control capabilities

Voltage control capabilities become more important within the low and medium network due
to an increasing number of distributed generating units. At the moment there is a paradigm
change for DER units connected to the interconnected grid. Now these units have to support
the network in transient and steady-state case, what includes the possibility of providing
voltage control capabilities. Mainly voltage control is done through injection of reactive
power. But as described in chapter 2, the effectiveness of voltage control through reactive

power depends on the network characteristic.

3.1. Voltage control capabilities in interconnected operation

Figure 15 describe the influence of a DER unit with voltage control capabilities on the
network voltage. The voltage difference between the superior network and a point of
connection (PoC) is mainly distinguished by the connection impedance Zqpoc and the load
impedance Z,,.q. If the DER unit is not only injecting active power, but also a reactive power
component, it is possible to change the voltage at the PoC. The in- or decrease of the

voltage at the PoC depends whether the DER units works over- or underexcited.

DER unit  -P, * Qe

NH—7

S SS oo PoC

S
| & T eV aNaN A o e o 2t - ' load
[ XK ZKS = RKS+1X <X I Lonnecrion impeaance »

_______________

(5 e 00t O

: — | .
ZQ,PoC = RQ,FOC +| XQ.POC =

S = Source PoC = Point of Connection

U,=Var
dU,. (Load)
+dU;.. (PV)

U, (with load, DER unit overexcited]
U, (with load, no DER unit)
U,.. [with lood, DER unit underexcited)

Figure 15: Voltage scheme according to [Val09].

In Figure 15 the influence of the injection of reactive power on the network voltage for several
network characteristics is shown. The network behaviour is characterised by the network
angle W. The lower the network angle the more resistive is the network. Within this
deliverable long low voltage lines and meshed low voltage networks with a considerable
resistive part are studied. Therefore network impedance angles lower than 40° could be

assumed.
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dV (%)
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AU, <2%
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¢ (cap.)
S —— -2 e A N L e A e e e e A L e,

80°-86°

Overexcited Operation Underexcited Operation

Figure 16: Voltage control through reactive power for several network impedances
[Val09]

As shown in Figure 16 especially for weak low voltage grids with low network impedance
angles the DER units have a major influence on the network behaviour. If these units inject
active power a high voltage rise occur. For compensating this voltage rise, a high amount of
reactive power would be needed. This implies that for weak low voltage networks a voltage
control though reactive power is not efficient. A possibility of controlling the voltage effectively
for this kind of network behaviour would only be a reduction in active power.

This is especially for a Microgrid no desirable solution. Since Microgrid components must
have extended control capabilities in comparison to devices only designed for an operation in
parallel to the interconnected network, alternative control methods can be used for providing
a more effective voltage control. After a description of the extended control capabilities of
generation units in Microgrids with a detailed view on the “DroopControl” of the SMA Sunny
Island 5048 battery inverter in section 3.2, advanced voltage control strategies in resistive
low voltage grids are presented in section 3.2.3. The proof of these approaches is given in

chapter 4 and 5 by means of simulations and measurements.
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3.2. Extended control capabilities of generation units in Microgrids

Generation units in Microgrids must not only be able to operate in current control mode, but
also units with the possibility of a voltage control mode must be available. Challenges for
inverters in island operation and an approach of parallel working voltage controlled battery
inverters are presented afterwards. Also new developments in case of “DroopControl”

operation mode for the new SMA Sunny Island 5048 are given.

3.21. Voltage control in island operation [Jah07]
This section describes the problems and changes of voltage controlled inverters operating in

interconnected or island mode

3.21.1. Voltage control

In opposite to a current controlled inverter the output current of a voltage controlled inverter
arise freely if it is operated in interconnected mode with other voltage sources and no
additional subordinate controller exists. The output current is driven by the voltage and phase
difference of the voltage sources and is limited by the network impedance alone. For these
reasons particular requirements for inverters in parallel mains operation have to be pointed
out concerning accuracy and dynamics.

In [Eng01] and [Hau02] methods are presented which allow voltage controlled inverters to
operate in parallel mains operation. Although the measured output current is not necessary
required it is nonetheless reasonable to assign it due to usage for subordinate controllers or

for monitoring purposes.

3.21.2. Special Case: Island operation

Within an electrical network at least one voltage source has to work as a network former,
which the current controlled inverters need as reference for their own power injection. The
simplest assembly of an island network is the operation of merely one generator and of the
loads that have to be supplied. This is realised in many conventional island networks by
having a diesel generator as the network former. If such a network is extended by a
renewable source, the diesel generator is relieved by the amount of the renewable source
which can lead to an operation at an inappropriate, because noneconomic, operating point.
At the borderline case the generated renewable power rises above the load within the island
network. Within this case the produced renewable power have to be reduced or additional
loads, so called dump loads, have to be switched on, in order to ensure the equilibrium

between generation and consumption.
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For these reasons it could be reasonable to arrange an additional network former in island
networks with an appreciable share of renewable generation, which is able to establish the
power equilibrium through intermediate storage of the electrical energy. Battery inverters are
well suited for such applications. The disadvantage of battery storage is the high investment
cost and the intensive maintenance in order to guarantee a long life cycle. With an
appropriate dimensioning of the inverter and the battery storage it is feasible to supply the
complete island network for a certain period.

An innovative approach of a parallel connection of voltage controlled inverters has been
introduced in [Eng01] for single-phase systems. There the behaviour of inductive coupled

voltage sources and synchronous machines, which can be described in form of
fgrid = f(P) and Ugrid = f(Q) (31)

was implemented in a voltage controlled inverter. A more detailed description of the droop

functionality is given in Figure 17.

P4 Af=1% u 4 U=4%
f l U J'
T T
! 4:%! _ ! — -! _
-1 1 F_i -1 1 G%

Figure 17: Conventional droops in the interconnected grid [Eng05]

The advantage of this approach lies in the power-output distribution among the sources
without using additional communication, because exclusively available quantities as network
frequency and network voltage are used. With an appropriate design of the droops a power-
output distribution according to the capability of the particular systems is reached. Through
an adjustment of the parameters the systems can realise special functions as for example
battery charge operation. Supply systems with droop functionality can be extended easily
and the reliability of the network increases through the so-called Multi-Master concept where

every network participator containing a droop.
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As described in section 2.2 the energy transmission in the low voltage network does not base
on inductive coupling, but the resistive coupling dominates what in fact demands an

adaptation of the droops in form of

=f(Q) and V,, = f(P) (3.2)

gnd

In [Eng05] consequences of the coupling of different types and direction of droops are
analysed. It was assessed that due to the indirect effectiveness also the conventional droops
can be used within the low voltage network in order to maintain the compatibility with
generators of superior networks with conventional droops. Alone a direct voltage control with

these droops is not possible.

3.2.2. Droop Control
In the following section the developed droop control functionality for the SMA Sunny Island

5048 battery inverter is described in detail.

3.2.21. Overview on the system
“DroopControl” is a load flow management system based on the ISET “SELFSYNC” control
method [Eng01] for parallel operation of grid forming inverters. This method allows the
influence on active/reactive power flows by changing setpoints for frequency/voltage in
analogy to a synchronous generator.
The “DroopControl” module covers the following parts of the operational system
management of the Sunny Island 5048 battery inverter (Remark: during the devopment
phase it was named “SI4248 Series II”):

e Battery charge control

e Voltage / frequency control (in terms of “Secondary and tertiary control”)

e Synchronisation to external voltage sources (genset/grid)

e Active and reactive power management

e Steady state overload derating

e Thermal derating
Figure 18 gives an overview on the overall structure. The specific functionality of each part
will be described separately below. Table 2 shows abbreviations and terms of Figure 18. In
general the structure consists of a set of parallel operating Pl or | — controllers. The selection

of suitable limitations at the outputs of the controllers decouples the different functions.

Table 2: Abbreviations and terms of Figure 18.

V_loop Isochronous voltage controlled mode
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| _loop Current controlled mode

V_slfsnc SELFSYNC-voltage controlled mode (formerly known as “Droop-
Mode”)

V_ext SELFSYNC-voltage controlled mode synchronised to external voltage
source

Cluster Set of “Sunny Islands” linked to ONE battery (up to 4 in single phase
configuration, 2 or 4 in Split phase config. 3 in three phase
configuration)

HOLD MAX/ Special functions for I-controllers. In case of activation, upper (MAX) or

HOLD MIN lower (MIN) limit of | controller is dynamically adjusted to the present

output value of the integrator
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DroopControl Sunny Island 4248 |/

Frequency-, charge- and derating control
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CnvCurD: Converter Direct axis current (CnvPwrAt/CnvVig)
CnvCurQ: Converter Quadrature axis current (CnvPwrRY/CnvVig)

GnCurD: Generator Direct axis current (GnPwrAl/GnVig)
GnCurQ: Generator Quadrature axis current (GnPwiRt/GnVig)

DroopControl Sunny Island 4248 |/

Voltage control and reactive power compensation
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Figure 18: Droop Control of Sunny island 4248
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3.2.2.2. ISET-SELFSYNC
Figure 19 shows the usage of the ISET Selfsync algorithm in a three phase configuration.
The master inverter (phase L1) generates a synchronisation pulse each wrap around of the

sine argument. This signal is transmitted to the slaves. The phase argument of the slaves is

then reseted to the specified phase shift (+- 120deg).

Figure 19: ISET Selfsync in a three phase system
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3.2.2.3. Description of the modules

In this section the modules shown in Figure 18 are described in detail.

3.2.2.3.1. Battery voltage control
|—8osg?r%?er
5
{7}
Batytg j j(l e~ )
Chrai'tg
1/MNomBatvig
T ff=0
Ti BatVigDrtg

Figure 20: Battery voltage control

Table 3: Description of the battery voltage control

Function Protects battery from overcharging

Technology limited 3 Stage | controller (same as Sl4500/S14248) with dynamic limit
adjustment (HOLD-MAX Function) - see Figure 21

According to the stage, a different set of T; parameters is being used. This
method is suited best to handle the very sensitive steady state stability
with fully charged batteries and the very fast derating of Sunny Boy
inverters

Activation Calculated on Master and always “ON”
HOLD-MAX, if no power flow (TotCnvPwrAt) from AC -> DC
(threshold according to accuracy of measurement and No. SI;

Function should be disabled in systems where DC chargers are used as
“grid tie system”)

Cycle time 20ms

Input BatVig battery voltage
ChrgVtg charge voltage setpoint

Normalisation | NomBatVig nominal battery voltage

Output deltaFrequency

Signal: BatVtgDrt
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Chrg\tg + 4y
NomBatvig 48Y

Chrg\tg . v
NomBatvig 48V

Figure 21: Three stage I-Controller

3.2.2.3.2. Frequency control

During V_slfsnc operation the setpoint “NomCnvFrq + TrtCtrlOfst” is selected. Thus a

secondary and tertiary control for the non-isochronous SELFSYNCA is achieved.

By selecting the measurement value of the external frequency “GnFrq “ the system
frequency is synchronised to an external source.
If (BatVtgDrtg) | | (MaxChrgCurDrig)
|| (¥ _exi) FREEZE
. 2 s deltaFrequency
CrvFrq J_r D/" T I - VR >
NamCnvFrg + TriCirlOfst 1/NomConvFrg T

GO  —

Figure 22: Frequency control

Table 4: Description of the frequency control

Functions secondary + (part of) tertiary frequency control

synchronisation to external frequency (grid, genset

Technology limited |- controller

Activation calculated on Master and only in single cluster configuration
“On” with setpoint “NomCnvFrq + TrtCtrlOfst”:
V_slfsnc && FrqCtrl==ENABLED
“On” with setpoint “GnFrq”:
V_slfsnc && Synchronising
“Freeze”:
V_ext || BatVtgDrt || MaxChrgCurDrtg
“Off”;
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FrqCtrl==DISABLED || with Sunnylsland Control
Cycle time 100ms
Input CnvFrq converter frequency
NomCnvFrq nominal converter frequency
TrtCtrlOfst frequency offset due to tertiary control
GnFrq frequency of external grid
Normalisation | NomCnvFrq nominal converter frequency
Output deltaFrequency
3.2.2.3.3. External current control (generator, grid)
R - s ShREE
[ a—— S B At
L e

Figure 23: External current control

Functions (4) Loads generator with its nominal current NomGnCur in order to
achieve optimum efficiency.
Protects generator from overload.
Generator support.
Additional function:
(3) “generator stall” protection (required for small hydro turbines)
Technology limited I- controller with output deltaFrequency
According to [Eng01] a phase angle deviation determines the active power
output of the inverter. An individual active power flow control can be
achieved for each phase by controlling the phase angle setpoints.
limited |- controller with output deltaPhsAngSiv1
limited |- controller with output deltaPhsAngSIv2
Remarks:
In Single-Phase configuration all deltaPhsAngSIvX are obsolete. In Dual-
Split-Phase configuration deltaPhsAngSIvi= deltaPhsAngSIv3 and
deltaPhsAngSIv2 is obsolete.
”Generator stall” protection (3) for hydro turbines:
During “low water” periods the turbine delivers only a fraction of its
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nominal current. The Generator current controller would try to load the
turbine up to its nominal current and thus stall it. Frequency drops to the
lower boundary of the I-controller. In order to avoid this an additional I-
controller is able to lower the setpoint for the nominal generator current
NomGnCur.
Activation calculated on Master and only in single cluster configuration
“‘On”: V_ext
“Off”: V_slfsnc
Freeze lower boundary of (4) @ present output:
V_ext && (BatVtgDrt || MaxChrgCurDrtg)
On status change V_ext -> V_slfsnc:
Ramp integrator of | controllers back to 0
Cycle time 100ms
Input GenFrq generator frequency
NomGenFrq nominal generator frequency
NomGenCur nominal generator current
GenCurD direct axis generator current
GenCurDSIv1 direct axis generator current Slv1
GenCurDSIv2 direct axis generator current Slv2
GenCurDSIv3 direct axis generator current Slv3
Normalisation | NomCnvCur nominal converter current (4)
NomGenFrq nominal generator frequency (3)
Output deltaFrequency
DelPhsAngSIv1
DelPhsAngSiv2
DelPhsAngSIv3
3.2.2.3.4. Thermal derating

HsOnTmp
THDATmp

if =0
] ThrmDrtg
)
V25°CI

DdACCur

o, MerACChrgCur -
y 0] .

hAX

Figure 24: Thermal derating
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Functions Derating of AC current in case of heatsink or transformer overtemperature
Technology limited P- controllers with output DelACCur

amplification approx. 10A/°K
Activation calculated on each Sl and always “On”
Cycle time >100ms
Input HsTmp heatsink temperature

HsDrtTmp heatsink derating temperature

TrfTmp transformer temperature

TrfDrtTmp transformer derating temperature
Normalisation | 25°C
Output DelACCur derating current (input to 0)

Signal: ThrmDrtg (for informational purpose only)
Remarks Thermal derating of one device affects all devices of the cluster
3.2.2.35. Charge current derating

DelACCur

DelACCurSiv

TotBatCur P&

™ .
BatChrgCurlim —_

-

1/
No.S¥NormBatCur:

CrvCurD

-

MarACChrgCur ek 1/NomCnvCur

w |l

CrvCurDs I £
JhaxAC ChrgCu)
MerACChrgCur embomsee . :
i MChglr
Drig

Hi
1)

1/NomCnvCur

DelACCursivd

CrwCurD5h2

cccccccc

MaxACChrgCur 1/NomCnvCur

CrvCurD5h3

3

MexACChrgCur

1/NomCnvCur

Figure 25: Charge current derating

Functions Derating of AC charge current in case of steady state overcurrent or
thermal derating
Derating of DC charge current (TotBatCur).

Technology limited |- controller

Activation calculated on Master Sl and always “On”

TotBatCur derating only if battery current shunt installed
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Cycle time 100ms

Input

Normalisation | TotBatCur derating:
(No. Sunny Islands * NomBatCur)
CnvCurD derating:

NomCnvCur

Output CnvCurD Converter current direct axis Master
CnvCurDSIv1 Converter current direct axis Slave1
CnvCurD SIv2 Converter current direct axis Slave2
CnvCurD SIv3 Converter current direct axis Slave3
DelACCur derating due to overtemperature
DelACCurSIv1 derating due to overtemperature
DelACCurSlIv2 derating due to overtemperature
DelACCurSIv3 derating due to overtemperature

MaxACChrgCur max AC charge current

TotBatCur battery current

BatChrgCurLim max. DC charge current

No. Sl number of Sl in this cluster
Remarks deltaFrequency

Signal: MaxChrgCurDrtg

3.2.2.3.6. Voltage control / reactive power compensation

)

1/NomCrfg I \
. 20
— DelVigCnyv
J -20 >7

&

1/NomCnvCur I

CrvWig
NomCnvWig
Gntg

GnCur@

CrvCur@

)

Cur@Cle

Figure 26: Steady state voltage control
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Figure 27: Reactive power control at the generator
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CrvVig
NomCnvitg
GnVig

GnCurQ

CrvCurQ

CurQCle

63

1/MNemCrvCur I

)

Figure 28: Synchronisation to external voltage

CrvVig

)

NemCnvWig
GnVig
GnCur@

CrvCurQ@

CurGQCle

]

1/NemCrVig I

1/MNomCrviCur

Figure 29: Reactive power control at the Sunny Island
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Functions: - Steady state voltage control (Figure 26)
- voltage synchronisation to external voltage source (Figure 28
- reactive power compensation at external voltage source (Figure 27)
- reactive power compensation at Sunny Island (Figure 29)
Technology limited |- controller
Activation: - Once per phase
- Only in single cluster systems
- OpMode “V_slfsnc” -> voltage control setpoint “NomCnvVtg”
during Synchronisation -> voltage control setpoint  “GnVitg”
- OpMode “V_ext” -> reactive power control setpoint “GnCurQ” or
“CnvCurQ”
Cycle time 100ms
Input CnvVtig Converter voltage
NomCnvVtg nominal converter voltage
GnVtg generator voltage
GnCurQ Generator current quadrature axis
CnvCurQ Converter current quadrature axis
CurQClc reactive power component (default =
0A)
Normalisation | NomCnvVtg
NomCnvCur
Output DelVtgCnv Ar(13 voltage offset for each Sl on this
phase

\

m‘ ~ Fraunhofer

IWES




More Microgrids Deliverable DA5: 36
“Microsource local controllers capable to deal with resistive and inductive coupling of interconnecting lines”

3.2.3. Additional control possibilities through developed droop control

Especially through the enhancements of active and reactive power management it is
possible to provide additional voltage control functionalities as described in chapter 4.
Additionally communication interfaces provide the possibility for defining set-points for the
inverter by using a centralised Microgrid-Controller and for coordinate several inverters in a

meshed low voltage Microgrid e.g. for voltage control.

3.3. Advanced control capabilities of generation units in Microgrids

In the next chapters advanced voltage control capabilities of generation units are discussed
in detail. Therefore simulations and experiments are provided. In chapter 4 an approach of
controlling the voltage in meshed low voltage grids with droop inverters is presented. For this
approach, simulation calculations and measurement results are given. It should be shown,
that using reactive power injection, which can be done through the operational control
described in the section before, together with droop concept in resistive networks can control
the voltage more effectively than using only reactive power without inverters with the droop
mode concept.

The second approach of voltage control strategies is the principle of inductive decoupling. It
provides the possibility to control the voltage within a sub-network independently from the
superior network within defined borders. Therefore a state of the art inverter with an
additional decoupling inductor and advanced control algorithms come into operation. This
inverter could be a stand-alone device only responsible for the voltage control in the sub-

network, but also a combination of such a device with a PV-inverter is conceivable.
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4. Voltage control strategies in meshed low voltage grids

Within this chapter an approach of voltage control within meshed low voltage grids is
described. Section 4.1 explains the approach; section 4.2 gives first results from experiments
carried out in DeMoTec of ISET, while section 4.3 shows simulation results achieved through
simulations in DIGSILENT PowerFactory.

Since in transmission networks the line character is generally inductive and thus the voltage
is controlled through reactive power, the reactive power sources and sinks and other reactive
power compensation equipments are strategically positioned along the long transmission
systems.

Shown in chapter 3 voltage control through injection of reactive power is not very efficient in
low voltage networks with a resistive character. But if a network operates as a Microgrid in
islanding operation an additional voltage control capability is useful. In chapter 3.2.1.2 it is
stated that a direct voltage control with conventional droops is not possible. The following
approach provides a possibility of an additional voltage control capability in Microgrids using

inverters with droop functionality.

4.1. Approaches of voltage control through injection of reactive

power in meshed low voltage grids

Aim of this approach is doing voltage control at the connection point of a load within a
meshed low voltage network. In Figure 30 the most simple implementation of a meshed low
voltage network is given. It consists of a triangle; an inverter is connected at each edge. In
the middle of the network line between the two above inverters a load is connected. The
yellow coloured inverters are state of the art battery inverters with droop functionality, e.g. the
SMA Sunny Island 4500 or Sunny Island 5048. The lower, magenta coloured inverter has the
functionality to inject a preset reactive current. In that case this inverter is able to work in
over- and underexcited operation. Since the network has no reactive loads in that case, the
injected reactive power has to be compensated by the other inverters. Since they work in
droop mode, the compensated reactive power automatically change the output voltage due
to the relation Q(V) (cp. Figure 17). The amount of reactive power needed for a voltage
change depend on the slope of the Q(V)-curve. The higher the slope the less reactive power
is needed for a voltage change. The more inverters running in a system, the more reactive
power is needed, because all Q(V)-curve for all inverters have to be influenced through the

reactive power.
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Figure 30: Approach of an additional voltage control capability in meshed low voltage
networks through injection of reactive power

4.2. Experimental proof of voltage control capabilities in meshed

low voltage grids
The configuration of Figure 30 has been built up in the DeMoTec of ISET. Together with

SMA experiments have been done.

4.21. Experimental setup

A balanced three phase mesh grid is built up as shown in the diagrams of Figure 31 and
Figure 32. Three 3 phase SMA battery inverter Sunny Island clusters are connected through
a low voltage grid simulator as seen in Figure 31. The varying resistive load is achieved from
a load simulator. Two of the clusters are built up from Sunny Island 4500 and the third from
the new SMA Sunny Island 5048. The S15048 is operated with extended software developed
by SMA for this experiment in order to determine the injected reactive current by the inverter.
The simulated line lengths are given in the Table 5 as calculated from the typical line
parameter information for low voltage lines given in Table 1. Measurements of the required
parameters (voltage, current, active and reactive power) are taken at the nodes of each
inverter and at the load on phase 1 as shown in Figure 32.

One cluster was switched on to form the grid and the others had to synchronise to this

formed grid. A defined load was connected to the grid. Afterwards the reactive power injected
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by the SMA Sunny Island 5048 was manually changed. Reactions on the voltage are

monitored with the Haag power analyser device. Although the system is build up as a three

phase system, measurements were made only for a single phase due to no expected

unbalance.

Table 5: Line resistances and lengths of the experiment in the DeMoTec [Tin08]
Line Line resistance [Q] of line simulator Corresponding Line length [m]
Ri2 0.0575 90

R13 0.045 70

Rau 0.115 179

RaL 0.115 179

([ SMA Sunny Island 4500 with |
droop control functionality

Low Voltage Network Line

[ SMA Sunny Island 4500 with |
droop control functionality
-

Low Voltage Network Line

rLcaald and Network Simulation1

| | o Tl

[ SMA Sunny Island 5048 with
reactive current control

Low Voltage Network Line
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Figure 32: Equivalent circuit diagram of the experimental setup of Figure 31

4.2.2. Experimental results

Figure 33, Figure 34 and Figure 35 show measurement results of the above described
experiment. In Figure 33 and Figure 34 a resistive load of 1300 W is used while in Figure 35
a resistive load of 3000 W is connected to the network. The injected reactive current of the
SMA Sunny Island 5048 is varied manually. It can clearly be seen that for each change of the
reactive current also the voltage at the load changes. The more inductive reactive power is
injected by the SMA Sl 5048, which has to be compensated by the other Sunny Island
inverters with droop mode with capacitive reactive power since there is no reactive load
within the network, the higher the voltage at the load becomes (cp. Figure 17). The other way
around, if the SMA SI 5048 is injecting capacitive reactive power, the voltage decreases.
Figure 36 describes the relation between voltage at the load and injected reactive power
from the SI 5048 for the measurement results. It can be clearly seen that the slope of the
curve is independently from the load value, assumed a pure resistive load. The slope of the
curve depends of the droop parameters of the inverters working with the droop functionality.
Figure 37 shows a 3D-diagram of the voltage in dependence of the load and the injected

reactive current. Out of the measurement points (dots) the shown data is interpolated.
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Figure 33: Constant load, Q injection varied in negative direction
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Figure 34: Measurements for a constant load, Q injection varied in positive direction
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Figure 35: Measurements for a constant load, Q injection varied.
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Figure 36: Measured U over Q behaviour for a constant load of
of 3000 W.
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4.3. Simulations for meshed low voltage grids

Simulations for a detailed proof of the approach are carried out with the program DIgSILENT
PowerFactory. The simulation is a three phase, but here given results are only for single

phase in order to be comparable with the measured data from the experiment.

4.3.1. Simulation setup

The models used for the simulation of the SMA Sunny Island 4500 with the droop control
have already been developed within a diploma thesis [Bra05]. The inverter providing only
reactive power for is modelled as “static generator” within PowerFactory. The network lines
are combinations of resistive and inductive components in order to set the corresponding
network impedance value. The set-points for the active and reactive current output of the
inverter are calculated by the control using the active and reactive power of the static
generator model. The set-points for the reactive power can be given either by the user or in a
second step the reactive power is used for an automatic control of the load voltage.

The simulations are carried out with the so-called instantaneous method for electromagnetic

processes with a step size of 0.1 ms. Figure 38 shows the setup of the simulation.

Load

= ———— Load ———5—

SMA SI 4500
@
SMA SI 4500

$I D2
s D1

sta

Inverter with reactive power injection

Figure 38: Setup of the simulation within DIgSILENT PowerFactory for comparision

with experimental results.
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4.3.2. Simulation results

The following subsections present the results of the simulations. After a comparison with
conventional methods of voltage control, simulations for this actual approach with varying
parameters are performed. In the end a possibility of the direct control of the load voltage is

simulated.

4.3.21. Comparison with conventional voltage control through reactive power

Figure 39 shows the changes of the voltage at the load for several injections of reactive
power. For the simulation the circuit of Figure 38 is used. In order to compare this approach
with the conventional method for voltage control through reactive power, two independent
simulations with the same boundary conditions are performed. The difference is that for the
conventional method the inverters have no droop control. Therefore the voltage change is

achieved by the injected reactive power itself.
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Reactive Power [VATr]

Figure 39: Comparison between conventional voltage control with reactive power and

voltage control with inverters having droop functionality. Simulation results.

The simulation results show that the achievable voltage change using the same amount of
reactive power for inverters with droop functionality is clearly higher. There is a maximal
voltage change of approximately 9.7 V for a reactive power from -1000 VAr to 1000 VAr
using this approach. In contrary with the conventional method only a voltage change of 2.2 V

for the same range of reactive power can be reached.
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For these conditions it can be stated that the approach of injecting reactive power in meshed
grids consisting of inverters with droop functionality is five times more efficient than

conventional injection of reactive power in regard to voltage control.

4.3.2.2. Influence of the slope of the Q(V)-curve on the voltage change factor

The comparison of the effectiveness of this approach with the conventional method directly
depend on the slope of the Q(V)-curve. Figure 40 shows simulation results for two different
slopes of the Q(V) droop. The smaller the slope the lower is the voltage change difference for
the same amount of reactive power. That means that less reactive power is needed to

achieve the same voltage change if a higher slope of the Q(V) droop is used.
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Figure 40: Simulation and measurement result for single phase

4.3.3. Simulation of load and reactive power variations

Figure 41 shows simulation results for variations of the load and the injected reactive power.
The load is varied between 0.66 kW and 3.3 kW while the reactive power is varied in steps
0.4 kVAr from 1.2 kVAr capacitive to 1.2 kVAr inductive. The more inductive reactive power
is injected, the higher the voltage at the load become. The other way around the more
capacitive reactive power is injected; the lower is the voltage at the load. For higher values of
the load the voltage decreases for all kind of reactive power injections.

Since in the simulation only selected points are used, in Figure 42 an interpolation of the
simulation results is presented. The load is varied from 0 to 4000 W and the reactive power
injection is varied from -1.5 kVAr to 1.5 kVAr.
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Figure 41: Voltage at the load for several reactive power injections at busbar Sl Q of

network configuration shown in Figure 38. Simulation results with PowerFactory.
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Figure 42: Interpolated data out of simulation results (dots) for following conditions: 0
to 4000 W load, - 1500 to 1500 VAr injection.
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4.3.4. Simulation with control of the load voltage

In order to hold the load voltage at a constant predefined set-point, a control algorithm is
implemented in the simulation. Figure 43 shows the structure e of the control. The measured
load voltage is feed back and subtracted from the given set-point. The control deviation is
input for the Pl-controller. This controller provides the set-point Qs for the control of the

inverter which is injecting the reactive power.

ULoad,set-point > Qset Inverter Qinjected Meshed |0W
- control voltage grid

ULoad,actual value

Figure 43: Subordinate control for the load voltage.

Figure 44 shows results of simulations with and without the control scheme of Figure 43.
Once again the load is varied in steps from 0.66 kW to 3.3 kW. The load voltage decreases
for higher load values if the simulation runs without control (green coloured line). But if the
control is used, the load voltage is regulated to the given set-point of 230 V by adjusting the

injected reactive power.
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Figure 44: Voltage curve of the load with and without control for several load

conditions. Simulation resulits.
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5. Inductive Decoupling of long low voltage lines [Jah07]

As described in Chapter 2.2 current flow of two parallel operating voltage sources is
distinguished through amplitude and phase difference of the two voltage sources. Only the
network impedance limits the current flow. Regarding the low voltage network, coupling of
voltage sources has got a resistive character (R/X > 1). Normally huge amount of reactive
power is needed for achieving a voltage change and for compensation respectively.

That leads to the problem that voltage control can’'t be carried out as in medium or high
voltage networks. Using the principal of inductive (de)-coupling of sub-networks these

principal restrictions could be solved. In following sections this principal is discussed in detail.

5.1. Assembly of inductive decoupled sub-networks

By including an additional serial inductor (cp. Figure 45) the coupling of an electrical sub-
network is shifted from a resistive part to an inductive one. By this, voltage profile of this sub-
network can be influenced systematically and widely independently — quasi decoupled — by
using reactive power injection. With this kind of control also small-scale in parallel grid-
connected power devices with energy storage of small capacity can be used for services
normally done by serial coupled devices. But also state of the art PV-inverters can be

equipped with this kind of functionality.

RNetwork I—Network ltot I-Decoupling

—___ I >

Inductive
Interconnected
Vietwork Grid Decoupled Vsub-Network
, Sub-Network
! network
\/

Figure 45: Equivalent circuit diagram of an inductive decoupled sub-network linked to

the superior grid

The advantage of the assembly shown in Figure 45 is the combination of different
possibilities. The interconnection to a superior grid offers the possibility of a quasi infinite
active power dispatch while setting up an inductive decoupled sub-network for supplying

sensitive loads with an improved voltage profile.
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5.1.1. Control possibilities of the sub-network

State of the art grid converters are able to provide voltage profiles with low THD values.
Through integration of a decoupling inductor these inverters with a limited (and with even
small) power have got the possibility to improve the voltage quality for sensitive loads.

The needed power of the sub-network power source, in this case of the inverter, is
depending from the grade of voltage disturbance in the superior grid, the wished or needed

voltage profile in the sub-network and the value of the decoupling inductor.

I—Network

_—_ VSub-Network, set

VSub-Network act
) > |

Vcontrol-value
<
\V& V V. 2. sn{a) [+, )
V network V Sub-Network controtvalue ontrotvalue, ¢
Qcontrol-value
Ve Link act—>T>—> |/| —
\ Vbe-Link, set

Figure 46: Inductive decoupled sub-network with independent control of active power

dispatch to the superior grid and of voltage amplitude in the sub-network

In case of an inverter with short time energy storage as sub-network voltage source, only
control algorithms for the root mean square value of the sub-network voltage source and the

DC-link voltage are merely needed (cp. Figure 46).

Vsub—network,control—value :Vcontrol—value ) Sm(a)n t + ¢contro|—value) )

The control value of the sub-network voltage source consists of the independent controlled
values of the voltage amplitude and the phase angle. The voltage amplitude by itself is
controlled directly using measurement of the sub-network voltage. The phase angle is
adjusted in that way that the DC-link voltage of the inverter is held constant. By using this
kind of control concept, it is achieved that the inverter is only taking active power from the
superior grid in order to compensate his losses. The voltage amplitude can be set by using

only reactive power as it is expected in inductive coupled networks comparing with equation
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(2.7). This kind of control can also be used for PV inverters for example. Due to the local
generation and consumption of power the long low voltage line could be unload more.
5.1.2. Voltages, currents and power flows in the decoupled sub-network area
As introduced in the beginning of this section, through inserting of an additional inductor, the
kind of coupling between network and sub-network is changed.
In order not to overload the superior grid, it has to be evaluated to what extend the
decoupling inductor causes an additional reactive power flow. For calculations following
simplifications are made:

1. The decoupling inductor is ideal, no resistive losses are regarded.

2. If there are losses in the sub-network voltage source, theses are added to the load.

LDec lGrid lSub-network

Msub-network

Figure 47: Currents and voltages in the inductive decoupled sub-network

my

Varid V| Dec

¢ MSub-network Re

lLoad
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Figure 48: Pointer diagram of assembly in Figure 47
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A pointer diagram of an inductive decoupled sub-network (cp. Figure 48) is prepared for

calculation of power flows according to currents and voltage of Figure 47.

The sub-network voltage is used as reference value which is placed at the real axis. The load
is supplied by the constant sub-network voltage with a constant power, whereas the share of
the active power amount of the load is received from the superior grid. Thereby equation (2.6)
of section 2.2.2 describing active power flow within inductive decoupled networks can be
applied. For this reason the angle d between the voltage sources can be determined. Thus
both absolute value and direction of voltage drop across the inductance are defined.

If the power factor is known the absolute value and the direction of current supplied by the

superior grid can be calculated according to:
| _ \LL,Dec

—~ Network — (5.2)
\LL,DGC

Using equation (5.3) current of the sub-network voltage source is calculated and therefore

also injected reactive power is known.

— Sub—Network

Now, influences of voltage difference between superior grid and sub-network as well as the

— Network (5.3)

— Load

value of the decoupling inductance on reactive power flow can be analysed. Thereto a
MATLAB® script has been programmed in order to visualise power flows in dependence of
the parameters voltage difference and size of decoupling inductor.

In Figure 49 and Figure 50 results of a load flow calculations for a load of 3.5 kVA with a
power factor of 0.85 (ind.) are given exemplary. The calculation results show that for very
small values of the decoupling inductor high reactive power flows have to be provided in
order to control the voltage in sub-network to claimed set point. For values of 10 mH for the

decoupling inductor variations become less.
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QS\ub— network [VAT]

UGrid [V]

Figure 49: Reactive power contribution of sub-network voltage source for a load of

3.5 kVA, power factor cos ¢ = 0.85 (ind) and Vgyp.network = 230 V; MATLAB® calculation
result.
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Figure 50: Reactive power contribution of superior grid voltage source for load
conditions of Figure 49, MATLAB® calculation result.
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For variations of the superior grid voltage a linear relation is obtained as assumed by
equation (2.5). The gradient of line for each decoupling inductor is getting smaller for higher
values of the inductor as described in the section before.

Therefore it would be advantageous if the decoupling inductor have a certain minimum size
in order that the reactive power must made available by the voltage sources would not
become unnecessarily high. Otherwise the decoupling inductor could not be made arbitrary
high because the transferred active power would become to low rather the voltage drop at

the decoupling inductor would become unnecessarily high.

In order to point out the relations for a decoupling inductor with a high inductance, a true to
scale pointer diagram of voltages and currents calculated by a self-provided MATLAB
application is shown in Figure 51. Although only 3 kW are transferred, the phase angle
difference between the voltage sources already is 65°. The voltage drop at the decoupling
inductor is 245 V.

real axis
1 1 2
250 - 0 2 2 0 > 0
200 -
; -5 -
124 J 124
> 150 1 >
: 2 10
> 100 ' 2
= E
50 { I 2
0¥ ; . . S, - -20 I
0 50 100 150 200 250
real axis
Voltage Pointer Diagram [V] Current Pointer Diagram [A]

Figure 51: True to scale pointer diagram of voltages and current for a sub-network
load of 3.5 kVA at a superior grid voltage of 225V and a decoupling inductance of
50 mH. Left chart: Vgyp-network (grey), Vgria (black, dashed), V| pec (black). Right chart: lsyp.
network (grey), lLoad (black), lgriq (black, dashed). MATLAB® calculation result.

5.1.3. Behaviour at non-sinusoidal network voltages
The up to now as ideal assumed network voltage profile Vnework is distorted due to non-

sinusoidal currents flowing through the network impedance. The network voltage V’network
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being available for the consumer can differ from the ideal sinussodial curve (cp. Figure 45).
For following simulations due to simplification it is assumed that the network voltage source

Vietwork already is distorted.

0.4k
VNetwork [V]
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Vsub-Network [V]
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UH( 10 ILQad [A]
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-0.1k]
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Figure 52: Simulation result for inductive decoupling of sub-networks according to
Figure 47. Active power set value 0, resistive-inductive load in the sub-network.
SIMPLORER simulation result.

Figure 52 shows the results of a simulation according to the circuit arrangement of Figure 47.
The load ratios (Sioaq = 3.52 kVA, cos @04 = 0.85) are selected due to made agreements in
section 5.1.2. The network voltage source Vnework iS distorted with regard to the 3" 5" and
7™ harmonic order up to the allowable limit of DIN EN 61000-3-2. The improved voltage
profile provided for a sinusoidal current consumption at the sub-network load can be seen
clearly. The active power part is obtained across the decoupling inductor from the superior
network.

For compensating the different voltage curve profiles, at both sites of the decoupling inductor
non-sinusoidal equalising currents flow. These kinds of currents are normally avoided in
order not to increase the impact of harmonics at the superior network. Therefore the effect of

these non-sinusoidal currents is studied for the total system afterwards.

Considering only harmonics the system according to Figure 45 can be simplified by using the

principle of superposition. In Figure 53 the simplified equivalent circuit diagram for harmonic

\

g ~ Fraunhofer

e N




More Microgrids Deliverable DA5: 57
“Microsource local controllers capable to deal with resistive and inductive coupling of interconnecting lines”

orders higher than one is shown with the assumption that the sub-network voltage source

provides an ideal sinusoidal fundamental waveform.

RNetwork LNetwork  liot, 0s  Lsub-Network  Rsub-Network

— 0

MNetwork, oS M’Network,OS

Figure 53: Simplified equivalent circuit diagram of an inductive decoupled sub-
network for harmonic orders > 1.

The elements Rpnewok @nd Lnework Of the network are substituted by Znewon for further
simplification. The elements of the sub-network, the decoupling inductor Lpe, and the
components of the sub-network voltage source L,, and Ry, are substituted by Zsp-network-

This equivalent circuit diagram can be interpreted in two ways. Regarding Figure 53 as

complex voltage divider following equation is achieved:

\LNetwork,OS _ ;Sub—Network +;Netw0rk
: == (5.4)
\LNetwork,OS —Sub—Network
Solving to V’Network,0s reults in:
' ZSub—Network
Vv v (5.5)

— Network ,0S =_Network,OS ’
;Sub—Network +;Network

The inductive sub-network reduces harmonic voltages also beyond the decoupling
inductance by trend. Hence no parasitic effects through the sub-network for the superior
network are awaited.

Exact the same conclusion results in observing the total harmonic current |y os.

\i Network,0S

Lowos = 7 L7 (5.6)

= Network = Sub—Netzwork

The harmonic currents tend to decrease if the network impedance is increased by the sub-

network. This is confirmed with simulation results shown in Figure 54.

S

\

e 8
e P

™) o ~ Fraunhofer

e SOLAR TECHNOIOGY IWES



More Microgrids Deliverable DA5: 58
“Microsource local controllers capable to deal with resistive and inductive coupling of interconnecting lines”

20 20 20
18 T n 18
16 16 / 16 —
14 14 ’I 14 //’-—-_f
12 12 12 {
10 10 10
8 8 8
6 6 \ 6 ‘
4 1\ 4 ‘.‘ 4 “
2 ‘\\-— 2 ‘.\‘-____ 2 '\5____
0 =SS 0 3 0 T
0 10 20 30 40 50 60 0O 10 20 30 40 50 60 0 10 20 30 40 50 60
Lpec [MH] Loec [MH] Lbec [MmH]
VNetwork, 3 [V] Vnetwork, 5 [V] Vetwork, 7 [V]
Vsub-Network, 3 [V] Vsub-Network, 5 [V] Vsub-Network, 7 [V]

Figure 54: Share of voltage harmonics [V] before and behind the decoupling inductor
dependent of the size of the decoupling inductor.

The harmonic content of the voltages V'network @Nd Vsupnetwork depending from the size of the
decoupling inductor is shown for the orders three, five and seven. It is obvious that for small
inductances the harmonic content of the voltage V’nework decreases and the voltage within
the decoupled sub-network is relatively heavy distorted. For higher values of the decoupling
inductor the harmonic content of the decoupled sub-network decreases very fast and the

distortions of V’network @spire towards their initial value.

5.1.4. Dynamic Behaviour on network faults

For decoupling inductors with high values of the inductance the delivered active power from
the superior network cause a high voltage drop at the decoupling inductor. This voltage drop
has to be compensated again by a high amount of reactive power. In between an area with a
minimal reactive power exchange exists.

Regarding networks operated in parallel mode as well as in islanding mode network failure

detection and failure control is immense important. This includes the transition between both
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operating modes similar to an Uninterruptible Power Supply (UPS). The mainly network
faults are line faults (cp. Figure 55) or short circuit faults (cp. Figure 56).

The developed control algorithms seems to be suitable to detect both kinds of network
failures, because in case of a failure the sub-network voltage source has to provide an active
power varying from the set-value. This can be explained with an indirect effect of the voltage
control provided by the sub-network voltage. As long as the voltage control provides through
the provision of reactive power a voltage difference at the output terminals of the voltage
source, the current is determined by the load even if the set-value for the active power would

be permanently unmatched.

RNetwork I—Network LDec

—  Hilll——

)
MNetwork M Network ySub-Network

Figure 55: Schematically equivalent circuit diagram for line open circuit condition

RNetwork I—Network I—Dec

— i—

1
MN etwork M Network MSub-Network <

Figure 56: Schematically equivalent circuit diagram for line short circuit condition

5.1.4.1. High impedance faults — Line faults

An interruption of the active power supply through the superior network, as shown in Figure
57 at the time of t = 5 s, is recognised in the simulation that fast that the load can be supplied
with electrical energy without interruption and without significant changes of the voltage

amplitude. It is obvious that the complete active and reactive power is spontaneously
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delivered by the sub-network voltage source. Reactive power provision is reduced due to the
fact that no additional reactive power is needed for compensating the voltage drop at the
decoupling inductance. The amount of reactive power is reduced to the demand of the

reactive power demand of the sub-network load.

4K PLoad, sub-Network [W]

3k QLoad, sub-Network [VAT]

2k

1k Pnetwork [W]

§ — | Qnetwork [VAT]

PP A R

-1k |

-2k !

-3k I

-4k
45 5 55 t[s]

Figure 57: Active and reactive power flows for an open line circuit. SIMPLORER
simulation resulit.

The voltage and current curves during a line interruption are presented in Figure 58. The

sub-network load is continuously and without additional distortions supplied with voltage.

5.1.4.2. Low Impedance Faults — Short Circuits

Short circuits as shown in Figure 56 can also be handled with a sub-network voltage source
with relatively small power ratings due to the fact that in case of a short circuit the decoupling
inductor merely represents an additional, parallel inductive load. However the sub-network
voltage source has to provide enough power for supplying the loads in the sub-network,

independently from the superior network.
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Figure 58: Voltage and current curves during open line circuit. SIMPLORER simulation
result.

. PLoad_ Sub-Network [kW]
10 $ QL-Z‘.é]d. Sub-Network [kVAr]

I | Pnetwork [kW]
. o Qnetwork [kVAr]

— ¥
()
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Figure 59: Active and reactive power flows during a short circuit. SIMPLORER
simulation resulit.
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In Figure 59 the power flows during a short circuit is simulated. Through the voltage dip at
the decoupling inductor due to the short circuit, strong transients occur in form of power
oscillations. These oscillations are damped by the impedance of the line, by the sources and
by the decoupling inductor itself. Since using an ideal inductance for simulation the damping

is quite low.

Within the simulation the sub-network load is supplied with energy constantly even if the
power consumption is lightly lowered. This refers to the sub-network voltage which could not
be held constant und therefore slightly decreases. With the decoupling inductor as additional
load the reactive power flow within in the sub-network is strongly increased. For this reason a
disconnection of the decoupling inductor with suitable breaker elements should be foreseen.
Transients of the short circuit can be seen in the current curves in Figure 60. The extreme

power values of Figure 59 could be explained with these transient recordings.

400
Vsub-Network [V]
300 |pf
l ‘ \ ﬂ ﬁ ﬂ {\ ,\ ﬂ f\ q ﬂ ISub-Network, Source [V]
200 | . T W
| ‘ l | ul I ‘l , \ 1 'l ‘ \ 1 'l 10 ILoad, Sub-Network [A]
100 |
) I pec[A
VIV e
0 b ten i AN hli-‘.'ll”l.n‘,
- L h f‘ "‘ LN L] T ¥ [ o ' B
AR R A R R R
109 1
“] ‘I! ‘L} ‘4? 1" i 1
v |l f , ) f ] ) f
SMIALARRRERARY
-300 "
-400 5 5.1 5.2 t[s]

Figure 60: Voltage and current curves during a short circuit. SIMPLORER simulation
result.

In Figure 60 the voltage and current curves according to the simulation of Figure 59 are
shown. Here also a light decrease of the sub-network voltage and of the load current can be
seen clearly. If the sub-network voltage would be stated as constant and a decoupling
inductor of 10 mH would be used, significant transient currents will flow through the

decoupling inductor in case of a short circuit.
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\ 230V
| — Sub—Network — _ 742 A
L,Dec X oo 31Q (57)

This short circuit current has to be considered for the dimensioning of the inverter if it should
be able to ride through this operating mode. In real systems the swinging of the power will be
damped by the resistance of the inductor which was neglected within the simulation.

Recapitulate can be asserted that the developed method offers a possibility to enhance
voltage quality within a network segment selectively. With traditional FACTS this would only

be possible using serial device.

5.2. The prototype unit ISET-PerFACT’

The described method of inductive decoupling of sub-networks should be varyfied with
laboratory measurements. For this practical realisation a hardware was built and the software

algorithms were implemented.

5.2.1. The single-phase Dynamic Voltage Restorer ISET-PERFACT

The single phase Dynamic Voltage Restorer ISET-PerFACT bases on an inverter of the
commercial available Sunny Island battery inverters of the SMA Solar Technology AG. Due
to high investment and maintenance costs of battery storage systems only short time storage
in form of a strongly oversized DC-Link is used (cp. Figure 61).

In order not to overload the backward diodes of the H-Bridge when switching on the network
voltage, a charging resistor is used. During normal operation this resistor is by-passed.

For the oversizing of the DC-Link two printed circuit board with two different capacities were
built. Technically feasible would also be a solution with SuperCaps. Since SuperCabs have
much lower rated voltages in comparison with conventional condensers, a series connection
with corresponding capacity losses or a DC/DC converter have to be introduced. Because
setting up a prototype unit the main focus was on the effectiveness of the algorithms and not

on the maximum DC-Link capacity.

' The ISET-PerFACT hardware was built during the European project Improvement of Quality of
Supply in Distributed Generation Networks through the Integrated Application of Power Electronic
Techniques — DGFACTS, contract number ENK5-CT-2002-00658, the control development and the
implementation of the principle of inductive decoupled low voltage networks was carried out in the
MoreMicroGrid project. Therefore chapter 5.2 is intended only for information for the reader.

f‘iﬁj\,\, g Z Fraunhofviz



More Microgrids Deliverable DA5:

“Microsource local controllers capable to deal with resistive and inductive coupling of interconnecting lines”

64

Figure 61: DC-Link of the prototype unit

CZK,32 CZK,1 i CZK] ﬁ T4 K L2
i | —
Extended |! Standard
DC-Link i Power Stack

Figure 62: Equivalent circuit diagram of the ISET-perFact
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5.2.2. The Rapid-Control-Prototyping System

Nowadays wide possibilities are open to speed up the development process of a device
through the enormous progress and reduction of costs in the area of electronic processing
systems.

Fundamental factors of these data processing systems are Hardware-in-the-Loop (HiL) and
Rapid-Control-Prototyping-Systems (RCPS) which follow oppositional appendage. These

appendages are presented in Figure 63.

HiL-System

: Microcontroller
< or DSP-System
- |

digital and/or digital and/or
\_ analog outputs analog inputs /
a 0\
Real System
-
= Rapid-Control-

Prototyping System

digital and/or digital and/or
k analog outputs analog inputs J

Figure 63: Comparison of Hardware-in-the-loop (HiL) and Rapid-Control-Prototyping

Using the HiL the real development unit — in most cases a microprocessor or a DSP-system
— is developed and evaluated within a simulated environment. In contrary using RCPS the
real development unit (in that case a real inverter prototype) is controlled by controller
hardware with high computing power for calculation of models of the control algorithms in
real time. The functionality and control functions of the prototype unit is mostly developed
using graphical environment and afterwards code for the RCPS is generated automatically.
Therefore a fast realisation of even extensive and complex functionality is possible. Many
parameters could be changed online and a visualisation in real time is applicable.

In the present case it is about a realisation oriented prototyping that is described in [Spi01] as
a work with highly specified prototypes only used for specific applications or where from
existing components the functionality through use of a new component is extended or
changed.

In order to use the Rapid-Control-Prototyping also for serial products of technical
developments the method of simulation model based control development is used [Gei07].

The basics are simulation models of the control algorithms which can be used either with the
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RCPS for the prototype unit or for a complete simulation of the environment with the control
algorithms.

Within this work a RCPS of the company dSPACE has been used. The control algorithm
development has been done with the simulation tool MATLAB/SIMULINK/STATEFLOW. By
using special blocks it is possible to get access to the RCPS and to configure the interfaces.
Additionally it is possible to integrate user-defined C-Code with Matlab and therefore more

individual and more efficient possibilities can be achieved.

5.2.3. The dSPACE Rapid-Control-Prototyping-System DS1103

The platform DS1103 uses the PowerPC 604e with a speed of 400 MHz which is responsible
for the execution of the main part of the compiled program. The principle design is shown in
Figure 64.

Master PPC ﬁ Siave DSP

‘
IHEE! I Global DRAMI ;
‘
|
e — i
PWM ‘
—f— 1 x 3-Phase :
‘
i

Interface

Power PC
604e

4 x 1-Phase

‘

Tuss20r240 4 Iﬁ;ﬁ::'e .
RE | (F20,PwmzD) |

2MB 2 General Interrupt Dual Port L 1| Apc unit | L Slave DSP
e ni —
) Local SRAM e Controller RAM 16 ch. 10bit| ! I/O features

Timer |
Unit |

Serial L,
1 | Inteface i
‘
# A 3
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Incr. Encoder e - Bit 110
7 channels foacty e e 16 bits ] >

Interface B I
R5232H/RS42 4 32 mﬁmes

1/0 features of
the Master PPC

Figure 64: Schematically overview of the dSPACE DS1103 Rapid Control Prototyping
System [Dsp04]

The connection to the Host-PC is done via ISA-Bus. For implementing an inverter control
mainly following interface are needed:
- A/D-Converter Unit
The Master PPC provides 4 parallel A/D-converter with each 4 channels and 16-bit

resolution.
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Bit I/O Interface

With the Bit I/O Interface digital signals can be received or be sent to the inverter.
- The Host-Interface is used for data communication and measurement visualisation.
The DS1103 is not able to work without the Host-PC. Therefore especially for field
measurements the disadvantage of supplying the Host-PC with energy exists. Furthermore
only a volatile memory is available so that in case of a supply voltage interruption the

software has to be reloaded and restarted manually.

5.2.4.

The software ControlDesk is used as User Interface. It is possible to load program code in

The User Interface Control-Desk

the processor and to start or to stop the execution of the control software of the inverter.
Beyond all measurement values which are available for the RCPS can be displayed in
several ways, variables can be changed during runtime and settings for example of the
desired operating mode can be provided to the RCPS. Error messages can be converted to
plain text for the GUI (cp. Figure 65). Hence the complete operating procedure can be

realised and visualised with this user interface.
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Figure 65: Control-Desk user interace for control of the prototype unit
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5.3. Measurement Results of the Prototype unit
Within this section before described control algorithms are tested with the prototype unit in
order to proof the effectiveness of the control algorithms. The complete experimental set-up

is shown in Figure 66.

Figure 66: Experiment setup of the prototype unit. Left in the front light bulbs with
dimmer switch, middle in the front external current measurement, decoupling

inductance on the right.

5.3.1. Measurement at inductive decoupled sub-networks

For measurement of inductive decoupled sub-network a programmable voltage source is
used for simulation of disturbed network behaviour V ework. The experiment setup is shown in
Figure 67 schematically. The set value of the sub-network voltage should be constant at
230 V for all experiments. As load a pure resistive one is used with a consumption of about
600 W. The decoupling inductor had an inductance of 10 mH. Measurement values are
recorded with an average time of 1 s for permanent records.

5.3.2. Quasi-stationary behaviour

For analysis of the reactive power flow a voltage ramp of the network voltage according to
the limits of DIN EN 50160 (230 V + 10 %) is simulated with the programmable voltage

source. In order to achieve steady state conditions the slope of the ramp was chosen to

\

A # Fraunhofer

SOLAR TECHNOLOGY IWES




More Microgrids Deliverable DA5: 69
“Microsource local controllers capable to deal with resistive and inductive coupling of interconnecting lines”

23Vus
_— 5.8
60s (5-8)

Figure 68 shows the voltage curve of the network voltage as well as the voltage curve of the
sub-network voltage.

RNetwork I-Network lNetwork LDec

— i

lLoad L lSub—Network

bl
MNetwork M network MSub—Network

Figure 67: Measurement setup for test of inductive decoupling of sub-networks.

Even for the extreme values of the voltage ramp, at the minimum 207 V and maximum value

of 253 V of the network voltage, the sub-network voltage is hold nearly constant at 230 V.
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Figure 68: Voltage curve of the sub-network voltage (solid) during a network voltage ramp
(dashed).
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Figure 69 shows the reactive power flows during the voltage ramp of Figure 68. As one might
expected due to the calculation results of section 5.1.2, reactive power flow increases with

the voltage difference between network and sub-network voltage.

2000
1500
1000

500
QSub-Network

r =3 QLoad

QNetwork

-500

Reactive Power Q [VAr]

-1000 >
-1500 s

-2000 -
0 50 100 150 200 250 300

Time [s]

Figure 69: Reactive power flows of the load (solid grey), the sub-network source

(dashed) as well as the network source (solid black) during a network voltage ramp.

A comparison between calculated and measured reactive power flow for a network voltage of
253V and a sub-network voltage of 230 V for actual given load conditions is shown in Table
6. The deviation of about 90 VAr and 125 VAr respectively can be explained by the output

filter as well as the internal losses of the prototype unit.

Table 6: Comparison between calculated and measured reactive power flow for a

network voltage of 253 V and a sub-network voltage of 230 V

QSub-network [VAI’] QNetwork [VAI']
Calculated -1674 -1862
Measured -1582 -1735
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In Figure 70 the active power flow during a network voltage ramp is presented. Through the
varied reactive power flow the internal losses of the prototype unit are also changing.
Therefore the active power consumption of the load is constant due to the constant sub-
network voltage, but the loading of the network voltage source changes with the course of

the power dissipation.
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Figure 70: Active power flows of the load (solid grey), the sub-network source (dashed

black) and the network source (solid black).

5.3.2.1. Dynamic behaviour

The voltage source simulating the network voltage source was programmed in the way to
provide short time voltage dips for the sub-network. In Figure 71 the curves of the sub-
network voltage and the network voltage are shown. The network voltage breaks in at a
phase angle of 90° with remaining amplitude of 85 % of nominal voltage for 70 ms and return
to its nominal value afterwards. It can be seen that the prototype unit is not able to hold the
set-value of 230 V, but the voltage reduction within the sub-network during the voltage dip is

reduced considerably.

Figure 72 shows the corresponding current curves. Although the changes of the load current
amplitude are hardly noticeable, the deviation of the sub-network voltage from its set-value

generates observable flicker.
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Figure 71: Transient recordings of a voltage dip with 85 % of nominal voltage as

remaining network voltage. Curve of network voltage (black) and curve of sub-network

voltage (grey).
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Figure 72: Transient recordings of the currents during a network voltage dip

according to Figure 71. Sub-network current (grey), load current (dashed black) and

network current (solid black).
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The used parameters for the control are not chosen ideal in terms of dynamic behaviour.
Since the voltage drop at the decoupling inductor increases due to the immediately increase
of the network current, the angle between network voltage and sub-network voltage changes
and generates a coupling between both control branches. Therefore not only the controller of

the amplitude but also the controller of the phase angle has to be improved in its dynamic.

5.3.2.2.

For demonstrating the improvement of the voltage waveform, the network voltage source

Improvement of voltage waveform

was programmed with the set-values of Table 7.

Table 7: Specification of testing voltage

Harmonic Order VNetwork rRMs [V] Phase Angle
1 230 0
3 11.5 0
5 13.8 0
7 11.5 0

The values correspond to the limits of the DIN EN 50160 for the specified harmonic orders.
The phase angles of the harmonic order were chosen randomly and consistently at 0 °. The

set-value of the sub-network voltage was set to 230 V.

Table 8: Damping of selected harmonic orders within the sub-network area

Harmonic order Vietwork,rms [V] Vsub-NetworkRMs [V] | Vsub-Network Rms /
VNetwork RMS

1 230.7 230.3 1.00

3 11.5 51 0.45

5 13.8 6.2 0.45

7 11.5 6.0 0.52
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The results of Table 8 show that the voltage harmonics within the sub-network area can
significantly be reduced. The improvement expected due to simulation results could not be
reached. This can be lead back to the non ideal voltage profile provided by the inverter,

because for simulation was used an ideal one.

In order to validate the improvement of the voltage profile under real terms the prototype unit
is connected to the public network. The results are shown in Figure 73. In right diagram the
peak of the voltage curve in the sub-network is distinctive, although the peak is flattened at
the network voltage (left diagram). Because of the improved voltage profile the current

consumption of the resistive load in the sub-network is also only little disturbed.
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Figure 73: Voltage and current curves of the network voltage source (left part) and of
the sub-network voltage source (right part).

This little grade of disturbance can also be proved by the THD of the voltages. While the
network voltage has a THD of 3.1 % the THD of the sub-network voltage is with 1.9 % clearly

lower (cp. Figure 74).

THD(V) [%]
N

VNetwork VSub-Network

Figure 74: THD of the network voltage Vyework and the sub-network voltage Vsup.network
for the measurement of Figure 73.
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Totally it can be noticed that the principle of the inductive decoupling is working. The
deviation to the simulation results for dynamic behaviour has to be reduced by improving

choice of controller parameters. The improvement of the voltage profile could be proved, too.
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