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Abstract

Transmission active power losses can influence the distribution of power flows in the transmission grid which consequently alter
the generation dispatch and scheduling through the power system. This can especially affect the exploitation of large scale
renewable energy sources (RES) since they are normally installed far away from load centres. RES technologies are expected to
cover a large portion of the future energy mix in the continental European power system and grid bottlenecks are a critical factor
for successful integration of RES technologies in Europe. In this respect, transmission losses can significantly affect the potential
grid bottlenecks and the exploitation of the expected energy produced by RES.

In this paper a comparison analysis is carried out on approaches to include active power losses in a DC optimal power flow. The
initial idea is to apply a method to the existing flow-based market model Power System Simulation Tool (PSST), a tool for
studying the effect of high penetration of wind power and consequent grid expansion in the European power system.
Implementation of losses in large scale power systems significantly increases the computational burden. A solution to reduce
computational time is to calculate reasonably good approximations of the active power losses. This paper proposes an approach
to include transmission active power losses that can be implemented in large scale power system in reasonable computational
time.
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C; generation cost at Bus i (EUR/MWh)

G; generation dispatch at Bus i (MWh)

D; demand at Bus i (MWh)

0;,8;  voltage angles at Buses i and j, respectively (radian)
D; demand at Bus i (MWh)

B;;  susceptance of transmission line ij (Q’l)

G;, G;  maximum and minimum generation output at Bus i (MW)
Pyij active power loss on transmission line ij (MWh)

Ip;j current on transmission line ij (A)

Ty resistance of transmission line ij ()

Xij reactance of transmission line 77 (€2)

1. Introduction

The increased integration of wind power, both onshore and offshore, and the demand for improved power system
operation give rise to a growing need for transnational power exchanges [1]. In this paper, a comparison study has
been carried out between different methodologies which calculate active power losses in power system analysis.
Focus is the impact of power losses on the exploitation of the wind energy potential in the North Sea [2].

The inclusion of losses effectively changes both the total generation cost and the optimal generation dispatch as
compared to the lossless situation. The active power losses can influence the distribution of power flows along
transmission lines and energy mix throughout power systems. Therefore, the losses can especially affect the
exploitation of potential energy produced by large scale RES, since they are usually located far away from load
centers. This is the main motivation for including losses in this study. Ideally, AC optimal power flow (OPF) should
be used to calculate power flow and active power losses in the transmission system. However, AC optimal power
flow is nonlinear optimization problem which requires extensive computational effort when solving large scale
power systems. A solution to reduce computational burden is to calculate reasonably good approximation of the
active power losses [3]. Thus, trade-off between the computational time and the accuracy of the results is necessary.

The AC power flow equations can be approximated by set of linear DC power flow. DC power flow represents a
reasonably accurate approximation of AC power flow [4]. DC power flow equations retain the convexity of
optimization problems and can be embedded in optimal power flow calculation. The major advantage of DC
optimal power flow models is the possibility of obtaining solutions fast and without using iterative processes. These
features are of great value when such models are applied to large scale systems where the OPF problem needs to be
solved under various operating conditions and several times. However, DC power flow models do not account for
active power losses. The challenge arises when: i) trying to keep computational effort within reasonable time; ii)
accurately model active power losses. This paper presents a methodology to include active power losses in DC
optimal power flow calculation that can be implemented in large scale power system with reasonable computational
time.

This paper is organized as follows. Section 2 introduces the DC-OPF problem. Approaches to include
transmission power losses into DC-OPF problems are outlined in Section 3. The simulation toolbox to implement
the approaches proposed in the previous section presented in Section 4. Subsequently, the approaches are tested on
benchmark IEEE test system and their performance are assessed and discussed in Section 5. Moreover, the
approaches are applied on Northern European power system, as example of a relevant large scale system where
impacts of transmission losses are discussed in relation with offshore wind and interconnection utilization. Section 6
concludes the paper.

2. DC OPF model
Fig. 1 shows a two-bus system, and equivalent circuit of a transmission line, between bus i and bus j with a

lumped parameter represented by the series impedance Z;. The major approximation in a DC power flow is to
neglect reactive power and transmission line resistance, as well as the assumption of a flat voltage profile at all

71



72

Hossein Farahmand et al. / Energy Procedia 53 (2014) 70 — 85

nodes (all voltage magnitudes are equal to 1.0 per unit) which is particularly the case for light load condition.
Additionally, the voltage angle difference (A8; = 6, — 6;) is assumed to be small [5].

P; Qj

ZU

Vi .6 V;.8;

Fig. 1. Branch impedance ignoring shunt elements

Fig. 2 illustrates the simplified transmission line model between buses i and j in DC power flow calculation.

e.l

Fig. 2. Simplified DC power flow representation of transmission lines

Based on the above assumption, a linear DC power flow can be used in optimization problems instead of non-
linear AC power flow equations. A DC optimal power flow is described in general form as in Egs. (1) [5].

NG

Min > (¢, xG,)
i=1

s.t.

fs,,(e,—ej)zp,—o. i=1..NB (1)
j=1

P,<B,(6,-6,)<P, i,j=1...NB
G <G <G i=1..NG

The cost elements ¢; are typically given by the marginal cost of production units. In the optimization problem the
voltage angles, i.e. § are introduced as part of the state variables defining the power flow through branches. In
general, the Eqgs. (1) can be written as linear programming (LP) model as shown below in Egs. (2).

2

The DC Power flow is the part of the equality constraints where B, and B are identical. The branch flow limits
and generation installed capacity limits are given by the inequality constraints.

3. Active power losses

The active loss dissipated in a branch, shown in Fig. 1, is proportional to the square of the current flowing
through the branch, as given by Eq. (3) [5].
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In this paper we aim to attach this quadratic curve to the LP optimization model. Two approaches can then be
followed to handle losses within an LP optimization process: i) either account for the losses by including constant
loss iteratively to the optimization problem [6, 7] or ii) include the losses as a part of the optimization by taking into
account the linearized approximation of losses [8-10].

Another approach found in literature is to incorporate piecewise linearization of transmission losses by
discretizing of the flow variables where each flow variable segment is assigned to a loss coefficient [11, 12]. The
main drawback of this approach is the large number of variables which needs to be added to the optimization
problem in the case of large scale power system [3].

3.1. Including constant power losses by iteration

Fig. 3 depicts the algorithm to apply the transmission losses to the optimization problem. Basically, the losses are
calculated out of the optimization routine and are not integrated into optimal generation scheduling problem. As
shown in Fig. 3, the results from DC-OPF are considered as an initial result to estimate losses. The allocated loss on
each transmission line is updated using Eq. (3). Half of the losses are added at each end of the transmission line as
shown in Fig. 4. When the differences in the power flow between two optimal power flow solutions are below a
certain threshold, the solution has been found. This process is usually fast and converges in a few iterations.
However, it is not necessarily yield the global optimal solution to the original problem. Generation and demand are
not necessarily dispatched in an optimal way to reduce power losses since the optimization problem is updated
exclusively with new information on the updated value of losses and no feedback from the active power losses
calculation is considered in the optimization routine.

Solve the optimal production scheduling using
DC load flow

l

Obtain line flow and compute the losses using

Equation(3) in each transmission line

]

Include half losses as load at both ends of

transmission line Fig 4.

l

Compute difference between new and previous

values of transmission losses

Are differences
sufficiently small?

Fig. 3. Including constant losses using interactive process in DCOPF
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Fig. 4. Loss represented as loads at both ends of transmission line

In order to overcome these drawbacks in the transmission loss calculation, we propose the next approach (Section
3.2) which is based on the linear approximation of the losses.

3.2. Linearized approximation of transmission power losses

This approach is based on linearized approximation of transmission power losses around a power system
operating point using Taylor expansion, as shown in Fig. 5. The red curve shows the quadratic loss, as given by Eq.
(3), and the green curve shows the linearized loss, as given by Eq. (4). Here a=0P;;/00 and b is the estimated offset
for transmission losses representation. The optimization problem will, this way, receive a feedback on either the
increase or decrease in the objective function "F(c' x)" due to changes in power flow and branch loss dissipation.

7’
/’
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— : :
A6,
Fig. 5. Linearized transmission losses
AG? A6,
~ — 0 0
Py =b+ahd=—1,—-+2r,—32 A0 “4)

i i

The calculated power, as given in Eq. (3), can flow in both directions depending on the sign of 46. However, the
contribution to power losses is proportion with the square of the power. Whereas this is not the case with the
linearized losses shown in Eq. (4), since the power losses can be negative depending on the sign and size of 46. This
is not a physical situation. To handle this issue within the optimization problem, two state variables x; and x, are
added, both positive x; ;> 0, where its difference represents the flow on the branch. This introduces an additional
equality constraint, expressed by Eq. (5). Eq. (5) connects now the “flow” description with the voltage angles and
the two new state variables for transmission loss description.

6,-6,—(x,—x,)=0 ®)

i j
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Fig. 6. Loss represented as linearized transmission losses around the power system operating point

Fig. 6 shows the transmission loss representation using linearized losses where both x; and x, are assumed to be
greater and equal to zero.

The additional power needed to account for the losses across the transmission lines is supplied by production
units in the system. This increases the total operating cost. Therefore in general, at least, one of these two state
variables x; and/or x, can be greater than zero, when the LP algorithm reaches the optimal solution. Consequently,
the linearized approximation of the losses in Eq. (4) can be expressed as in Eq. (6).

AG? A6,
P. 0 O (x, +x 6
@ w (x+x) (©)

This approach provides the feedback from transmission losses to the optimal generation dispatch problem. The
optimization problem can evaluate the trade-off between generation costs and transmission losses to find an
optimum solution. Compared to the previous method where the power losses are subtracted equally from each side
of the branch, in the linearized loss approximation shown here, the losses are subtracted from the side where it
allows dispatching more low cost generations, such as wind power and minimize the total operating cost.

The calculated values of A0 may deviate much from the assumed initial starting point 46,, and therefore there
might be an error in the estimation of power loss. This can be observed in Fig. 5 as the difference between the green
and red curves in the other points than 46,. For the small values of A8 the power losses can even be negative,
depending on the slope of the linearized power losses. This can be can be handled through an iterative process
similar to the one described in iterative loss calculation, where the coefficients @ and/or b in Eq. (4) are updated.
Depending on the requirements for calculation speed, different approaches for upgrading the coefficients a and b can
be adopted. The coefficient b is a part of the right hand side vector B, whereas a is a part of matrix 4 in Egs. (2).

~b+aAd=-r;

+ 2r,].

3.2.1. Updating both coefficients "a" and "b" in linearized loss

Using the value of 46 from previous step, a new linearized approximation of the transmission power losses can be
estimated, as shown in Fig. 7. The new estimation of power losses (Step 2 shown in Fig. 7), for the given 46,, is
closer to its “actual” value, as given by Eq. (3). The “feedback” of the transmission loss variation around the new
operating point 46, is also quite accurate compared to 46,. In this case, both vector B and matrix 4 in Egs. (2) have
been updated. For large scale power system models where many LP problems have to be solved successively, this
can increase the computation burden significantly.

Fig. 7. Updating the linearized transmission loss approximation
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3.2.2. Updating only coefficient a in the linearized loss case

In our simulation toolbox we benefit from the distinct advantage of allowing “warm starting” (i.e. using the
previous solution as a start point for the next iteration). In this way, our LP problem shows a significant
improvement in calculation time especially for cases where the DC optimal power flow has to be solved many times,
typically running for every hour of a given year (8760 simulations). However, using a "warm starting" is possible as
long as the left-hand sides of Egs. (2) do not need to be updated at each iteration. Basically "warm starting" does not
rely on updating matrix 4 in Egs. (2) for the entire simulation. Thus, using the "warm starting" possibility, we cannot
update coefficient a in linearized approximation of transmission losses in Eq. (4).

Fig. 8 depicts the updated linearized approximation of transmission losses where only coefficient » has been
updated with a new value. In this way, the power losses are accounted for in the optimization and there will also be a
feedback of power loss variations to the optimization process. This feedback is now not as accurate as compared to
the method updating both @ and b coefficients, as previously described.

Fig. 8. Updating the linearized transmission loss approximation with fixed slope
4. Power system simulation tool (PSST)

The flow-based market model Power System Simulation Tool (PSST), developed by SINTEF Energy Research is
selected as a simulation tool to study the effect of losses on large scale power systems [13]. PSST is a tool typically
used for studying the effect of large scale penetration of Wind and PV power and the corresponding grid constrains
and needed grid expansion. The main focus of PSST analysis has been to investigate possibilities for enhanced cross
border energy exchange across the European power system to facilitate large scale Wind and PV power penetration
[14, 15]. It is a flow-based market model that includes linear DC power flow in the optimization routine and
accounts for wind variations, hydrological situations and network bottlenecks on production dispatch, demand and
prices.

The PSST model is based on a perfect market assumption minimizing the total generation costs in the system for
each hour of the simulation period. PSST finds the optimal annual generation dispatch with hourly resolution taking
into account a detailed grid description. The high voltage network topology, generation and transfer capacities, wind
power production and hydro power characteristics, as well as fuel price scenarios are incorporated in the model.
Based on a DC optimal power flow the model minimizes the total generation costs on an hourly basis throughout the
year.

The basic PSST simulation structure is displayed in Fig. 9. The inputs to PSST are split into constant and time
dependent parameters. The electrical grid, generator capacities, respective marginal generator costs and the reservoir
volume of hydro generators define constant for the whole simulation period. Wind and PV power production and
load time series, water inflow into hydro reservoirs, reservoir levels and the subsequent water values [16] are
updated for each simulation step. For more detail please see [17].
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/ Input data \

- Power flow case description

- Generator capacities

- Generator cost curves (marginal cost)
- Reservoir levels (hydro)

\ Time dependent inputs

/~  Parameter updating m;‘g :zrr;::
- Inflow (hydro)
- Watervalues

Year (hour=1) |-—————————————————

- Wind and load by hour

- Cost of hydro production

COI

Solve optimal DC power flow

%—J

Hours==8760

Outputs

- Total load and production

- branch/HVDC flows

- Sensitivities of constraints

- Power exchange (countries)

Aggregate and present
results

Fig. 9. The main simulation structure in PSST

5. Case studies

In order to perform a comparison study among different methodologies to apply active power losses in DC-OPF,
we have tested aforementioned methodologies on the small scale case study and capture the effect of active power
losses in the production dispatch and system operating cost.

5.1. Modified IEEE 9-bus case study

The study has been conducted on a modified IEEE 9-bus case portrayed in Fig. 10 [18]. As shown, the system is
composed of three generators and three loads. The installed generation capacity is 50 MW more than the total
demand which is assumed to cover the transmission power losses. Two main generators are installed at buses 1 and
3. The marginal cost of the generator installed at bus 1 is twice as high as the marginal cost for the one installed at

bus 3.

1 4 9
| puem P,4=300
| PLs=250 MW
P,=200 MW  p,.-300 5 8 P30
C,=20 €/MWh
| PL=150 MW
Pay=300)
P4=200
3 6 7 p=300 P;=50 MW
| C,=5 €/MWh
| pas0 P5,=200 P;=100 MW
P,=300 MW
C,=10 €/MWh

Fig. 10. Modified IEEE 9-bus system
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AC-OPF is selected as a reference approach to assess the DC-OPF iterative (DC-OPF-I) approach, explained in
Section 3.1, and DC-OPF linearized loss (DC-OPF-LL) with updating both coefficients, explained in Section 3.2.1.
The approaches are tested separately in different demand scenarios. We have increased the load from 20% to 100%
and investigated the effect of loss on the operating cost, as shown in Fig. 11. The general trend is that the operating

cost obtained with the DC-OPF-LL approach are lying somewhere between the AC-OPF and the DC-OPF-I
approach.

o5

[CIDC-OFF Iterative []DC-OPF Linearized loss Il AC-OPF
2 M 1
=]
wm
=
= 15F J
74
Q
o
o
£ 10 1
=
<4
Q
-3
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o2 s 4 5 60 80 9 100 110

70
Increased Load (%)

Fig. 11. Operating cost comparison in different approaches

Table 1 comprises the cumulative operating cost obtained in the all demand scenarios. As indicated in terms of
operating cost, the linearized loss (DC-OPF-LL) method produces lower total costs than the iterative (DC-OPF-I)

approach due to the feedback provide in the DC-OPF-LL method from active power losses to the production
scheduling problem.

Table 1. Cumulative operating costs

Approaches Operating costs (KEUR)
AC-OPF 83.05
DC-OPF-LL 85.46
DC-OPF-1 85.77

In order to study the impact of transmission active power losses, we compare the average generation utilization
under different load scenarios obtained from the above approaches. As shown, DC-OPF-LL utilizes more the
cheaper generator (G1 in this example) whereas the expensive generator (G3) is exploited more by DC-OPF-I
approach, hence causing the operating cost to be greater in the DC-OPF-I than in the DC-OPF-LL approach.

Table 2. Average generation under different approaches to calculate active power losses in transmission system

Average Generation (MWh)

Approaches
G1(20 EUR/kWh) G2(5 EUR/kWh) G3(10 EUR/kWh)
AC-OPF 107.8 50 147.06
DC-OPF-LL 107 50 152.67
DC-OPF-1 109.89 50 150.58

Fig. 12 compares the computed active power losses in the above mentioned approaches with the reference
approach AC-OPF (green curve). The gap between AC-OPF and DC-OPF-I (blue curve) can be reduced by using
DC-OPF-LL approach (red curve). The cumulative absolute error in DC-OPF-I is calculated to be 17.31 MW (of
50MW margin) for all load scenarios whereas the error can be reduced significantly to 7.41 MW (of S0MW margin)
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in DC-OPF-LL. Therefore, this is a strong indication towards the use of the linearized loss approach instead of
iterative approach.

14 T T T : : : :

——DC-OPF lterative method
—AC-OPF

_
N
T

——DC-OPF Linearized Loss

-y
o

Active Power Loss (MW)

%O 30 40 50 60 70 80 90 100
Increased Load (%)

Fig. 12. Comparison of computed active losses in DC-OPF-I and DC-OPF-LL with reference approach AC-OPF along demand scenarios

However, as already described, for large systems we would like to use "warm starting" possibilities. Thus, we
investigate now the performance of the so-called "linearized approximation of losses with constant slope" (DC-
OPF-LL-CS) as illustrated in Fig. 8.

Fig. 13 shows the comparison of estimated active losses in DC-OPF-I and DC-OPF-LL-CS together with the
reference AC-OPF approach across increased demand scenarios. As shown in the lower boundary of the curve, i.e.
values smaller than 30% of increased demand, the computed losses are overestimated by DC-OPF-LL-CS compared
to DC-OPF-I. This is due to the fact that the lower part of the actual transmission loss curve is quite flat and the
iterative process for updating coefficient b might fail since 46 is very small. Thus, a heuristic procedure is then
needed to overcome this problem. In this respect, the solution would be switching to DC-OPF-I for low loads, i.e.
the values below 40% increased demand and applying DC-OPF-LL-CS for medium and high loads, i.e. values
greater than 40% of increased demand.

14 : : : : T . .
—DC-OPF-|

12r — AC-OPF
— DC-OPF-LL-Constant Slope

10 i

Active Power Loss (MW)

r r

%O 30 40 50 60 70 80 90 100
Increased Load (%)

Fig. 13. Comparison of computed active losses in DC-OPF-I and DC-OPF-LL-CS with reference approach AC-OPF along demand scenarios
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Fig. 14 is the result of applying the above mentioned heuristic (combined) approach. As shown, the estimated
losses are decreased for low load scenarios. Using the combined approach may improve the calculation of
transmission losses in a DC-OPF scheduling problem.

14 : T T T T : :
1oL —— DC-OPF-I
— AC-OPF

E — DC-OPF Combined
5 |
[}
7]
3 1
|
)
= 1
o
-8
[
= i
o
<

%% 30 40 50 60 70 8 90 100
Increased Load (%)

Fig. 14 Comparison of computed active losses in DC-OPF-I and combined approach with reference approach AC-OPF along demand scenarios

The results of accumulative system operating costs are presented in Table 3. Comparing the costs in different
approaches reveals that the combined approach is lying between DC-OPF approach with updating all two
coefficients (DC-OP-LL) and the method with constant slope (DC-OPF-LL-CS). On the other hand, "warm starting"
functionality can be applied more accurately in the combined method.

Our overall conclusion based on the above analyses is that the best approach to apply transmission losses to large
scale power system is the combined approach. This approach benefits from warm starting functionality which can
improve the computational efficiency especially for the analysis where the scheduling problem should be solved for
various operating situations for long time periods. Moreover, the results are quite accurate when comparing the
iterative approach (DC-OPF-I) and the linearized loss with constant slope (DC-OPF-LL-CS).

Table 3. Comparison of different approached to calculate active power losses in the transmission system in terms of operating cost

Approaches Operating costs (KEUR)
AC-OPF 83.05
DC-OPF-LL 85.46
DC-OPF-LL-Combined 85.56
DC-OPF-LL-CS 85.61
DC-OPF-1 85.77

5.2. Northern European case study

The next step is to investigate the performance of the approach on large scale power systems. As example, the
Northern European power system including the Scandinavian countries and Germany is considered. PSST model
dataset and scenarios are used for the analysis. The target year for this study is 2030 and the offshore wind parks are
assumed to be built in the North Sea. The installed wind power capacity according to the estimations made by the
European Wind Energy association (EWEA) accumulates up to 369 GW in 2030, out of which more than 95 GW
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will be offshore wind power production installed in the North Sea [19, 20]. Fig. 15 schematically illustrates the case
study for our analysis where three major offshore wind clusters in the North Sea are considered with installed
capacities as mentioned in the Fig. 15. It is expected that NorGer HVDC cable interconnecting the German and
Norwegian electricity systems is operational by 2030. The NorGer cable with a capacity of approximately 1400 MW
is intended to deliver German wind power to Norway or Norwegian hydropower to Germany and generally
supposed to help balancing fluctuations due to generation of electricity from RES. In this part, we consider how the
inclusion of transmission active power losses can affect offshore wind power and NorGer interconnection utilization
within a DC-OPF scheduling problem.

@: 3500MW
@ : 1200MW
@ :368MW

Fig. 15. The Northern European Continental system including

The scheduling problem using DC-OPF is ran for 8760 hours (one year) and the impact of transmission losses on
utilization of offshore wind power production is investigated. Fig. 16 shows a short window (20 days) of the
simulated total offshore wind power utilization in three offshore clusters marked in Fig. 15. Two approaches of
applying transmission losses, i.e. iterative approach (DC-OPF-I blue curve) versus linearized approximation loss
approach (DC-OPF-LL-CS red curve) are compared.

Linearized Loss approach
lterative approach

3.5

25

Offshore Wind production(GW)

| L ALV A

1300 1350 1400 1450 1500 1550 1600 1650 1700 1750
Hour(h)

Fig. 16. Offshore wind utilization in the North Sea
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As shown in Fig. 16, applying transmission losses using iterative approach (DC-OPF-I, blue curve) causes wind
production curtailment. This is due to the fact that offshore wind power facilities are located far away from the load
centers and the internal grid is more constrained by taking transmission losses into account. However, this effect
does not appear in the linearized loss approach (DC-OPF-LL-CS, red curve) demonstrating the effectiveness of
considering feedback from loss calculation to dispatch scheduling problem. The feedback in the DC-OPF-LL-CS
method helps the scheduling problem to relieve the expected grid bottlenecks more 'optimally' allowing high
penetration of offshore wind power to the production mix, therefore reducing the operating costs. Table 4 shows this
effect in terms of annual operating cost for three cases. These cases include the dispatch problem without taking into
account transmission losses as well as tacking losses into account using linearized approximation loss and iterative
approach. The simulation results shown in the table indicate that: i) transmission losses increase the total operating
costs; ii) use of the linearized approximation to losses translates into a 35% lower operational costs than the iterative
method.

Table 4. Annual operating costs

Cases Annual Operating costs (bn EUR)
No loss 41.43
Linearized loss 43.41
Iterative 44.46

The HVDC exchange values in PSST are handled by two controllable values between minimum and maximum
cable capacity. The controllable values model the withdrawal of power from one end and the injection power at the
other end of the cable. The difference between these two values models the transmission losses across the HVDC
interconnection. The transmission losses in HVDC cable are considered as the constant percentage of the exchange
power through the cable. The percentage of transmission loss in HVDC cable depends on the cable technology. In
this work, we have used 3.5% for line commutated converter-LCC HVDC type and 5% for voltage source
converter-VSC HVDC type. The NorGer HVDC cable is assumed to be LCC type and therefore the loss percentage
is equal to 3.5% [2].

Duration curves for annual exchange of energy across NorGer interconnection are depicted in Fig. 17. The
utilization of the interconnection is reduced significantly in the case with active power losses. These results show: i)
firstly a redistribution of the wind power injection into the German mainland grid in order to cover land and grid
losses; ii) secondly there is a period of time through the year with zero exchange (blue curve between red vertical
lines) because the price difference at both ends of HVDC cable is not high enough to cover the losses across the
cable and therefore no exchange power occurs at the HVDC interconnection.

1500

1000 i
500 R
0

-500

Exchange NO->DE(GW)

-1000 = with active power losses

= without active power losses

-1500

0 2000 4000 6000 8000 10000
Hour(h)

Fig. 17. Utilization of the NorGer interconnection (the positive values mean flow from Norway to Germany and negative values represent flow
from Germany to Norway
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Fig. 18 represents the price difference (showed by the blue curve) that cannot cover the transmission losses
across the NorGer HVDC interconnectors, hence no power exchange between Germany and Norway. The red
curves determine a dead-band for these price differences. In contrast to the lossless system when the small price
differences can change the flow direction on HVDC interconnection from full import to full export, in system with
transmission losses the price difference should be greater than dead-band defined in Fig. 18, so power exchange can
occur on the HVDC cable. When the price difference is out of the dead-band, transmission losses can be "covered"
on the interconnection and there can be an exchange power from low price system to high price system. The width
of the dead-band can be determined based on the underlying analysis presented in [21], which can be calculated by
use Eq. (7).

Price Difference (EUR)

0 200 400 600 800 1000 1200
Hour(h)

Fig. 18. Price difference at both ends of NorGer HVDC interconnection when there is no power exchange

According to Eq. (7), the dead-band width is the function of the lower price at both ends of the interconnection
multiplied by the loss percentage of the interconnection which is equal to 3.5% in the case of NorGer HVDC cable.
”ij = Min("Di’,Dj)‘oA)IDIoss (7)

6. Conclusion

This paper presents a comparison analysis of two approaches to include transmission active losses in optimal
generation scheduling problem using DC-OPF. These approaches are iterative approach (DC-OPF-I) and linear
approximation of transmission losses around the operating point (DC-OPF-LL/-LL-CS). Including transmission
active power losses can influence the generation scheduling, power exchanges between countries, and offshore wind
power utilization and thereby affect the socio-economic costs significantly.

The proposed approaches are applied to modified IEEE 9-bus test system. The results demonstrate that linearized
approximation of losses provides a more optimal way to take into account transmission losses in DC-OPF generation
scheduling problems. The linearized approximation of losses provides feedback from transmission loss calculations
to the generation scheduling problem, thus the optimization algorithm can evaluate the trade-off between generation
cost and transmission losses to find an optimum solution to cover losses. The linearized approximation approach
requires iterations to update the estimation of power losses meaning that both coefficients of the linearized
approximation are updated corresponding to the new power system operating point. In order to solve DC-OPF
problems with large scale power systems using the PSST tool and within reasonable calculation time, the so-called
"warm starting" functionality is desired. However, using "warm starting" functionality prevents updating the slope of
the linearized approximation of the transmission losses. The results of the different methods investigated on the
IEEE 9-bus test system demonstrate that the best alternative is to use the combined method where the iterative
approach can be used for low load scenarios and linearized method for medium and high load scenarios.
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A preliminary test on the Northern European shows the importance of integrating transmission loss calculation in
the generation scheduling problem. This is a case especially for offshore wind facilities typically located far away
from load centers. For these cases, DC OPF generation scheduling problem aims to optimize the reduction of
internal grid bottlenecks and the dispatching of units with lowest possible operational production costs. Moreover,
transmission losses can reduce the value of power exchange across HVDC interconnections between countries, since
the price differences should be sufficient to cover the losses along the interconnections. A dead-band based on the
price differences at both ends of the HVDC interconnections and HVDC loss percentage is defined determining the
required minimum price difference needed in order to allow exchange power along the HVDC interconnections.
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