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voltage and thermal problems using a sensitivityebla
ABSTRACT model of the network.
This paper presents a centralized control scheme, This paper presents an extension of the approach
inspired of Model Predictive Control (MPC), to manage ~ introduced in [1], incorporating congestion managam

thermal overloads and correct abnormal voltages in for the combined corrective control of both probsem
real-time. The control scheme is able to smoothly bring The focus is on the constraints added to the raté{-
the system within the desired limits, taking into account ~ optimization problem, and the computation of the
its near-future evolution. The control method  corresponding sensitivities.

effectiveness is illustrated on a 20-kV, 32-bus network

hosting four distributed generation units. PREDICTIVE CONTROL SCHEME

The proposed controller estimates the system bebtavi
INTRODUCTION at the futureN, time steps using a sensitivity model.
The progressive penetration of renewable energscesu  Thus, at a given time step, an optimal sequence of
connected to Medium-Voltage (MV) distribution control actions Au(k+i)(i=0,..,N.—1) is
systems is expected to create new operational gmehl  calculated for theV, future time steps, with the objective
Over- or under-voltages as well as thermal ovedoafd  of bringing bus voltages and branch currents withia
some branches (cables, lines and transformergireef  desired limits. In accordance with MPC principlelyo

to as congestions, are the main issues raised byhe first componendu(k) of the calculated sequence is
Distributed Generation (DG) units and the prevailin applied at timek. At the next time step, based on the
load patterns. While voltages can somewhat exdegid t new measurements received, the whole procedure is
limits for a limited time, the tripping of overload repeated.

branches by protection relays makes congestion

management more constraining. In the framework ofin this paper, the focus is on DG units and:

active distribution networks, load tap changersnsh

capacitors, flexible loads and DG units are themmai  Au(0) = u(k) —ulk — 1) = [AP4 ()", 4Q4(1)']" 1)

controls available in real-time. where AP, (resp.AQg) is the vector of active (resp.

reactive) power changes of the DG units, &ndenotes
array transposition. The multi-step optimizatiomdlves
the quadratic objective:

Advances in communication technology and progress i
Smart Grids make it realistic to devise a centealiz
controller to mitigate the above two problems. Alilgh

it may require investments in terms of communiaatio Ne—1

infrastructure, it is considerably less expensitant minZIIAu(k+i)||ﬁ+||s|Iﬁ, 2)
reinforcing the network for coping with problemsath

take place for limited periods of time. ] o ] ]
where the first term minimizes the total (i.e. mstep)

The two above mentioned issues can be dealt witheontrol effort, weighted by the diagonal mat# By
through separate control schemes as in [1,2] fiage, ~ @ssigning proper weights to the various controioast
and [3,4] for thermal problems, or through a coredin the controller favours the “cheap” ones. The veeter
control scheme as in [5]. References [1] proposed d€1, €2 &]" includes variables aimed at relaxing the
centralized scheme, inspired of MPC [6][6], inhelen Operational constraints in case of infeasibilityoridero
able to compensate for modelling inaccuracies andvalues are heavily penalized by the diagonal matfix
measurement noise, a key feature missing in many'he constraints are as follows:
control schemes of the literature. The control candj

calculated from a multi-step optimization, are upda fori=1,..,N,:

and corrected by real-time measurements. The peapos —e 1+ Vmin(k + i) < V(k + ilk)

controller uses a sensitivity model to predict the _ e L (2a)
behaviour of the system and the multi-step optitiora Vet ili) < VP +0) + &1

entails solving a quadratic programming problem3[n Vi +ilk) = V(k +i —1]k) +5_VAu(k +i—1) (2b)
the “last-in first-off” principle was considered rfdhe du

centralized control of congestions caused by DGsuni Ik + ilk) < ™ (k + i) + &1 (2c)
while maximizing the generation capacity yielde [3] a1

a decentralized approach was proposed to manage I(k+ilk)=1I(k+i—1lk)+-—Aulk+i-1) (2d)
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fori=0,1,..,N.—1:
u™m < u(k +i) < um* (2e)
Aum™m < Au(k + i) < du™ (2f)

The limits u™", ume*, Au™™ and Au™®* relate to DG
unit capabilities and acceptable
V(k +ilk), I(k +ilk) are vectors of predicted bus

the j-th branch current can be rewritten as :

Ng
al a1,
B+ D) = [+ ) [ﬁ (DAPei(k) + 55— 08| (3)
im1 i i

wherel; is the current magnitudé;, Qs; are the active

rates of change.and reactive powers generated by tib DG unit, and

Ny is number of DG units. If the branch is not on the

voltages and branch current magnitudes (given thepath from thei-th DG unit to the source substation, the

. av al e . .
measurements at time, ——,— are sensitivity matrices

of bus voltages and branch currents to controlatdes,
and1 denotes a unit vector.

The voltage limitsV™" (k + i) and V™% (k + i) at the

i-th prediction step are progressively tightened as

described in [1, 2]. A similar procedure is folladvéor
the current limitt™**(k + i). This is illustrated in Fig. 1
showing the limit relative to a particular current,
progressively tightened over the prediction horizon
(using parametep) to meet the target valug'** after

N, steps. Note that the latter value is set conseslgt
below the effective thermal capability monitored thg
branch protection.

A
Thermal
capability [~ —
~~2 1" (k+i)
[ max —
Predicted «Iqﬁ_ -
N —i
mex(k + i) = (1 G ) l)) max
N, -p
Time
= f : —
k  k+l k+Ne-1  k+Np

Figure 1: Limit imposed on current in (2c)

SENSITIVITY COMPUTATION

An accurate sensitivity matrix, to be used for jrtdg
the system behaviour, should incorporate the variaif
load powers with voltage, the actual network impeds
and the actual system operation point. Unfortugatais
information is not known accurately in practice aodne
approximations are required.

As regards sensitivities of bus voltages with respe

the generated powers, they can be obtained from the

inverse of the Jacobian matrix extracted from dHioé¢
power flow calculation. They can also be extradtedn

the solutions of two power flow calculations with a
different generated power, by computing the ratfo o
variation of the monitored bus voltage to the \éwiaof
generated power. Owing to the capability of MPC to
compensate for modelling inaccuracies,
sensitivities can be updated infrequently.

As regards sensitivities of currents, Eq. (2d) tredato
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these

partial derivatives in (3) can be set to zero. Otlee,
from the expression of the current:

[e7 + @3 /v @

where P; (resp.Q;) is the active (resp. reactive) power
flow, S; is the apparent power ariid the bus voltage
magnitude, the sensitivities can be approximated by

S
b=y =
Vi

a ~1h ap B
e S TS o
o 1000 ¢
Qe ViS 0Qa S

where it is assumed th& (resp.Q;) does not change
significantly whenQg; (resp.Pg;;) is varied, and, the
change ofP; (resp.Q;) is equal to the change iP;;
(resp.Qg;;). The bus voltage is also assumed constant and
equal to 1 pu.

It is assumed that active and reactive power flane
measured in the monitored branch, in which cassethe
measurements are used in (5) to update the setirsitiv
The simplest solution consists of computing the
sequence of corrective actionsAu(k +i) (i =
0,..,N. — 1) using the sensitivities evaluated at skep
However, these sensitivities may change signifigant
with the operating point; in particular, they chargign

in case of power flow reversal. This may lead terewr
under-estimating the system response, especialgnwh
the active or reactive power flow crosses zeroyfiich
case power flow oscillation might take place. Talde
with this issue, the following alternative schenvesre
contemplated:

« when the power flow approaches zero, the

corresponding sensitivities are set to zero, which

leads the optimization (2) to automatically rely on
other control actions;

e using the sensitivities evaluated from measurements
collected at timek, a first sequence of corrective
actions is computed. At the resulting predicted
states, new sensitivities are recomputed and the
average between the original and the recomputed
values is used to solve, for a second time, the
optimization problem (2). The so recomputed
control actions are applied to the system (the
intermediate ones are ignored).
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SIMULATION RESULTS (more prioritized controls) and active (less ptiagd
o . controls) power production corrections, are comgpute
The 32-bus,20-kV distribution network shown in Fig. 2, and applied to the DG units. The weights in maRiare

was used to test the proposed corrective contrbe T oot 15 50 times bigger values for active power gean

network is connected to the external grid through 5- _ than for reactive power changes. The weight asdigoe
MVA HV/MV transformers. Both transformers are in . oock variables,, ¢, (resp.s; ) is 1000 (resp. 10000)

operation in the initial operating conditions. times larger than that assigned to reactive power
corrections. The progressive tightening is tunetth wi=

5 for voltages ando = 10 for the current while the
prediction and control horizon were setMp= N = 3.

The network hosts three 4.5 MVA synchronous
generators driven by hydro turbines and one 3.33AMV
doubly fed induction generator driven by wind tumdi It

feeds 12 loads modelled as constant current (resp.Case 1
impedance) for active (resp. reactive) power, dmed

. . In the first test case, the sensitivities of curren DG
induction motor loads.

unit outputs are computed from (5) at the time powe

. measurements are received, and kept at this vala# a
Buss A - Ext.Grid steps of the multi-step optimization (2).
Bus 32 i : : -
" ‘? e At the initial operating point, the direction of yer
v o flows is from distribution to transmission. Thenefp
Bus 6 I Tz Busl3 after the transformer outage, the controller redute

power flow by decreasing the reactive power outmiits
the DG units, as shown in Fig.s 3 and 4. When Bglvi
the optimization problem (2), it is found that tkele

Bus7 |w
Bus31

Bus 8 Bus 30
p—

U2 ol | ©red reactive power reduction cannot alleviate the cetige;
—J_ hence, although more penalized, a reduction ofvecti
“I_ B‘um . powers is computed and applied, at the same time, a
Bus 3 seen from Fig. 5.

Bus9

W Voltage measurement

Bus 15
—
. Active & Reactive power
Bus 16 measurement §
. Bus 21 §
Bus 18 —Qz Bus24 s
- 52 =
Bus 19 i‘ g
Bus 25 Bus23 a
Bus27
ww|l w
Bus 28 Bus29
Time, s
Figure 2: One-line diagram of the test system Figure 3: Case 1: power flows in the remaining

transformer
The following measurements are collected and
transmitted to the controller: active and reactpeever Figure 6 shows the time evolution of the monitoleatl
and voltage magnitude at the terminals of the D& voltages. The initial increase, at= 100 s, is due to the
units, active and reactive power flows in the HV/MV power flowing from the MV to the HV bus in the
transformers, and voltages at load buses 7, 12829  impedance made larger by the transformer outage.
and 31. Measurements are simulated by adding &Jnder the effect of DG unit reactive power reductithe
Gaussian noiseV(0,0) with ¢ =0.0033 pu to the voltages start decreasingtat 110 s. In any case, they
corresponding values obtained from detailed timeremain inside the specified range of [0.98 1.08] pnd
simulation. the original congestion is not aggravated by aagmst
problem.
The transformer thermal capabilities are sebtdVA,
and the same value is taken as conservative thermahn oscillation can be observed in the branch reacti
limit. Furthermore, a congestion scenario is sitaday power flow around zero, as well as in the bus gata
tripping one transformer, which leads to overlogdine around their steady-state values. This is causethdy
other one. use of constant sensitivities, which leads to whpng
estimating the system evolution when the reactive
The sequences of corrective actions, includingtieac power flow crosses zero.
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Figure 6: Case 1: voltages at load buses

Case?

In this case, a variant suggested in the previeasa is

considered, with the sensitiviti%s—alj (res ﬂ) set to
' . Pgi .p.aQGi

zero whenever the active (resp. reactive) powew fio

the j-th branch becomes smaller than a tolerance. The

latter has been set to 0.5 MW (Mvar).

The same initial operating point and disturbance ar
considered as in Case 1.

Figures 7, 8 and 9 show that, as expected, thdiveac
powers of DG units are no longer decreased after th
reactive power flow falls in the range [-0.5 +OMdyar.

To compensate for this, the optimization resortadiive
power curtailment in order to bring the currentdvethe
specified limit.
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The overall system response is a little less @goily, as
confirmed by Fig. 8 for the variations of reactp@wers.

6

Power flows, MW Mvar

0 50 100 300
Time, s
Figure7: Case 2: power flows in the remaining
transformer

Reactive power output, Mvar

Active power output, MW

300

Figure 9: Case 2 DG unit active powers

Case 3

In this case the advantages of the previous two
approaches are combined as follows:

If the measured and predicted values of the active
(resp. reactive) power flow have the same sign, the
controller uses sensitivities computed from (5);

» if the active (or reactive) power flow has a préeelic
value of opposite sign compared to the measured
value, the sensitivities are corrected as the geera
of the values stemming from measurement and
prediction, and a new optimization is performed.

The results are shown in Fig.s 10 to 12. The reacti
power flow decreases to zero without oscillations.
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CONCLUSION

In this paper an extension of the approach intredua
g [1,2] has been proposed for automatic, centralized
2 ! corrective control of both thermal and voltage peats.
| |
%] | | | | '
8 2p----- Lo oo oo oo oo The control scheme computes a sequence of coreectiv
g | _____ Lo R L R ] actions smoothly applied to DG unit active and tigac
< | —— R L N ! ! powers. It relies on easy to compute sensitivities.
| | | | |
| | | | |
15 & 5 o 200 g ao |thas _been tested on a 32-_bus test system vylmletd?t
Time, s dynamic model of generation units. The simulations
Figure 10: Case 3 : power flows in the remaining suggest using average sensitivities whenever the
transformer currently measured and the future predicted polesvsf

have opposite signs. This yields smoother system
responses. Furthermore, the compensation of modelli
inaccuracies, a key advantage of the MPC apprdach,
demonstrated when sensitivities are infrequentlyabgd
during the simulation.
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