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Abstract--Future shipboard power systems using Medium
Voltage Direct (MVDC) technology will be based on a widespread
use of power converters for interfacing generating systems and
loads with the main DC bus. Such a heavy exploitation makes the
voltage control challenging in the presence of tightly controlled
converters. By modeling the latter as Constant Power Loads
(CPLs), one possibility to ensure the bus voltage stability is
offered by the Linearizing via State Feedback technique (L SF),
whose aim is to regulate the generating DC-DC power converters
to compensate for the destabilizing effect of the CPLs. Although
this method has been shown to be effective when system
parameters are perfectly known, only a partial linearization can
be ensured in case of parameter mismatch, thus jeopardizing the
system stability. In order to improve the linearization, therefore
guaranteeing the voltage stability, an estimation method is
proposed in this paper. To thisaim, off-linetests are performed to
provide the input data for the estimation of model parameters.
Such estimated values are subsequently used for correctly tuning
the linearizing function of the DC-DC converters. Simulation
results for bus voltage transients show that in thisway converters
become sour ces of stabilizing power.

Index Terms -- Constant Power Load, DC-DC power
converters, Linearization via State Feedback, model reduction,
parameter estimation, Heuristic Optimization.

|. INTRODUCTION

interfacing the AC generation side with the AC RC) load
side: on one hand, this pervasive presence gieepdhsibility
to reach the IEEPS targets [3], on the other h@ndpens
relevant challenges with regards to DC voltageiltabT his
may be jeopardized by the well-known Constant Padveed
(CPL) destabilizing effect [8]-[9].

Such a voltage instability is given by the simuitans
presence of high-bandwidth controlled load-side veoters
(leading to CPL behavior), and RLC filtering stagaisned at
guaranteeing the power quality requirements [4].eOn
possibility to overcome the instability is the \agje actuator
approach, where power converters on the generatt®are
properly controlled to behave as sources of stahgi powers
[9]. A different possibility for solving the systeimstability
may be given by the load converter approach, wirereCPL
control bandwidth is conveniently reduced for preirg the
destabilizing effect [9]. Focusing on the voltagetuator
approach, several control strategies may be erplojLO],
among others Active Damping (AD) [11]-[12] and
Linearization via State Feedback (LSF) [13]-[14h the
specific area of LSF control, this paper proposesvercome
a typical limit of this technique, i.e. partial éiarization in the
presence of parameter mismatch.

The LSF technique is a powerful solution to guazarthe
voltage stability of risky DC shipboard power syste where

N_OWADAYS power converters are the key technology fof relevant CPL power is supplied through critical (R
innovative shipboard power system designs [1].h8 t fijiering stages (i.e. with negative damping faptan the

Integrated Power System (IPS) constituted the cstowee in
the past [2], important drivers (e.g. improved cohbf power
flows, enhanced system efficiency, fuel savingsuction of
power system volume, modularity in ship design) uishing
the research toward the new concept of Integratectite and
Electronic Power System (IEEPS) [3], where a wideag

generation side [14]. Keeping in mind that the abdity is
given by the presence of nonlinear loads (CPLs3, UBF
technique is aimed at cancelling the destabilizaffgct of
these loads by properly controlling the action efigrating DC
converters. In the presence of perfect knowledgeiabystem
parameters and nonlinear feedback signals, the ¢z8Fbe

presence of power converters is anticipated. k¢bintext, the properly tuned to compensate for the effect of CRLsuch a
Medium Voltage Direct Current (MVDC) distributioncase thanks to a nonlinear, linearizing functicerfectly
represents a promising technology for contributiog the cajiprated on the system, it is possible to esthbéin input-
aforementioned drivers, as proposed in [4]-[7]. diach a output linear relationship governing the power eyst
system, the lead role is given to power conver&nsed at gynamics. Subsequently, a control function may bedufor
performing the desired pole placement, as widedgulised in
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parameter settings. As a matter of fact, in thesgmee of a
parameter mismatch, the linearization is only pirind when
insufficient may lead to system instability [14]ltRough the
over-linearization [13] can be a strategy to solkstability

even in the presence of parameter mismatch, pessi e

saturation of the highly stressed power converfgf is a
disadvantage, thus motivating the investigation aih
alternative approach in this work.

In this regard, one possibility to safeguard adathe
inaccurate linearization is offered by the off-liparameter
estimation. Once a snapshot (voltage transient)@fystem is
obtained, deterministic and stochastic methods [héy be
exploited for calibrating the parameters of a redusystem
model in order to obtain a convergence among tferenece
voltage transient and the model output. In the gres of a
perfect convergence between the two transientsedtimated
parameters are an exact replica of the real onethid case,
the LSF technique may be consequently tuned toesstaly

linearize the DC power system. As a main theorktic

contribution, we introduce a novel parameter ediona
procedure, named Selective Search (SS). Its céjpebiare
validated by comparison with a more commonly usethod,
i.e. Particle Swarm Optimization (PSO).

In the following, the paper organization is exp&dn
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Figure 1. Multiconverter MVDC power system [14].

A. Power System Topology

The MVDC shipboard power system used in this paper
(Fig. 1) has been already discussed in [14]. Is $iystem, the

Section Il describes the MVDC power system topojoglus voltagevo is equal to 6000 V (this value is compliant with

together with the detailed configuration of a s:gDC
generating system, the multiconverter simplifiectwit model
and the related reduced model. The latter is capalil
summarizing the equivalent filter parameters (ihestiaversus
designed) of two power system configurations. Tfiece of
parameter mismatch is investigated in section Where a
large-signal voltage stability is used for showthg shrinking
of RAS (i.e. Region of Asymptotic Stability) in tipeesence of
partial linearizations. Section IV defines the lifie tests used

the IEEE recommendations [4]), while the total gatirg
power P; is 52.5 MW. The interface role between the AC
generators and the DC bus is played by the casahdmde
bridge rectifiers (D1-D4) and buck converters (B4)}BThis
solution (Fig. 2) is exploited for three importaaasons [9]: 1)
the buck converters’ capability to perfectly dedeuphe
generators from the DC bus control; 2) the use wékb
converters does not cause reactive power impadchemC
source; 3) the high switching frequencies (usuiallthe order
of kHz) of DC-DC power converters will guaranteetaine

for obtaining the reference signals and the esmm"’ltdynamics performance on the DC bus voltage control.

algorithms. The performance of the proposed esiimain
preserving the linearizing functionality is evaktin section
V, while section VI concludes the paper.

Il. MVDC SHIPBOARD POWERSYSTEM

Focusing on filtering arrangements, the four RL&yst (BF1-
BF4) are capable of ensuring the power quality ireguents
[4], but at the same time they are responsibletiiervoltage
destabilizing effect [8]-[9] in the presence of thime tightly
controlled power converters (11-13, B5-B7, 16-18)he latter

In this section, a multiconverter MVDC power systerfe modeled as nonlinear CPLs (l&P/V), although a recent

controlled by the LSF technique [14] is presenfEdis sets
the context for the estimation procedure of theapeters of
the reduced system model. The estimation procguhagosed
in this paper is therefore aimed at determining slgstem
parameters for correctly applying the LSF contrshtegy
envisaged in [14].

In subsection I-A, the topology is described togetwith
the DC generating system data, whereas in subgeetti®
particular attention is spent on the filtering sfmgSubsection
I-C proposes a convenient model reduction for shglyhe
bus voltage transients in the presence of LSF,enhié power
system configurations are treated in subsection T latter
is important for clarifying the off-line tests t@ performed for
obtaining the reduced model in the scenarios gibgna
sudden generator disconnection.

dissertation [17] has demonstrated that this ideadleling is
not the worst-case condition from a control stamaipo
Anyhow, the filters’ parameter estimation introddcia this
work is independent of CPL modeling, and is applieseven
when this ideal representation is replaced by aemealistic
one. An overview of the DC generating systertk=1,2,...4)
is provided in Fig. 2 and Table I, where the foliogv
parametersr(states for rated value) are defined:
Unk: AC machine rated line-to-line output voltage
Vank : rated voltage on rectifier filter capacitor
Vi : rated voltage on buck filter capacitor
* Pn: buck converter rated output power
» Dn buck converter rated duty cycle
* |: rated current in buck filter inductor
e f«: buck converter switching frequency



Figure 2. DC generating system (AC synchronous imach filtered diode bridge rectifier + filtered duconverter).

TABLE |. DC generating systems parameters [14]. TABLE II. Designed filters parameters [14].
BF1/BF3 | BF2/BF4 BF1/BF3 | BF2/BF4
Unk[V] 660( 660( Rik [mQ] 126.63 189.95
Vank [V] 891( 891(C Ltk [mH] 1.75 2.€2
Vik [V] 6000 6000 Cik [UF] 346.35 230.90
Prk [MW] 15.7¢ 10.5C
Dnk 0.67 0.67 TABLE IIl. Ratio among filter parameters: installed. designed.
Ink [A] 249¢ 1662 BF1 BF2 BF3 BF4
fx [Hz] 1500 1500 R’ /R 0.83 1.18 0.88 0.79
L /L 1.02 0.9¢ 0.9¢€ 0.87
The DC generating systekis shown in Fig. 2, where Cik’/Ci 0.71 0.75 0.79 0.81

filtered diode bridge rectifier is cascaded withefied buck
converter 6 represents the static switch). In such a figure, t(4Ve=3) and current ripple4{,=30) in compliance with the
two DC poles (connected to the bus) are depictethemight, requirements in [4]. Particular attention is spentthe sizing
whereas AC excitation system and circuit breakees rot of capacitors: as a matter of fact, system stghditevidently
shown for the sake of simplicity. Focusing on Tablét is enhanced by the presence of large capacitors {]-fut on
remarkable to notice the low values of rated duggles the other hand practical issues suggest to limiéseh
chosen during the design process @&= 0.67). Such values components in shipboard applications. Among othtées risk
allow sufficient duty cycle margins (i.e. 1-0.670=33) for of fire/explosion (i.e. catastrophic failure in ghoard power
ay0|d|ng buck converters’ saturation [15] during ﬁangents system [18]) which is strongly dependent on capesitsize
given by ordinary (e.g. load connections) or exW&®ry ,ng the peak value of DC short-circuit current, akhis
perturbations (e.g. faults, generating system @iSections). irectly proportional to the capacitance value [Mdpreover,
large capacitors in Medium Voltage DC applicatioase
B. MVDC Smplified Circuit Model expensive (due to high insulation cost) and butkys limiting
As envisaged in [14], the nine shipboard loads.(Ejgnay the expected compactness advantages of MVDC afiplisa
be aggregated in an equivalent CPL (Rg;), whereas the with respect to MVAC shipboard power systems [7r &ll
cables (CA1-CA9) may be neglected due to the slistinces these reasons, the presented paper is based amdfee of
onboard. In this way, the simplified circuit of Fi§)is used for limited filter capacitances, whose parameters h&eesn
properly describing the DC voltage dynamics, wherés the already justified in the published paper [14].
DC-DC buck converter voltage output as shown in BigAs Looking at Table Ill, it is possible to prefigure a
n [14], the four RLC filtering stages are designsith the discrepancy between the designed filters paraméRasd s,
values in Table Il, to take into account buck caterlosses Ciw) and the values characterizing the actually ifestal
(4P«=5) and to guarantee proper peak-to-peak voltgperi componentsRx', L«’, C«") shown in Fig. 3. Focusing on the
components mainly responsible for the CPL voltaggaibility
(i.e. L« andCx’), only a slight difference is conceivable for the
L& g L g

L L, inductances, which is practically given by the imgic
Ic I,=—2 tolerance. On the other hand, a large discrepasogn(up to
h L L L4 v 29% forCi") is presumable for the capacitances. Indeed, such
Ri Rb Rb Ri —cCy, |V @ components are subject to electrolytic aging, templin a
capacitance drop [20]. This aspect is of paramguportance
E1+<> E; Ej() E4+<> ¥Vhen' DC_ vgltagg instability is ;olved by applyingSE
echnique: since installed capacitors are smallem tthe
designed ones, an insufficient linearizing effeasdd on the
designed values can be foreseen (see sectiorr diefails).

Figure 3. Simplified circuit model of the multicoenter MVDC system [14].



C. Model Reduction: 2™ order LSF controlled model 1 P - R P
. . AN=- 2 |w+| —2 |32 (6)

The voltage stability of the DC power system in the Coq V2 LyCoq ) V

presence of a large CPL may be ensured by thecapiph of P ) c P
the LSF technique [14]. By conveniently regulatihg four L :(1632]@/_( CReqc Jgﬂ O-A (7

buck converters’ voltage outputs by means of liiziray LeCeq  \ Ceq V LeiCeq ) V

functions Fy, such a control strategy has the aim of

compensating for the nonlinear CPL effect, thugguizeing a Evidently, the complete compensation is achievaisity

. ) when the nonlinear feedbadk is perfectly tuned to the
resultant linear system. To better understand thieraof the function A. That means on one hand the perfect

F« functions, a convenient model reduction can becewed. correspondence among control parametBss, (Le® and Ce)
Particularly, by applying Thévenin's theorem at ta@acitor's 5.4 the parameters of the installed filteRs;'( Lo’ and Ceg'),
terminals and considering the open-circuit hypdthéSig. 3), and on the other one precise knowledge aboutrtievarying

a reduced model may be obtained as in Fig. 4, wheion fynctions Pe, V, dV/dt). Assuming that the latter are known
F is the equivalent linearizing function to be sabted from and available for the definition & eq. (5) can be rewritten as
the Thévenin equivalent voltage sourég. The equivalent (8) to highlight how a parameter mismatch leadsthe
filter parametersRe’, LeandCeq’) are found by computing the presence of nonlinear terms, even when LSF coistiagbplied.
parallel equivalent and making the unique pole mpsion X

(Ri'/Li = Req'/Leq’=1/T¢"). Since the typical distance between VJ{&JWJ{ 1 JW +[i_ 1 Jpﬁ\'H
these real poles is negligible compared to theadcs to the i . C. 2

LeqCeg

€q €q

complex poles, this hypothesis is verified in pi@efl14]. . . (8)
- Ra _ Ry | FPa_ En
Req Leq 1 + * C* LC CC B\/_ -k *
. P Leq eq ] eq Leqceq
I [=—
+ i ¢ bV Relationship (8) forms the basis for the Lyapunbeacty
Ey-F <> Cq A% developed in section Il to demonstrate how the iRegf
Asymptotic Stability (RAS) tends to shrink in theepence of a
divergence between control and installed filterapaeters.

Figure 4. Second-order reduced model. D. Power system configurations

The last equation (8) describes the voltage dyrnauwmica
MVDC shipboard power system where the linearizimgction
F only partially compensates for the nonlinear tersiace

2 and second state equation of (1). By rearrandirst perfect correspondence with installed parametersnas
@) quat (1). By ang achievable in practice. Such an equation depends on

equation of (1), equation (4) is defined. Finaélysecond-order eqyivalent filter parameters, which are time-vagyias the
nonlinear differential equation in the state valea¥ (DC bus jrcuit breakers (CBs) connecting the 4 buck corerand

The reduced-order model is described by two stgt&teons
(1). By deriving the first state equation of (1yuation (2) can
be found, and then equation (3) is determined bybioing

voltage) may be constructed (5) by combining (3) &9): filters (BFs) to the bus may change status. Altfioube
possible configurations are 11 (6 with 2 BFs, /Wv@tBFs and
V= 1 (I _Peq\J one with 4 BFs), this paper studies only the eftéqgarameter
;q \VJ ) mismatch in the presence of a sudden disconnefti¢hof
generating system 3. For the temporally consecbemarios
| = *i(Em —F-Vv- Reql) (1 and 2), equivalent filter data are given in EalM.
L
* TABLE IV. Equivalent filter parameters: installeérgus designed.
V= 1 I.+P—eg\./ @) SCENARIOL | SCENARIO2
w Vv CBs CBi23ON CB12ON
5 CB4 OFF CBs4 OFF
v R 1 Ry Req' [MQ] 4357 71.55
VEr (En-F-v-Ryl)+ o v2 ) Req [MCY] 47.49 75.98
e o “ Leq [MH] 0.64 1.03
s+ Py Leq [MH] 0.65 1.05
' =CqVr, (4) Ceg [UF] 692.71 419.09
R Ceq [1F] 923.61 577.26
[ Rg | 1 1 5
V+( ; jw+ (j V+A=—(E, -F) (5 i [ms] 14.68 14.46
Leg «Ceq LeqCey Tt [ms] 13.79 13.79
Req'/Reg 0.92 0.94
where theA term (6) groups all the nonlinear terms, wifilas Leq /Leg 0.98 0.99
defined in (7) is the nonlinear function which pes the Ceq /Ceq 0.75 0.73
feedback compensation to linearize the state-spack! (5). LA 1.06 1.05




The result of the parameter mismatch is the part
compensation of tha term, therefore the power system, albe
controlled by LSF, remains nonlinear. This everityahas
been already investigated in [14], where a smghtali analysis
demonstrates the criticality of the capacitive comgnt.
Particularly, in Scenario 2, a tiny difference (-[bb&tween the
installed capacitance and the designed one usezhltulating
the F function resulted in an insufficient linearizatigh4],
leading to system instability (i.e. negative dangpfiactor).

EFFECT OFPARAMETERSMISMATCH

A. Large-signal voltage stability

Since a shipboard power system is an islandedvgnietre
perturbations may have notable consequences, tlznpter
mismatch effect on LSF capability must be evaluatetdonly
by means of the small-signal analysis as in ouviptes work
[14], but also by taking into account the effect lafge
perturbations. In this regard, the Lyapunov the[@y] is a
valuable method for studying the large-signal $itsbof a
nonlinear system. Given the parameters of Scen&rio
P%=18.5 MW, we study perturbations capable of mowimg
two states bus voltage antitotal load current) far from the
equilibrium point ¥o= 6 kV, lo= Pe/Vo= 3.1 kA). The study

presented hereafter provides the Regions of Asygpto

Stability (RASSs), sufficient but not necessary are@atheV-I
plane where the large-signal stability is guarahte&he
determination of the RAS is based on the methodolo
discussed in [22]. Particularly, to define the Lyapv
function and its first derivative, equation (8) risarranged
using notation (9)-(10), where capacitances andstexes
defined by (11) are variable within the range sfettiby (12):

. . hm:&l_ Py
V+h(v)W+gv)=0 (9) Ly Cv2 (10)
Peq
9V) = |V +Re 11 - Ey

eq —eq
1 1t 1 11
Ce c., CS (11) °<a<§ (12)

. LeqCa :

Re =R —R& | — ?J 0<Re <Ry

Then, expression (13) is proposed to define thepugav
function (14) and its first derivativét¥(V,1)/dt (15):

1 v z oy
W==—9V+ |h(Hds} + g)dd
2{ \7[() } [o)

0 (13)
. v
W =-g(v) [ n(2)a?
Vo
=} « P P 2
1)1
W(\/,|)=2{d—f"1/+|ffq(v—vo)+ceqv—cef/} + 14
« e <« F FVo (14)
1 {VZ_V02+R A v)}
el F Feg Oe| |~ Fth\V T Vo
Lequq 2 VO
W )= —t|var g d-Ragy oy ), Fa | (15)
Leqceq \Y Leq CeV  CrY,
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Figure 5. RAS (p.u.) Whelzn varying the raeCey' /Ce
As explained in [22], once the two limitén (16) andl; (17)
are specified, the plardeand therefore the RAS can finally be
expressed by (18) and (19).

WV)<0

Q(I):prmm'l)
16 . 17
v Pa - (16) @), _RCe, 17)
v, E{ CFJ dl e,
0 * eq
Leg
k=W, 1) 18) Rras={(v,n):wv, 1)<k} (19)

Unlike the sensitivity analysis investigated in Jivhich is
based on the small-sighal hypothesis, the proposatinear
theory can be used for performing a large-signallyais, in
frder to determine the RAS, as depicted in FigoByarious
value of the ratick = Ce'/Cf. This shows the shrinking of
the stability region in the presence of a mismateltween
installed capacitanc€« and control capacitand8e’ (note
that other control parameters are assumed eqtiz¢ tastalled
ones). By expressing the rafiq' /Ce with the termkK, it is
possible to conclude the criticality of the capaeitterm.
Indeed, a small discrepancK<0.95) is able to strongly
reduce the RAS, thus jeopardizing the bus voltagbilgy.
Even worse results are obtainedd§’ is put equal to the
designed value: K parameter of 0.73 (Table IV) results in an
unstable behavior (i.e. empty RAS begn >Vo). Such an
issue highlights the need of an estimation (asemtes in
section V) for evaluating the control parametenswhich to
synthesize the functiof.

IV. PARAMETER ESTIMATION

The parameter estimation is based on the comparison
between a measured voltage transient (A) resuftiog the
full model, and the output (B) of a reduced modEhe
reduced model parameters are fit so as to minithizeRoot
Mean Square Error (RMSE) between system responsasdA
B. For providing a complete estimation, 11 off-litests are
necessary in order to define the filter parametershe 11
different configurations. For the sake of simplicibnly two
tests are proposed in this paper for realizing gheameter
estimation in the scenarios previously presentesbri&rio 1
and 2). The method can clearly be applied to a tetep
estimation capable of correctly tuning the lineiagzfunction
in each power system configuration. For startiregehktimation
procedure, firstly it is necessary to define thetgeto be
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performed to obtain the measured transients (stibeebv- The outcomes of the described procedure are exqutéss
A). Then, the reduced model for estimation willdegailed in Figs. 6-7, which show the signals of the two tefitssuch
subsection IV-B, whereas the methods for parametRjures, it is important to notice that start-ugrsils (cyan/grey
estimation will be discussed from IV-C to IV-F. sampled transients) are given by a multiconvertetaitéd
A. Off-line tests switching model, originating from the one succelbgiused in

The paper is aimed at properly tuning the funclofor [9] and validated by RTDS detailed model of [14]thdugh

two hypothetical scenarios, taken as examples €Tds): the sta}rt-up tranS||elr\1/T\s/Dacr:e :ds ed ant resultlrtlgnflg tesit
initial Scenario 1 (CBs ON, CB, OFF), and final Scenario 2 campaign on a rea shipboard power systemsiiiea

(CBi ON, CBu OFF), which follows a hypothetical nat_ure _does not invalidate the proposed p_ro_cedlar_re f
generating system disconnection as conceived in]. [18Stimating system parameters, whose potentialith be
Therefore, two off-line tests are to be planneddstimating deémonstrated in section V.

the reduced model parameters in the Mo aforemedio g Reduced Mode for Estimation

scenarios. In these tests, any influence given 8k tontrol
must be avoided by deactivating the linearizingcfiom F,
thus the measured voltage transients (A) can bgered only
by connection of linear loads (i.e. low-bandwidtbntrolled
converters) in order to prevent any destabilizirifpat. In
other words, only a linear load stBp is acceptable, since the R 5 I
system is devoid of any kind of stabilizing actions S
Particularly, assuming a power system working inloax

condition (<1 s in Figs. 6 and 7) where buck converter outpL
Ex are regulated by constant duty cyd®s a voltage transient E

can be forced by imposing a linear load connecéibtrl s. th <>
Once the linear load is connected, the referenckag®
transient for the estimation procedure can be niedshy a
digital oscilloscope, whose sampling frequency #holbe
sufficiently high in order to conveniently registére voltage
dynamics (e.g. 100 kHz is selected in the prop@sesnples, When studying such a circuit, the voltage dynanaies easily
anticipating a certain voltage behavior in termsnatural determined by equation (20). This equation canelaeranged
angular frequency and damping factor). Since th#tage as differential equation (21), to be employed ia éstimation,
measurements are naturally characterized by a isypesed by substituting the ratibeq?Req® with the time constari;®.
noisy signal (e.g. standard deviation of about B)02a

nonlinear bilateral filter (2_1_samples_ Window;i%, or=1) is to v+ &3){ 1 v+ 1, R& = E, (20)
be employed for obtaining a filtered signal [23%#]2 Ly C&Rr L5Ce  LeCaRr LZqC:q
consequently used as reference for the estimalgmmigams.

By starting from the model of Fig. 4 and considgrthe
operating conditions as specified during tests(Q| linear
power Pr), the reduced model for the estimation procedure
(usinge as a superscript) is given by Fig. 8, whBfe P1/Vo?.

Figure 8. Reduced model for estimation.

1.2
1.15
11
1.05-
1
0.95

\.}+(16+ el Jw-'-( ele + € ](;. \Jw: eEthe (21)
TP C&Rr L5CS  TCeRr L%:Coy
C. Methods for Parameter Estimation

mﬂ"\ﬂf/\)\/ﬂ The proposed method seeks to produce a low dimegilsio
system, whose model parameter$: f, LS Co) are
conveniently tuned to obtain a very close corredpooe

vip.u]

0.9
0.85

08 __measured . among the resulting voltage transient (21) andfittexed bus
075 voltage transient based on (simulated) measuremasrgiown
%95 1 7005 701 7015 102 in Figs. 6-7. In the presence of a good convergeameng

time [s] . .
Figure 6. Bus voltage transient (Test 1, Scenarier210 MW in t=1 s). simulated (21) and measured_ tranS|ents_ (Sm?'" RM&te)
model parameters computed in the last iterationadne to

12 ‘ approximate the unknown parametef "( Ly, Ce'), thus

11s (R=6 MW] A making possible the determination of a suitablediizing

” W | function F. Therefore, the estimation procedure is delineated
| as a nonlinear multi-objective optimization prob|ere input

OQSJ\N\/\NW \'\A/\/VMANWW voltage transients being nonlinear. However, the

[
09 \// ! computational complexity in solving this nonlingapblem by

1.05

vp.u]

o:: ’m‘ means of I!near or dyngmlg programing techniquesivaies

— filtered us to exploit other possibilities for obtaining th&rameters. In
, this context, heuristic approaches appear as a glechative,
b0 1 1005 e 1,013 92 thus two methods, one deterministic and one stoichawe
Figure 7. Bus voltage transient (Test 2, Scenarr26 MW in t=1s).  proposed:

0.75




< a simplified version of the exhaustive search m#thc 12
dubbed Selective Search (SS), able to confine t '™
search-.space to an accgptgblg range (sub§ectlﬁr); V-

e a Particle Swarm Optimization (PSO) in order t= 4

validate the proposed SS method (subsection IV-E). < o.ss
0.9

D. Selective Search procedure (SS) 0.85 R0 v signal
. 0.8 — o= al
The general idea of the SS procedure follows th °. P20 50 swarm, 1ier | |
exhaustive search procedure, but instead of trglhgossible ., PEO o0 puam. B er.
. . . %.995 1 1.005 1.01 1.015 1.02
solutions, the search is only concentrated arobacdptimum time [s]
value (true parameters) in equidistantly spacezhimals (22): Figure 9. Estimation procedure (Scenario 1).

Teolom aar] wofor,as,| cgolorc,axc,] @2 2

1.1

As a matter of fact, the true equivalent paramef&rs Lo,

* . .. . 1.05
Co ) are expected to be in the vicinity (+30%) of tesigned _ /\\/ ;
values Tr, Ley, Ceg), therefore the assumption (22) is verifie«% OAQ; / s Ak

and able to properly confine the parameters’ domEus, an 09 \o ] \V4

equal number of candidate solutionse N, are generated in o085 \k 5/ o oy el
every interval. A smoothed interpolation througts tbloud of 08 / S oG NI
points can subsequently be created to see thdorahip  °7° |==PS0 50 swarm, 9 er.
between these residuals and the real power sysitan @he bloss 1 1008 et O 1.015 1.02
corresponding error will reflect the linear and #imear Figure 10. Estimation procedure (Scenario 2).
components. Therefore, the computational complexgy

reduced fromO(n®) in the case of exhaustive search procedu B0 Blro™ Irso™ [ rso ™ [ rag®™ —+— 55
to O(a®). The search space is explored in Matlab® until 10¢ *”*[~ ' ! ! ‘ ‘ ! ‘ !
points, thus,(Ti®Le®,Cee®) : RP— R, V a € N with a={2...10}. .

E. Particle Svarm Optimization (PSO) 2 oo

Introduced by Russell Eberhart and James Kennedy
1995, Particle Swarm Optimization (PSO) [16] is aiethe
most popular heuristic stochastic algorithms aldlefihd a PSO [#iteration] and 55 [a]
solution to complex non-linear optimization probkenby Figure 11. RMSE values for Scenario 1 using SSR8@.
imitating the behavior of bird flocks. In the castadied in
this paper, the speed of the swarm is set equEdtpwhereas
the cognitive parameter ¢3=1 and the social parameter is pu : : : _ .

0.0160

0.0180

5o I eso [l Pso® [ psot [ Jpso®) —@—55

computation time versus accuracy, the choice ofstharm ¢ ., »
size (number of particles) and the optimal numbeteoations = :
is carefully investigated in the next subsections. DotEs “
The performance of this method has been mentiamsevieral 00160 [
studies, e.g. [25]. Besides that, based on ouriguework Y ks
[26], in which we performed a comparison betweemiMax Figure 12. RMSE values for Scenario 2 using SSR8@.

algorithm, genetic algorithms, PSO, and quantumtigiar
swarm optimization to optimally allocate the energgources of iterations grows. In particular, for both sceoarthe best

in buildings, the choice of PSO seemed naturalitedu correspondence (smallest RMSE) is guaranteed by 10
o iterations of SS, whereas the best PSO method BRithwarm
F. Estimation Results particles) performs less accurately. The best spoedence

The two proposed methods (SS and PSO) are employedwith the reference signals is obtained after 1(ftens for SS
estimating the system parameters in the two saenasf and after 8 (Scenario 1) or 9 (Scenario 2) iteretifor the
interest, i.e. Scenario 1 and Scenario 2. To askesaccuracy PSO, after which the RMSE remains almost constanthis
of SS and PSO, two metrics are used: the RMSE lettlee regard, the evolution of the RMSE values for Scenaris
filtered signal and the voltage model output, arike tdepicted in Fig. 11. Particularly, although theafinesults for
computational time requirements T. For each scendhe Scenario 1 (Fig. 9) are shown for 50 swarm pasidiee PSO
metrics will be compared to establish the best owth parameter estimation has been investigated usingusa

Figures 9-10 illustrate the ability of the proposefiumbers of particles (10, 20, 30, 40) as observiabfeg. 11.
estimation methods to capture the voltage trarsievtiere the Similar considerations may be made also for ScertariFor
convergence between the input filtered signals royarves) the two scenarios, the estimation results are tegan Table
and the reduced model transients is increasingea number V, where the data reported on rows labeleg, 8@ related to
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TABLE V. Estimation results, Scenario 1 and Scemari terms. Indeed, by calculating the equivalent egtoha
Tr | b | Ca | Ra | quse | poo | T | capacitance in the two scenarios, the resultiigterm
m— [gj]g [N(;?]S [&Z]Gl [m4!72]4c o 4[S] (Ceq'/C°) is practically equal to 1, revealing how the
2[ss 065 | o6 | 120069 | a740 [ 00172 | 013] 11 fr?emtiljrs]a\jg?ag; Is_tsal;lie;nd SS estimation procedure er@ure
g SSo 14.24 0.63 708.10 44.42 | 0.0160 0.90| 1417 Y.
(';; PSQ 12.56 0.56 815.54 4475 | 0.0161 0.93 115
PSQ | 14.73| o064 | 70312 | 4360 | 0.0160 | 0.99] 541 V. PERFORMANCEOF THE PARAMETER ESTIMATION
bESIGN | 13.79 | 105 | 577.26 | 7508 | 0.0183 | 0.03] 3 The procedure described so far is based on theffdne
o] SS 1792 | 136 | 40408 | 7508 | 00176 | 0.05] 11| tests detailed in subsection IV-A. Such tests glevhe input
g SSo | 1517 | 108 | 40408 | 7137 | 0.0162 | 090| 1402 transients for the SS method, aimed at estimatiegcontrol
81 PsSQ | 1479 | o076 | 54993 | 5115 | 0.0165 | 095 119| Parameters reported in Table VII. To verify theiaeility of
PSQ | 15.26 | 076 | 556.73 | 49.64 | O.0164 | 099 579| the proposed methodology, and thus the actual dépatf
calibrating a proper linearizing function, some @liations are
TABLE VI. Estimated filters parameters, usingiS performed in subsections V-B and V-C for assestfegbus
SCENARIO 1 SCENARIO 2 voltage stability. Since the power system topolsgpwn in
BF1 BF2 BF3 BF1 BF2 Fig. 1 is identical to what was studied in [14]salthe
R®[mQ] | 118.46 | 177.69 118.46  118.96 178.44 centralized strategy for controlling the bus voltags
La® [mH] 1.6¢ 2.52 1.6¢ 1.8C 2.71 described in subsection V-A is equal to that desctiin [14].
Caé [uF] 265.54 | 177.02 265.54 242.4% 161.63

A. Bus Voltage Control

TABLE VIl Installed filter parameters versus caitparameters. As envisaged in [14], the bus voltage is reguldigdhe
BF1 BF2 BF3 combined action of DC-DC converters, whose outmltages
R’ [mQ] | 105.10 | 224.14 111.44 are forced by duty cycle commands. The latter arengoy the
Re¢[mQ] | 118.77 | 17€.0€ | 118.4¢ algebraic sum of signals originating from differeontrollers:
Li" [mH] 1.80 2.44 1.68 a decoupled outer (slow) integral controller to cteahe

L€ [mH] 1.7t 26z | 1.6¢ operating pointVo, and internal (fast) LSF controllers to
Co [uF] | 24591 | 17318 273.62 compensate for the CPL and to guarantee the desiieate
Cne[UF] | 254.00)| 169.33 265.54 dynamics. Considering the double functionality rieegl for an

o . internal controller (nonlinear stability and linedynamics),
the best estimation, with the smallest RMSE (algiolargest 5150 double is the output: a linearizing functioobtained by

execution time). Due to the small RMSE values oteiwith  gpjitting the functionF among the on-line converters, and a
both methods, to be able to choose the most seitatet, we control function f. to achieve the pole-placement for the
used the Pearson correlation coefficient (PCC)ridewstand resulting (presumably) linear system [14].

better the relation between the real and the prediigalues.
PCC takes values between -1 and 1. Very small P&iGes,
close to zero (like in the Design phase), show tinatte is not By implementing the voltage control strategy in ithanner
any relation between the estimated and the reaksawhile €xPlained in [14], some simulations may be carged in a
PCC values close to 1 reflect a perfect correlat@werall, the Matlab-Simulink environment to validate the paraenet
proposed Selective Search method shows better mcu'esnmatlon. A_‘S a matter of fact, .the Averag.e VaMedel
levels in terms of RMSE in comparison with PSO foe (AVM) constitutes a valuable choice for testing tantrol,

N being already verified with real-time detailed mbde
estimation procedure solved here, and somewhatlesnRCC . 7 .
values. This is given by the fact that at everyaien PSO implementation in RTDS [14]. To evaluate the beselfif the

. . . estimation procedure, the multiconverter power esystis
checks.more sqlutlons than SS Th's small benéﬂ?@ s configured by installed parameter¥x{), while the control
down sided by its lower stability in convergencédgor in

' > parameters for setting the linearizing functiprare selected
comparison with SS.. _ differently. Particularly, they are put equalXq” (Table VII),
Since the estimation is capable of only offering thyy to the designed parametegs (Table I1) or to the estimated
equivalent parameters, the actual filter paramedeesto be onesxgc (Table VII): this choice allows us to value théeef
approximated. Particularly, by hypothesizing thbe tratio of parameter estimation on the bus voltage dynamise the
among single estimated parameteX®)( and equivalent function f. is conceived for ensuring two different control
estimated parameteKd°) is equal to the ratio between singlespecifications { damping factor anao natural frequency of
designed parametetX) and equivalent designed parametdhe presumably linear system given by the LSF ajtify; is
(Xeq), the values of Table VI may be easily calculatéidally, determined for ensuring the behavior seen in [¥H0(3,
the values in Table VII are set for each DC-DC eoter ®o=1500 rad/s), whild.; offers somewhat worse performance
controller by taking the average between the estichaalues characterized by=0.16 anctwo=1200 rad/s.
in the two scenarios. It is worthy of note how therformed ¢ Regiits
procedure offers an accurate estimation of thealilest
parameters, with special regard to the most ctitepacitive

B. Smulations

For studying the bus voltage dynamics in a crittzde, the
LSF controlled power system is perturbed by the lokthe
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increase in settling time (about 0.2 s). The lafteralso
confirmed in the root-locus shown in Fig. 15, obéal by
linearizing equation (8) in the equilibrium pointo( lg) and
adding a proportional-derivative (PD) control fuoatf., for
the pole-placement. Particularly, a partial lingation based
on Xy parameters is incapable of moving the poles frben t
initially unstable position (black) to a stable pios in the left
half-plane. From the resulting unstable poles (grthe effect
of the control functiorfz moves the poles left, close to the
imaginary axis, however it is insufficient (greevlgs,£=0.015
and wo=1450 rad/s) in providing the expected control
specifications. Conversely, for a linearizationdzhenXs&, the
location of the yellow poles already denotes sysstability.
Thus, the functiorfe; can effectively place the final complex
poles (red) in a position very close to the expdaees (blue,
¢=0.16 andwo=1200 rad/s).

VI. CONCLUSIONS

The Linearization via State Feedback (LSF) is recay
as a valuable strategy for solving the CPL insiigbiin
multiconverter MVDC  shipboard power  systems.
Nevertheless, this technique is able to linearee rionlinear
loads only when accurate knowledge of the filtarapzeters is
available. Conversely, in the presence of a pammmeismatch
between the installed parameters and those usedthfor
controllers setting, only a partial, or even inguént,
linearization is achievable. To solve this issie paper has
proposed an estimation procedure for determinirg fitter
parameters. Particularly, such a procedure is baseaff-line
tests for providing the reference voltage transiefte latter
has constituted the input data for two estimatioethods
(Selective Search and Particle Swarm Optimizatioto),
establish the control parameters necessary fonguthie LSF
controllers, thus guaranteeing a resulting linegstesn on
which to apply the desired pole-placement. Thecéffeness
of the estimation procedure has been evaluatedyhgndic
simulations, which highlight how a LSF control tdnpurely
on designed parameters is incapable of compleitehalizing

DC-DC buck converter B3 at=7 s. This eventuality is € system. Although the system stability may bsuesd by

simulated by the instantaneous opening o£.GB particular,
Fig. 13 shows the bus voltage transients, wheratinig

the control function, the root-locus has shown a&acl
worsening in control performance in the case pteskenin

function f and controlfy are activated, whereas the contrdy€neral, since the initial positions of the unstapbles are
function is changed tde for the results in Fig. 14. By unknown, and neither are the consequent positiftes tne

observing Fig. 13, the correspondence among thes dotd red
transients (installed parameters versus estimaeghyeters) is
remarkable. This suggests the potentiality of tlkeefgymed
estimation, whose parameters are able to correntiylate the
behavior of a perfectly linearized system (bluevelr This
means that a linearizing function basedXa parameters is
capable of making the system linear. Different ¢asions can
be drawn for the transient given by the designetrpaters
(green curve), whose dissimilarity with the blueveusignifies
that only a partial linearization can be achievdtemiXx are
used. If the partial linearization of Fig. 13 istre critical
issue, but rather a performance worsening comptoette
control specifications, by contrast the green ftiertsof Fig.
14 reveals a perilous scenario, characterized by
underdamped behaviov=1.36, vrir=0.64) and a tenfold

application of the linearizing function, the cortfonction
could be insufficient for stabilizing a system whasontrol is
based on designed parameters. For such a reasen,
parameter estimation is paramount, and actuallylimited to
the power system stability problem. Indeed, sirtee $hort-
circuit current in the DC circuit is strongly deplemt on the
capacitor components, the estimation can be veejulifor
correctly setting the DC circuit-breaking devicesazll.

th
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