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Anticipative Control Strategy for Load Commutation
of On-Board Electrical Networks

Pedro Kviesks Guy Lebret, Mourad Ait-Ahmed

Abstract — This paper deals with the control of the outputtagé of ship on-board electrical
networks when a load is connected to or disconueittan the network. In some cases this kind of
disturbances can create high deviations from thainal behavior. This includes high oscillations
which can damage the network and that a classiocalroller cannot efficiently attenuate. The
idea is to take advantage of the knowledge thaglantrical device is switched on, to anticipate
the disturbance. An anticipative adaptive optimaihicol law is tuned to create better conditions
to attenuate the disturband@opyright © 20xx Praise Worthy Prize S.r.l. - Alights reserved.

Keywords Electrical Embedded Network, Optimal Control, Aititive Control, load
Commutation.

illustrates the application of the global stratéypection

. V1. The final section is devoted to the conclusion.
l. Introduction

In marine systems, the control of the output vatag 1
and frequency of the electrical on-board networks a )
vital issues. In this particular type of networkach load The number of diesel generators in an electrical
that is connected to or disconnected from the sysbay  network of a ship can vary from two to five (someds
have an important influence over these variables. Amore). One is always on, but when more energy is
discussed in [1], [2], for smooth load transiticarsd/or  necessary the other ones can be started up. Thenkass
weakly oscillating behavior a simple fixed conteslcan  always redundant, this is a security in case diirfaiof
maintain a constant output, but in abrupt situatiand/or  the previous ones. In this study, only one generito
in the presence of strongly oscillating modes theseconsidered, but this not restrictive, with morentfane
controllers can reach their limits. generator the load impact would just be split bould

In this paper a strategy is proposed to adaptdh&al still exist. Moreover, a closed loop control regetathe
performances to the connected loads. For each Iad, rotating speed of the diesel engine which drives th
dedicated optimal control is used in order to resplee  generator axis and which determined the frequehtiyeo
industrial constraints defined by the standardiwati electrical signals. An electrical load commutatioan
agreement [3]. But the main idea is an anticipativedisturb this regulation, but in this study it itsnsidered
control strategy which leads up the system to bettethat the rotating speed is constant. More precitiaty
conditions to face the load change and come badis to mechanical dynamics of the engine are supposedeto b
nominal value. For marine systems, load commutation decoupled from the electrical dynamics and will bet
can effectively be anticipated, since, most of time taken into account here. As a consequence, thelmbde
(failure is not included here), the connection orthe generator detailed in the subsection Il.1 & dhe
disconnection of an electrical machine or deviceghwi given in [4], also based on the classical refergbgen
high impact (crane, motor ...) comes from a swittét  the domain.
can also send the connection information to a odiatr Different devices (asynchronous or synchronous

Section |l introduces a model of a realistic marine machines ...) could be considered as loads for this
environment electrical network. Section Il definté® generator. But in a more general point of view picat
considered load commutations, details the industrialoads can be characterized by active and reactiveep
control specifications found in [3] and states tioatrol or equivalently by a set of resistance (R), inducga(L)
problem. The key point of anticipation is sketcliedhe and capacitance (C) characteristics. In this stubg,
last subsection. Section IV describes the contrategy:  loads which could be connected or disconnected bill
a two degrees of freedom architecture with an d¢isden defined by instantaneous variations of their R,nd &
model based feedforward part and its finite time characteristics.
characteristic. The parameter tunings of this dirime
optimal control law are given in section V. An exaen

Electrical model
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[I.1. Electrical generator machine

The electrical machine equations, in thefdgne, are

[5]:

dly di¢

di
“Va =Ry + Lyt d 4 M y—- Mo dtD—qulq—quQlQ(l)
dig dig @)
Vo =R+ Lyt + Mg 2 +adglg + &M gl + Mol
di di di
V, =Rl + L, —+M 4 = 3
f flf f 4, dt fd dt fD dt
di di di;
Vp=0=Rplp+Ly—2+Myp—t+Mp— 4)
D D d dD ™ 4, dt fD dt
di di
Vo =0=Rglg +Lo—2+Myo—2 )

where

« lqg andlq (resp.lp andlg) are the projections of the
stator (resp. of damper windings) current in the dq
frame,

- |; is the excitation rotor current,

+Vp = 0 andVg = 0 in (4) and (5) since the damper
windings are short-circuited,

- V4 is the input excitation voltage,

- the output voltage is composed by its dq frame
componentd/y andV,, it is given by:

de +Vq2
3

(6)

Vout =

The definition of the various parameters and their
values, for simulation (section V1), are
Nominal Power: 2.MW
Nominal Frequency: 5Bz (w= 2150 = 314.16Gad/9
Nominal Output Voltage: 88¥ (line to line) or 508/
(line to ground)
Nominal Output Current; 1874
Nominal excitation voltage: 44\
R, = 3.56Q : Stator Resistance
R: = 0.155Q : Excitation Resistance
Ld = 2.24mH: d-axis Inductance

q = 1.23mH: g-axis Inductance
Lf 457.9mH : Excitation Inductance
Miq = 29.48mH : Mutual L d-axis/excitation
Mgo = 0.97mH : Mutual L g-axis/damper windings
Mgp = 1.9mH : Mutual L d-axis/damper windings
Mip = 25.27mH : Mutual L excitation/damper windings
Lp = 1.9mH: d-axis damper windings inductance
Lo = 0:97mH : g-axis damper windings inductance
Rp = 31:78Q : d-axis damper windings resistance
Rq = 46:19Q : g-axis damper windings resistance

11.2. Electrical "RLC" characterization of the loads

Loads are often characterized as RL circuits, based
active and reactive power (like in [5], [6]). Hehe loads
will be considered as a two-branch parallel circait
branch that represents the active and reactive coeis

Copyright © 20xx Praise Worthy Prize S.r.l. - Athints reserved

of the load (RL characteristics), and a second lighra
branch with a capacitance (C characteristic) ttsat i
equivalent to the negative reactive power compoént
the load.

For a given loadL = {Roas Lioads Cioad}, the load
equations are

« RL load
_ dlg (7)
Vd - I:‘1)oad|dl + LloadW w'—loadl ql
dl
Vq = Iaoa\dl ql + L|0ad T(:l + wLIoadI d1l (8)
- Cload
dav,
0=-lgp = aCpagdVq + Cloathd )
dv
0= Iq2 + aﬁloadvd + CIoad dt (10)
« currents decomposition
lg=lgrtlan (11)
= Iql + |q2 (12)

Note that with the introduction of this RLC loadeth
global system presented in the next subsectionnbas
nine states, and th&fandV, are now part of the state.

[1.3.  The global electrical network model

Considering the electrical machine equations (1) to
(5), the load equations (7) to (12), the globaltesta
equations can be naturally given by the followiimgeér
descriptor system, where is supposed to be constant
and the input contral is the excitation voltag¥;

Esys(Road’ I-Ioadlcload') X= Asys(Road’ Lloadlcload’) X+ Bsys u (13)
with
-Ly -Ly 0 0 My —Mgp 0 0 0
0 0 -Lg -Lg 0 0 Mg 0 0
“-My —Mgy 0 0 Ly -Mgp 0 0 0
-Mgp —Mgp 0 0 Mp -Lp 0 0 0
Egs=| O 0 ~Mgo —Mgo 0 0 ) 0 0
Lioad 0 0 0 0 0 0 0 0
0 0 = Ligas 0 0 0 0 0 0
0 0 0 0 0 0 0 =Cioad 0
0 0 0 0 0 0 0 0 =Cioad

intgional Review of Electrical Engineering, Vol.,xx x
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R R -dq -ay 0 0 -aMy, 1 0
ay ay R Ra% &My aMgp O 0 1
0o o0 0 0 R 0 0 0 0
0o o0 0 0 0 R 0 0 0
A= 0 0 0 0 0 0 Ro 0 0
Roawa O ~6ligag O 0 0 0 -1 0
(2 0 Riad 0 0 0 0 0 -1
o -1 0 0 0 0 0 0 -aCu
0o o0 0 -1 0 0 0 oy O
BL=(0 0 ~1 000000
and
X =(lg Tar la ez 1t 1o o Ve V)
—\'d1 d2 ql q2 f D Q d q

Esy{Rioad: Lioad» Cioad) iS @ non-singular matrix, so this
regular descriptor system can be rewritten in gsital
Linear Parameter-Varying (LPV) [7] form:

X= Esys(Rioadr I-Ioad ' CIoad )_1 ASyS(Rioadr I-Ioad ' CIoad )X
+ Esys(Rload ’ I-Ioad ’ CIoa\d )_1 Bsysu

(14)

Finally, for a given load. = {Road, Lioads Cioad}» the
model (denoted)) which gives the output voltage as a
function of the excitation voltage is defined byeth
following linear dynamic equation and non-lineatpu
equation:

X = Ax+ Bu
Vout = h(x)

(15)
(16)

with
- -1
A= Esys(Rload ’ I-Ioad ’ Cload) Asys(Rload ’ I-Ioad ’ Cload)
-1
B= Esys(Road' I-Ioad ' Cload) Bsys

and

2 2
)=,

Note that the output voltage is a function of the t
statesxs=Vq andx=V,. So the output voltage will always

(17)

{Roae: Lioads Cioae}- Moreover the network is supposed
to be in steady state before the commutation happen
with state values denotedy (steady state values of the
state before the commutation). Considering the inode
introduced in the previous section, this means, that
time t = t, time of commutation, the network should
commute from a modél;
&) e (18)
Vour = h(X)

with the steady state value of the state equakggtcto a
new modebl,

X= AXx+Byu
(z2) { Vot = (X)

(19)

with initial conditions equal t@.g.

Thus, after the commutation, the response of tieat
dynamic part of the system is the classical suntwof
responses: the response to the input of the syatehthe
impulse response to the new initial conditions loé t
states. These initial conditions are equaktp

>, may contain natural modes of different nature. [2]
or [8] describe the possible behaviors for eleatric
network depending on possible realistic values haf t
loads: some loads lead to first order type behafooe
dominant mode), others lead to high oscillatingawedr
(close to imaginary axis eigenvalues with high imagy
part). So depending on the loads and also on the i
Xs¢ such modes will or will not be excited. The goél o
the controlu(t) is to ensure that the output voltage comes
back to its nominal value, as fast as possiblet 8as to
change the natural modes Bf, make it faster if the
dominant modes are too slow, attenuate the osoiligin
case of close to imaginary axis dominant eigenwalue

[11.2. Definition of the control problem

The aim of this section is to describe the control
problem, based on the industrial constraints ddfime
[3], and to give an overview of the strategy dessdiin

be continuous, even during commutation. This wds, osections IV and V.

course, physically expected from a circuit with fsuc
capacitive components.

l1l. Definitions of the Commutation and of

the Control Problem

I11.1. Commutation definition

A.Control specifications

For the safety of the network during the previous
defined commutation, specifications like physidatits
must be respected. For this problem, [3] gives ipeec
control specifications (figure 1 gives a graphichda of
theses constraints)

S1- The output voltage should not go over 1.05dime
or under 0.95 times its nominal value during normal
behavior, that is before or after a commutatiorr. the
model of section Il, the nominal value is 588, so

In this paper only instantaneous commutations Ar€185 BV < V< 533.4V.

considered. The network commutes instantaneousiy fr
one loadlL; = {Road1, Lioadi, Cioact} 10 @ new loadL, =

Copyright © 20xx Praise Worthy Prize S.r.l. - Athints reserved

S2- The controller has to respond to a commutation
within 2 seconds after the connection request.

intgional Review of Electrical Engineering, Vol.,xx x
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S3- Excitation voltage (the control inpyt) should be  that can also send the information to a controlléis
positive and should not go over 10 times its noimina introduces a new degree of freedom in the searcmof
value during load changes. For the model of sedfion acceptable come back to the nominal voltage. As
the nominal excitation voltage is 445, so 0< V; < 445 illustrated by the continuous plot of figure 1 the
V. commutation procedure is divided in two perioddpbe

S4- Output voltage should not go over 1.20 times orand after the commutation. During the first peribe
under 0.80 times its nominal value during load ¢fesn system is driven to an intermediate configuratiam (
(406.4V <V, < 609.6V for the model of section Il), or state). Section V will describe how to obtain the
at least if this constraint is not fulfilled, thishould intermediate state value (subsection V.1). Durihg t
happen only during a "very brief' period, less tHamg second period, the output voltage has to come tmitk
and in this case the output voltage should not g 6 original nominal value (50& for the example of figure
times its steady state valug,{; < 2540V for the model 1). In both periods, a desired point has to beheddn
of section Il), one second: the intermediate point for the firstquk the

S5- The output current should not go over 10 tiitees  steady state of the state Bf which gives the desired
nominal value during load changes (less than 18%50 nominal output voltage, during the second periobe T
for the model of section II). control law strategy used for that is describedention
IV. The controller topology (feedforward and feedba
parts) is first described in subsection IV.1. Thibe
control law expression is given in subsection I\tt#s is

Output Voltage (V)
T T

600!

Intermediate configuration of the

proposed control sirategy. a linear optimal finite time control law. The tuggare
ith anticipati . . . . .
s50- /ﬁ"; 1 different for each period, they are detailed insadbion
— ] V.2.

500 without anticipation

IV. The control strategy architecture

The hypotheses in this section are that equati8igl
a precise representation of the dynamic behaviahef
network. So the control law design can be basethen

{ Without anticipation the output

voltage is outside the templates. mOde| (15,16) The Output equat'on (16) (Or 17) |S

W or os  os 4 iz 4 18 18 3 nonllneqr but the dynamm state equation (15) riedr.
time (¢) Subsection V.1 introduces the proposed control

Fig. 1.Output voltage during load commutation, withoutiipation tqp0|09y: a two Qegrees of freedom controller (feg@)
(dotted plot) or with anticipation (solid plot). with an essential feedforward part (based on the

hypothesis of known model and the linear charastieri
B.An overview of the proposed anticipative strategy of the dynamic equation) and a feedback part (whiith
As defined in the subsection 1ll.1, a load impagt i regulate the difference between the model and ¢heah
modeled by the commutation froly to 2, with initial behavior). Subsection IV.2 details the feedforwaad of
conditions xsg. Classical approaches consider that thisthe controller. Subsection 1V.3 is devoted to ttabity
load impact is an unmeasurable and uncontrollableproperties of the closed loop simulated in the fieedard
impulse disturbance with weightg. In this caseH., block.
controllers [1] and even PID type controllers are
sufficient when the load impact comes froR) () type
loads. However, there is a class of systems ([2BPr
essentially due to the capacitive property of tak, for The global topology of the proposed two degrees of
which a more refined strategy is needed. Thesettere freedom controller is shown in figure 2.
systems with high oscillating and/or with weakly

IV.1. The control topology

controllable modes. Usim A @ | Electrical -
The dotted plot of figure 1 illustrates the typical .4 Network
problem that arises with such loads and controliétse Feedforward Litrey
constraint on the control signal is strictly reseec it is —— ]
impossible to keep the output voltage inside the| ' /LF..,,],O],
templates. = O—
The proposed idea here is to change the steady sta. Vout—sim + Vour

output voltage of the network just before the
commutation. Indeed, in marine systems load
commutations with high impact (crane, motor forfzors The feedforward controller is introduced for tramki

...) can be anticipated, since most of the time thep rpose. It will generate an ideal open loop cdrtfat
connection of an electrical device comes from acwi

Fig. 2. The global control topology

Copyright © 20xx Praise Worthy Prize S.r.l. - Aljints reserved intgional Review of Electrical Engineering, Vol.,xx x
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should drive the system to the intermediate comditjon IV.2. The feedforward part of the controller
during the first period and to the state of the main

behavior during the second period. In the feedforward block, the adopted solution is a

finite time optimal control derived from [9] ("thHeacking
problem for linear system with quadratic criterjadr
[10] ("the LQ tracking problem"). This is a time
dependent state feedback controller, that can be
considered to be classical even if it cannot bectbka
found in any textbook or journal paper (the develept
to obtain it can be found in [8]).

For the linear systemt = Ax+ Bu, the control

A.The feedforward controller

The constraints here is to drive the state indititne
to these points and to modified the modes of theali
dynamic equation. The chosen solution is the lifieéte
time optimal control designed on the state modél) (1
which is detailed in subsection IV.2. The closedplaf
this finite time control on the state model is siated in
the feedforward block. The generated control isapen

loop controlug, of figures 2 and 3. u(t) =-R™ B S(O(x(1) - %) - RTBTK(D) + (20)

whereS(t) andK(t) are time-varying matrices solution
of:
Ugi . . . . .
" . the differential Riccati equation:
Optimal State Model (eq : 15)
ﬁ:;t]:r:lme Usim ?)r:ltput Model (eq :17) . -S=SA+ AS-SBR'B'S+Q (21)
T o ‘ Vouz—wirn . . .
i with the final conditiorS(t=T)=S;
Fig. 3. The "Feedforward Model Based Controllesdi - and the differential equation:
Clearly the output equation (17) is absolutely not K =-SAx -Qx; +Qx —-SBy - ATK + SBR'B'K (22)
necessary for the control law design wgf,. Indeed to
drive the simulated state in finite time and to tcointhe with the final conditiork(T) = 0
modes of (15) a linear optimal control is enough.
However, for the global control strategy, a simiolatof minimizes the objective function:
the output Yousim On figures 2 and 3) is performed to
regulate the actual electrical network outpyy,§ around _1 T _
this desired output. IS 2(X(T) ) SN %) (23)

1
B.The Feedback controller +§Ig ((X(t) 6] QO )+ (u) ~ ) Ru() - u‘:))dt

The feedback controller would be useless if tha ide
perfect model were true: in this case the diffeeenc  Inthe above statement,
betweenV,.sim and V; would be equal to zero. In fact,
unavoidable error between the model and the actual X(t) and u(t) are respectively the state and the input
plant, considered as disturbance, among all othgsigal control of the system
ones, will exist and should be attenuated by aldfaekl  + X(T) is the state of the system reachet=al
controller. It can be any type of controller degigron a  + X4 is the desired state to reach atT
linearized version of (15, 16) around the trajegtor * X is a constant reference value for the state
defined by Qsim Voursim)- In this study it has been chosen + Uc is a constant reference value for the controladign
as a simple PID controller. « Sy andR are symmetric positive definite matrices.

« Qis a symmetric positive semi-definite matrix.

C. Commutation consideration

Since only anticipated commutations are considered The main first difference between the objective
here (failure is not included) the knowledge of the function (23) and the classical one ([9], [10]) tlse
commutation existence is used in the feedforwaotkl introduction ofu.. This is a way to find a solution which
In the simulated loop the loads characterisRgg;, Lioad focus on the behavior of the system around a netere
and Cyag are changed at each commutation and thepoint (X, uc). This explains the threshold term defined by
parameters of the feedforward controller are upmtate Uc in the control solution expression (it does nasen
the same time. In this sense the proposed cordwel | the classical case). Another difference is that the
could be classified in the class of gain-schedaleatrol feedback R!BTS(t)) applies here on X(t) -%4)

laws. whereas in the classical problem it only appliex(@n

Copyright © 20xx Praise Worthy Prize S.r.l. - Aljints reserved intgional Review of Electrical Engineering, Vol.,xx x
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IV.3. Stability results

In the feedforward part of the control topologyertn
is a simulated linear closed loop which generates t
open loop control for the generator. The stabitifythis
simulated closed loop is considered in this pafayra
This control law is a time dependent state feedbBok
both periods, the stability of this simulated clb¢eop is
proven in appendix. Then, one can also wonderriftis
simulated closed loop the overall commutation g8l
stable especially if high frequency commutationsesxi

- For the system,, the statexy; should be reached in one
second and all specifications of subsection I1haud
be fulfilled.

- For the systenx,, the output voltage should come back
to its nominal value and for all signals, the datibns
due to the initial conditiorxy; should stay inside the
templates defined by the specifications (111.2).

Note that since the linear parts of the systémer 2,
(see 15) are controllable (whatever &g, Liaq and

To avoid that some commutation dynamics couldCload (N0 proof here)) there always exists a contrahaig

destabilize the
considered.

loop,

1. Only one load commutation happens during a

transient period (froh=0stot = 2son figure 1).

2. The system should have reached a steady-stat va

before the beginning of the first transient per{bdforet
= 09). The system is connected to the same load wmtil
1s

3. After the commutationt & 1 s), the new system is

the following conditions are

that drives the state fromgy to X4 in one second. And
there always exists a control input that drives state
from x4 t0 Xso during the second period. But the task
here is to find control input such that all spexfions
are fulfilled. The following optimization problemorf
which reliable and performing tools exist ([11])sHaeen
defined for this.

The idea here comes from classical optimal control
([9], [10]). For a controllable linear system

connected to the same new load until equilibrium is X = Ax+ Bu, the analytical expression of the control

reached once again (frons 1stot = 2s).

law (U’ (t, xsﬂ,xdl)) which minimizes the control signal
energy and drives the state from a initial statg)(to a

The second condition imposes that between the;, state %) in one second is (see [9] (the tracking

beginning of the transient period and the load

commutation, the global system does not changettand
previous stability property shows that the closeapl is

problem) or [10] p. 184)

S . * oL aT oA (-t p -1 _ ]
stable. The commutation is modeled as instantaneous U (tXsa:Xa1)= R™Ble™ W (D)|xyy — €M xeq

After the commutation, the dynamical model can be
represented as a new system, with non-zero initial

conditions. The third condition imposed that thystem
will not change as long as the equilibrium is redahed
and the previous stability property also shows thét
new closed loop is stable for any initial condisoso, as
the linear simulated closed loop in the feedforwaiatk

is stable before and after the commutation andhas t
commutation (in the feedforward block) is considete
be instantaneous, this closed loop is stable.

V.

In the feedforward part of the controller, theffilinite
time control (before commutation) has the taskrteedin
at most one second the state from its steady-stdte
before the commutationxds) to some more adapted
intermediate statex). Then the second finite time
control after commutation has to drive the statenfxy,
to a new desired statg, that is naturally be chosen to be
the steady state behavior of the new systew).(Clearly
the major difficulty here is to choose the intermatel

point (Xg1)-

The feedforward control law tunings

V.1. An optimization strategy for the choice of xhe
final desired state before the commutation

The two essential difficulties in the searchxgfare

Copyright © 20xx Praise Worthy Prize S.r.l. - Athints reserved

where W(t) is the continuous reachability gramian,
defined by:

t
W, (t) = joeAi“_” BRIBI e g7

Given xsg, the optimization problem is to findy;
which minimizes the maximum of the absolute valfie o

the control signal ¢ (t, Xy, X4;) ) during "period 1". The
objective function is

(24)

f(xa1)= Hgﬁqd (t Xsq Xd11)

Note that without any constraints the optimal resmo
is simply x; = €™ x.g, for whichf(xs) equals to 0. This

is actually the homogeneous response of the sy&tem
The introduction of the following constraints cligar
excludes this solution. Since the commutation sthdod
as smooth as possibbe; should be searched as an
equilibrium point ofX;. Becausexy is a weight of the
impulse response af, (the transition response due to
initial conditions of a linear system), it should bhosen
such that the constraints S1, S4 and S5 (sectid) Hre
fulfilled during the second period.

The optimization problem to choozg is

intgional Review of Electrical Engineering, Vol.,xx x
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I'an( f (Xdl)) (25) * Vourss2= 508V, Viso = 64.45/
d1
Subject to the constraints . Figures 4 and 6 (dotted plot on figure 6 is a zoom)
- Cy! X1 Should be an equilibrium point &j. show the commutation results without the anticipati
- Gt X1 should be such that the transition response ofuring the first period, but with finite time coatrduring
2, fulfilled the constraints S1, S4 and S5. the second one. Thanks to finite time control,rtbminal

behavior is recovered in time. Conditions S1 S2a88

This optimization problem can be solved with classic S5 of the specifications are fulfilled. But S4 istnthe

numerical tools such as Matlab. output voltage has four minima which are underideer
bound (406.4V), two of them are associated to a time

V.2. The complete list of tuning parameters interval greater than 1ms.

For the two periodsy is the final desired statg, and 50 Output Voltage (V)
u. are the characteristics of an equilibrium behavior e
around which the system will evolve during eachiquer s

. . ]
The following tunings are used: 500 V
450 ; :

. . 400 T | -

period 1: before commutation 50 ‘ ‘ ‘ ‘ | | |
. . . . . 0 0.2 0.4 0.6 0.8 1 12 1.4 16 18 2

« Xq1 IS the solution of the above optimization problem time(s)
. XCl = Xdl 0 Excitation Voltage (V)

* U; = Ug; (the control signal associatedx)

400

300

period 2: after commutation

» Xg2 = Xso (Steady state after period 2>(2 s) ,
¢ X2 = Xsg@ 0 ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

* Uy = Use (the control signal associatedxg) ' ' ' © time(s)

The WeightSSr Q. R (i =1 2) are chosen using the Fig. 4. Output voltage and control input if no aigation is applied
[} (K] - )

very classical rules of optimal contr@), (i = 1; 2) equal

identity, R (i = 1; 2) are positive real scala&; (i = 1; 2)

are chosen to be equal to llgw With o O R*. The

The search for an intermediate point (final desired
state before the commutation) through the optironat
strategy of subsection V.1 leads to a solution wiité
resulting parametersof R) (i = 1; 2) were more fo|lowing characteristics: excitation voltayeq, = 39.47
precisely chosen to give more or less balance legttlee  \/ gnd output voltag¥u.q; = 588.85V. Figure 5 shows
final objective (reach the final desired state) ésmooth  the commutation results when anticipation is cariGet
behavior” of the output and excitation voltage dgrihe  and with finite time control during the two phases.
transition response. Clearly all the conditions S1 to S5 of the speaifions
are now fulfilled.

Figure 6 shows a zoom of a comparison between the
response without anticipation (figure 4) or with

This example considers a load commutation with twoanticipation (figure 5)
very inductive loads which typically introduce some
critical oscillations, critical in the sense thaftea  *°
commutation, the output voltage is out of the dfesti  *°
limits if no anticipation is used. The parameteluea of 50"

VI. An example

Output Voltage (V)
T T T

the generator are the ones given in section Il.1. 450
Beforethe commutation, the load and the steady state«o=——————"———-"——""—""—"——"——"———
behavior characteristics are ' ' ' T timets) ' ’ '

Excitation Voltage (V)
200 T

* Roaa1 = 0.3Q, Ligasr = 0.8mH, Cigan = 1.2mMF
- Active Power = 63.18 %, Power Factor = 0.84

* Voutss1 = 908V, Vigg = 34.0%/ 100¥
50

After the commutation, the load and the steady state , ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

behavior characteristics are time(s)

150

Fig. 5. Response if the anticipation strategy is used, fifite control
* Roaz = 0.0712), Ligae = 0.563mH, Cipae = 1.2mMF before and after commutation

- Active Power = 63.18 %, Power Factor = 0.40
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Output Voltage (V)
650

6002 which can be rewritten
550

S0 x(t) = (A- BRTE St x(t) + g(t) (26)

450+

4007

o g s ” where g(t) is a bounded function independent of the
e l'ﬁm(\el(sl)t " states evolution. (26) can be considered as a tinea

500 e Parameter Varying (LPV) system [12], for which the

400r scheduling parameter, usually cal&d), is hered(t) = t.

300~ RS Stability conditions onA; = A-BR™B'S(t) are given

200+

in [13] or [14]. This system is stable if there s%i a
square matri@(t) such that:

100+

0
0.95 1 1.05 11
time(s)

P(t)>0 (27)
Fig. 6. Responses without anticipation (dotted plot) ohwit

anticipation (solid plot) A'f" (HP(t) + P(t) Af (1) +% <0 (28)

. Let us prove that the matri¥t), solution of (21) is
VII. - Conclusion such a good candidate to prove the stability 0.(26

This study gave a framework to the problem of load () is solution of
commutations for on-board marine electrical netwdxk , )
commutation is defined as instantaneous changeshwhi ~ —$=SA+ AS-SBR*B's+Q With {T)=S; (29)
is equivalent to impulse disturbance. Industrial
specifications have been considered to design &aton where
law that should attenuate the effect of this dizamce

(high variations including high oscillations) oretbutput « Qis a symmetric positive semi-definite matrix
voltage. Load commutations for which classical oolris « Ris a symmetric positive definite matrix
not able to respect the specifications are consi€rhe « Spis symmetric positive definite matrix

main idea in this study is to take advantage of the
knowledge of the coming connection/disconnectiora of First of all, [15] or [16] state tha®(t) is a positive
load to anticipate the disturbance that will beatzd. definite matrix for all t, which proves conditioR7).

The controller has two degrees of freedom (feedback Now, note that sinc&t) andR are positive definite
and feedforward). The feedback controller is asitad  matrices,B" R™B is also a definite positive matriB (s
PID. The main contribution is in the model basedsupposed here to be full column rank). Al§ois a
feedforward control part which has been designedgus positive semi-definite matrix, seQ is a negative semi-

the linear state equation of the model. definite matrix. From these two inequalities on¢adris
The major characteristics of the controller conmrir

the feedforward part: it is an adaptive anticipativ ~S(t)BRIE S(t)-Q<0 (30)

optimal controller. Anticipative, because the sysie led

up to better conditions to face the load changeljefore Then adding (29) (or (21)) to (30) direct calcuat

it effectively occurs. Adaptive, because the cdtdro ive
changes when the load commutes. Optimal, because t%
reach the intermediate point defined by the ardiim B T B
and to recover the nominal condition of operatifimite (a-BR*E's(0) 500+ S (A~ BRUE's(0) (31)
time optimal control is used in the feedforward.isTh -\S(A+ As(t) - SYBRIB'S(t) +Q)< 0
strategy has been illustrated with a simulated gam

which is nothing else but condition (28)

Appendix: Proof of the stability result of ; ds
subsection 1V.3 Ar (9S(0) + SO A () +- <0 (32)

This appendix proves the stability properties of th
closed loop simulated in the feedforward block dach
independent periodbéfore and after the commutation).

The control law (20) applied on system (15) gives References
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