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OPTIMAL PLANNING AND OPERATION OF POWER SUPPLY IN LIBERALIZED
ENERGY MARKETS

Sebastian Ritter, Sabine Ritter; Hannes Riittinger, Steffen Nicolai, Peter Bretschneider

Fraunhofer Application Centre Systems Technology
[lmenau, Germany
sebastian.ritter@iosb-ast.fraunhofer.de

ABSTRACT

This paper outlines new approaches of using the
possibilities offered by controllable inverters of
distributed generation plants (DGP) in terms of voltage-
reactive power optimization (V-Q-Optimization) and
active power-reactive power optimization (P-Q-
Optimization). Based on an actual example the
differences in active and reactive power flows at two
scenarios are discussed. Benchmark — and hence the
objective function — is the minimization of distribution
losses caused by the transmission of electrical power. In
addition the effect of DGP on the voltage profile to
counter local voltage changes is demonstrated. The
approaches are evaluated by simulation computations
based on the measurements and grid parameters of a
real distribution grid within the framework of the E-
Energy project “eTelligence”.

Index Terms - optimization, distribution system,
Energy Management System, distributed generation,
optimal power flow

1. THE ETELLIGENCE PROJECT

Within the framework of the technology competition
E-Energy by the German federal government four ligh-
thouse-projects are sponsored by the ministry of econ-
omy and technology (German: Bundesministerium fiir
Wirtschaft und Technologie — BMWi) and two other
lighthouse-projects by the ministry of environment,
conservation and reactor security (German: Bundesmi-
nisterium fiir Umwelt, Naturschutz und Reaktorsicher-
heit — BMU).

“eTelligence” is one of the projects sponsored by the
BMWi implementing concepts of the energy supply of
the future including a regional energy marketplace at the
area of Cuxhaven, a city at the North Sea coastline. At
first the focus is on the trade of electrical power and
associated ancillary services offered and enquired by the
market participants. The implementation of the integra-
tion of the different market participants is realized by
the project partners EWE AG, BTC AG, OFFIS e.V,,
energy&meteo systems, Oko-Institut and the Fraunhofer
Energy Alliance represented by the Fraunhofer ISE and
the Fraunhofer AST [1].
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1 power flow T reverse power flow

Figure 1 Examples of power flow in the past (left
hand side) and today (right hand side)

Distribution grids representing an important part of
electric power supply. The Fraunhofer AST is the sub-
project leader at the subproject “Smart distribution grid”
and develops und test concepts for an optimal distribu-
tion grid operation. Utilizing high-resolution measure-
ment equipment and state of the art forecast and optimi-
zation tools the local reactive power compensation is
influenced by calculated variable und load-oriented grid
bits on the local energy marketplace. This approach
holds a large potential for a more environmental and
economical distribution system operation as well as an
increase of energy efficiency, cf. [2] and [3].

2. MOTIVATION FOR INFLUENCING
REACTIVE POWER FED-IN VIA A LOCAL
ENERGY MARKETPLACE

The increased fluctuating feed-ins from renewables
at distribution grids and active load management leads
to a significant change on the system behaviour and the
distribution grid will no longer operate in an optimal
way.

I.e. consequences are a limitation of installs of dis-
tributed generation units (e.g. photo-voltaic systems and
combined heat power), an increased danger of imper-
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Figure 2 Voltage profile at two branches (left: load
dominated; right: fed-in dominated) and the influence
of the tap changer position

missible voltage profiles and line protection not adapted
to the situation.

As it can be seen in Fig. 1 the configuration of the
electrical distribution system and the resulting power
flow has been changed in a significant way. In the past
large power plants fed in electric power at supreme and
high voltage level. This power was transported unidirec-
tional via the distribution system to the consumers on
medium and low voltage level. Substations and in the
end the grid layout itself was designed and implemented
to work in an optimal way under this defined conditions.
But nowadays on medium and low voltage level distrib-
uted generation units and small power plants are in-
stalled.

Results of the fed-in on lower voltage levels are the
inversion of power flow at increasing frequency, the
raising of the node voltage at the same time and imper-
missible voltage profiles. To picture the problem Fig. 2
shows two scenarios of a medium voltage grid consist-
ing of two branches connected via a substation busbar
(SSB) where the voltage is controlled by a tap changer
only. The vertical black line shows the position of the
SSB, to the left the voltage profile of a load dominated
branch and to the right the voltage profile of a fed-in
dominated branch can be seen.

Status quo is represented by scenario 1. The tab
changer is on 1.00 p.u. position and all limits are re-
deemed. Scenario 2 shows the future voltage profile if
the number of distributed generation units on the right
branch is growing and the tab changer position has to be
changed to 0.99 p.u..

In this case the upper and lower voltage limits are
broken at secondary substations at the end of the two
branches. To avoid this effect methods of reactive
power fed-in via DER to drop the voltage at certain grid
nodes are developed.

This paper outlines degrees of freedom in control of
distributed generation units and load management by
utilization of high-resolution measurement equipment
and state of the art forecast and optimization tools as
well as information and communication technology
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(ICT) which allow an active operation control in con-
sideration of an optimal usage of the distribution grid.
Additionally typical use cases based on real measure-
ments are presented and discussed to show the effects of
“smart” distribution system operation on voltage profile,
active and reactive power flow.

The utilization of information and communication
technology (ICT) is mainly driven by a demand for real-
time optimization between generation fed-in and load
demand. It is urgent if more and more fluctuating gener-
ation (e.g. combined heat power, photo-voltaic systems
or micro turbines) is installed to a distribution grid by
private households, small industries or e.g. at indoor
swimming pools. These plants range from small scale
plants with a rated power of some kW up to large scale
plants with a rated power of 5 MW. Therefore an opti-
mized distribution grid operation with special concerns
about the fluctuating generation and renewables with
the marginal condition to fit the requirements of the
liberalized energy market is required.

In avoidance of installing new and expensive reactive
power compensation devices at the distribution grid the
distribution system operation uses the available distri-
buted generating and load shifting units. Minimization
of transmission losses and provision of ancillary servic-
es (e.g. reactive power control, voltage control and
frequency control) are the major aims. Today most of
the distributed generation units are still able to be used
as actuators for the “intelligent” distribution system
operation. However, there are no economical and statu-
tory incentives and first of all no suitable ICT infra-
structure. This paper shows and discusses possible ap-
proaches.

3. USAGE OF NON-LINEAR OPTIMIZATION

The solving of complex non-linear optimization prob-
lems has high requirements on the mathematical formu-
lation of the particular problem. Describing the boun-
dary condition by utilizing equations as well as inequali-
ties is much more difficult than at linear programming
(LP) problems or problems from the field of mixed
integer linear programming (MILP). For itself the find-
ing of a start solution to have a basis for the search for
local optima is a great challenge at this kind of optimi-
zation problems. Depending on the utilized type of
method to solve the problem for it the formulations have
be prepared carefully. The aim is to find a globally
optimal solution as far as possible. But up to now this is
a serious problem because it is impossible to prove
respectively to guarantee the global behavior of an op-
timum for all non-linear problems [4].

In the field of electrical energy supply systems the in-
terrelations between the explanatory variables are de-
scribed by the rules of the complex AC calculation. The
interrelations between real part and imaginary part of
the complex variables are characterized by trigonome-
tric functions reducing the number of appropriated solv-
ers for non-linear programming (NLP) problems. Not all
available NLP solvers support trigonometric functions.
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Figure 3 Grid structure of the investigated low
voltage grid with settlement characteristic (poor
load and distributed generation)

To model the optimization problem the energy man-
agement system (EMS) developed by the Fraunhofer
Application Center System Technology (AST) was
used. The optimization module of the EMS provides an
easy-to-use possibility to create models via a graphic
editor. Various components are comprised to a model.
The single model components, e.g. photo-voltaic sys-
tems, branches or loads, encapsulate the mathematical
code for each sub-function. By interconnecting compo-
nents to a model the entire code is generated from the
single code fragments. Thereby it is possible to fit the
model structure rapidly to changes. Within the optimiza-
tion module the mathematic descriptions of the compo-
nents are formulated in GAMS (General Algebraic
Modeling System) and solved by means of a commer-
cial NLP solver.

Load flow optimization using a non-iterative proce-
dure is a great challenge. This is caused by the complex
behavior of NLP models for load flow calculation. But
exceeding a certain model size, which is hard to define,
the NLP solvers are not able to find a solution. There-
fore finding an appropriated formulation of boundary
conditions to be abided at these optimization problems
has an enhanced matter.
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inductive

capacitive

Figure 4 Area of operation (colored) of the inverters at
the photo-voltaic systems

4. MINIMIZATION OF GRID LOSSES AT THE
LOW(ER) VOLTAGE GRID WITH NLP
OPTIMIZATION MODEL

(Electric cables) overhead lines absorb either induc-
tive or capacitive reactive power depending on their
design, the voltage level and the resulted operating
point. The coverage of the reactive power demand of a
cable occurs basically in both directions of the wire
ends. In order to keep cable losses as small as possible
and in order to keep the voltage profile at a good level
an optimal reactive power spreading at both wire ends is
necessary, cf. [5].

Caused by the higher ratio of impedance R to reac-
tance X (R/X-ratio) of the transmission media on lower
voltage level — values between 3 and 9 — the potential of
reducing distribution losses via local reactive power
feeding to serve the reactive power demand of the
cables is very low. But if the reactive power demand of
local assets, e.g. consumers as well as generators, can be
served locally and not by the point of common coupling
(PCC) with the medium voltage level, the potential is
increasingly higher. Normally it has positive influence
on the grid losses at the higher voltage level, too.

On the basis of the included example it will be
shown, how grid losses can be minimized at the coupled
network area via the usage of the optimization of the
local reactive power supply of distributed generation.
The shown example includes a network area with five
photovoltaics, nine cable segments and three loads. The
grid structure is shown in Fig. 3. The R/X ratio at the
example selected here is 3.5. The inspection period is
set to one day with a discrete temporal resolution of 15
minutes. Because of that there are 96 time steps in the
optimization horizon. Based on the weather forecast the
required demand of the loads and the apparent power of
the photovoltaics have been forecasted. The voltage
level in the investigated network is 0.4 kV and the high-
er voltage level is 20 kV. The point of transformation
between both voltage levels is defined as slack. The
voltage at the lower voltage level of the transformer has



5000

4500

4000

3500

3000

2500

S[VA]

2000

1500

1000

500

0
00:15

04:15

08:15 12:15

time
Figure 5 Forecast of apparent power

been set exactly to 400 V and is considered as unswaya-
ble. The voltage range at the photovoltaics and the loads
varies from 380 to 420 V. Thereby the usual tolerances
are approved in the low voltage network. The absolute
power factor (PF) at the inverter, which should be mi-
nimally observed, is 0.8. That means photovoltaics are
able to supply either inductive or capacitive reactive
power with an angle range ¢ between -37° and +37°. In
Fig. 4 the corresponding P-Q-diagram is shown. The
variable power factor represents an important degree of
freedom at this optimization task. Through this, the
terminal voltage of the photovoltaics and at the loads is
indirectly affected and its value assume in the above-
mentioned borders. The active and reactive power flow
to the higher or respectively from the higher voltage
level through the slack manipulates the power loss of
the cables and therefore the voltage drop between the
wire ends. The performance data of the forecast appar-
ent power of the photovoltaics ranges maximum be-
tween 2.5 and 4.5 kVA. The involved profiles are
shown in Fig. 5.

The loads within the grid are supplied with active
power only. The peak load differs between 2 and 4 kW.
To examine the supply of reactive power from the pho-
tovoltaics only for the electrical lines, the power factor
was set to 1. The profiles for the load forecasts are pic-
tured in Fig. 6.
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Figure 6 Load forecasts
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Figure 7 Grid losses (constant and optimal
power factor)

It is obvious, that there are time frames where the
load coverage can only be achieved by photovoltaics. In
these cases a complete change of power flow within the
grid level will occur, i.e. the electrical power to cover
the required load will not be delivered by the prelimi-
nary grid level. Instead electrical power will fed into
this pre-located grid.

Target of this study was to identify the impact of a
non static power factor for photovoltaics on the energy
transport to minimize the grid losses. Therefore two
scenarios where defined. In case 1 the power factor of
the photovoltaics within the optimization model was set
to 1. In the second case the power factor was set to a
minimal absolute value of 0.8. The results of the calcu-

lated optimizations are pictured in Fig. 7.
25
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Figure 8 Saved grid losses with optimal power factor

To visualize the results for the time where the impact of
photovoltaics is especially high, the time frame from
10:00 am to 8:00 pm was selected. It can be shown, that
in case two, where a variable power factor was chosen,
a reduction of grid losses could be achieved. The differ-
ence between the results of case one and case two is
shown in Fig. 8. The maximum value is 20.5 VA. The
amount of the saved grid losses is approximately 7 %.
In Table 1 the main results are visualized.



PF =1 PF = opt.
grid losses 2418 VA | 2257 VA
saved losses [abs] 161 VA
saved losses [rel.] 6.65 %
max. difference [abs] 20.5 VA

Table 1 Main results of optimization

The influence of the voltage at the load points
through decentralized feed-in in the local network can
be shown exemplarily at the load point load 1. Its vol-
tage profile is shown in Fig. 9. Additionally the active
power flow at the slack is also shown in Fig. 9. Thereby
it can be displayed, that because of the power flow re-
version there is a voltage lifting at the morning hours
and a voltage drawdown in the evening hours at the load
point. The influencing of the voltage in the low voltage
area is marginal. From the medium voltage area there
can be immense problems resulting from the high vol-
tage  differences at the  partial  networks.

x 10"
1.5

voltage [ V']
P[W]

398
00:15

03:15 06:15 09:15 12:15

time

16:16 1815  21:15

Figure 9 Voltage at load 1 and
active power at the slack

5. CONCLUSION

By reference to this example it could be shown, that
the optimization via using a NLP model at the optimal
power flow calculation is possible. The effects which
are in context with the decentralized feed-in could be
demonstrated. By choosing the variables of the power
factors at the inverters of the photovoltaics it is possible
to minimize the network losses. The optimal scheduling
of active deployment of reactive power through decen-
tralized feeding facilities requires a software system
with a market conforming interface. The EMS of the
Fraunhofer AST provides this interface and furthermore
it is possible to model and also to run the optimization
task in this program. The challenge was the mathemati-
cal formulation of the nonlinear constraints, which are
enabling the solving of the NLP model.

6. OUTLOOK
A remarkable part of the decentralized generated

power will be injected at the medium voltage area in the
near future. Because of that the voltage-reactive power
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Figure 10 Optimal power factor of photovoltaic PV1

behavior is of peculiar interest. At the medium voltage
area there is a significant lower R/X ratio. The maximal
values are circa 2. Nevertheless values less than 1 are
also normal. Because of this, there are crucial higher
reactive power losses than in the low voltage area. Au-
tomatically there are, here in case of decentralized feed-
in, high percentage voltage differences between the
single network parts (cf. Fig. 11). The minimization of
these voltage differences, additionally to the network
losses inside of an NLP model, will be the task which
will be solved in the future.

110 kV
power flowlt
20 kV
® ®
1 1
| ®
1i load 4 1 1 load 1i [l
| ®
I l load 2i 1 |
®
T v v / load 3i i |
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g .
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Figure 11 Large local voltage difference caused by
decentralized feed-in
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