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Abstract—We consider the synchronization of power supplies room to designthe dynamics of each power unit because in
in an isolated grid with multiple small-to-medium power souces. MGEPS and PCUPS the voltage power supplies are imple-
We show how to achieve a coordinated or synchronized behavio mented as highly efficient power electronic devices (tylpica

by imposing suitable dynamical behaviors to the controlled . t that interf th . With t
converters that interface each power source with the local pwer 'MVer ers) that interface the primary energy sources

bus, without any explicit exchange of information among the POwer bus, as depicted in Figure 1. Since these power elec-
power supply units. This approach avoids the need for an tronic devices are capable of high switching frequencigs, e
independent communication network and therefore improves hibit very fast responses, and can be endowed with signtfican

the overall system reliability. The method proposed to acteve computational power, sophisticated strategies can betedop
synchronization does not rely on the common approach of A
for voltage synchronization.

mimicking the dynamical behavior of interconnected synchonous
generators.

|. INTRODUCTION

The problem of interconnecting multiple power supplies in
parallel to provide energy to a commom load arises, e.g., in
the analysis of power plant generators interconnected by a
common electrical network in Wide Area Electrical Power -
Systems — WAEPS [1]; in local area power systems intercon-
nections based on distributed generation, known as Miaid-G
based Electrical Power Systems — MGEPS [2]; and in Parallel" =~~~
Connected Uninterruptible Power Supplies — PCUPS [3].

A key consideration in building an isolated power system
fed by multiple power supplies is the need to allow for power,
units to be added as the power grows and to replace and/or-—---
repair existing units without compromising the whole syste i
To accomp"Sh this in a reliable fashion, the power unitsusdho Figure 1. \oltage power sources represented as controbedinear oscil-
use control strategies for voltage synchronization th& reators A;, k = 1,2,3,4, that should attain synchronization as a byproduct
solely on variables that can be measured locally, thus awid of delivering power to the same load through a reactive etettnetwork,

. . . without any explicit communication among the units.
the need for a dedicated communication channel between y &p 9

units. Such a communication channel could beconsingle  pegpite the potential flexibility of power electronic inter
point-of-failurefor the power system and severely compromisgs, their parallel operation without a dedicated commativa
the overall system reliability. _ channel is still heavily influenced by the solutions adopted

Classmal_ methods for the analysis of WAEPS show tha} ihe WAEPS domain. One such popular strategy is the so-
for appropriate system parameters, a newly added power plggeq voltage and Frequency Droop Method [5], in which
generator naturally synchronizes with a previously syaehrgach inverter unit varies its frequency according to thévect
nized ensemble of power generators, as long as its init@@h hower provided to the load, while the voltage amplitude is
is close to that of the ensemble. The reader is referred to &Jried depending on the reactive power delivered to the.load
for references to classical work in this area, as well as a N§¥is method can be traced back to [6] and to the more recent
treatment of this problem that relates power synchroronati papers [7-9]. As the method relies on average delivered powe
with non-uniform Kuramoto oscillators, obviating some iHm (active and reactive) and exploits the natural time-scepaea-
tations of previous analysis methods. _ tion of the problem, the correponding overall synchronarat

In this paper, we are especially interested in MGEPS aggdnamics tends to be very slow when compared to the period
PCUPS that differ from WEAPS in that there is significants e voltage signals in steady state.
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response. Our preliminary results demonstrate the proafiseThis means that the transfer matriX(s) has the following
this approach. structure:

The results presented here are inspired by results in [10- 9a(s)  gna(s) ... gna(s)
12], where the concepts plssivityandincremental passivity gna(s)  ga(s) ... gna(s)
are used to develop synchronization strategies. The use of G(s) = ) ) ) )
passivity to study the synchronization of voltage power-sup : : : :
plies through the excitation of a common electrical netwisrk gnd(s) gna(s) ... ga(s)

especially attractive because: (9a(s) — gna(s)) In + gna(s)1TT,
1) Linear electrical networks made of passive component

) It w%eregd(s) and g,q(s) are rational transfer functions. This
are naturally passive systems — also knowrpasitive . -
. . structure corresponds to a start-shape like the one in &igur
real systems [13] — and there is a vast literature on t ) . .
with equal connecting admittances(s) = g2(s) = ... =

analysis of such systems [14]. - and a transfer matrix given b
2) Passivity properties are relatively robust with resgect g () = gv(s) X gV y

variations in system parameters variations, leading to [gb(s)]2 -
structurally robust analysis and design methods. G(s) = gv(s)In — Ngo(s) + g.(s) 1 1)

3) Passivity is naturally associated with input-output-sys
tem representations, which facilitates the analysis
large systems through its decomposition into small
subsystems.

An important novel feature of our work is that we go beyond
the results in [10-12] by considering interconnectioncitites
that have two peculiar characteristics usually not founthi
literature on synchronization:

eregy,(s) is the rational transfer function corresponding to
dhe load admittance.

Power Supply
1

1) The interconnection structure is such that the different Power Supply Power Supply
subsystems do not become decoupled as they become 2 | 3
synchronized. L ‘ L

2) The interconnection structure is a dynamical syspem !
se and cannot be described by static algebraic relations | |
associated with an underlying graph structure. Eftmffl e Power Supply

The remainder of this paper is organized as follows: Sec- G(s) gN N E

tion 1l summarizes the key elements of the system under
consideration, namely the refence models for primar erg . . . . )

ith . y di d th |p . |y Q; lg|gure 2. An overview of the specific problem investigatedhiis paper. The
sources with associate mverters, an _t e electrical OT&tW peqyork that interconnects the power supplies is consilevebe symmetric
that connects them. Section Il describes our approach dw typically contains one or several loads (admitampcén the figure) and

analyse the interconnected systems and states the main tf§@¢ral connecting components (admitanges= g> = . .. g in the figure).
retical result, which states that the different power sesnwill . _ N
synchronize asymptotically. Numerical simulations ithasing ~ In the following development a more stringent condition

the effectiveness of the proposed designs are providedWHl be assumed, namely that the electrical networknigut
Section 1V, and some final conclusions and directions f&trictly PassiveISP) [13], i.e., that there exists a differentiable
future research are provided in Section V. positive definite scalar functiof,(-) : R — R*, such that

Su(@a(t)) < =iy T + Gy Un; e
Il. NONLINEAR OSCILLATORS AND
PAsSSIVE ELECTRICAL NETWORKS for somen > 0. In the frequency domain, the ISP property is

To investigate the ideas presented in Section I, we assum@racter|zed by the following conditions:
that each primary energy source and the associated inverte}) All poles of G(s) have strictly negative real parts;
behaves as a nonlinear oscillator represented by a giver?) There exists a scaldrsuch thatG(jw) + G (—jw) >
reference modelThese oscillators react solely to the local 6> 0 forall w e RU{-o0, +oo}.
variables (voltage and current) measured at the power uRlte first condition implies that the electrical network is an
(Figure 1). All reference models are assumed equal, butrtleggsymptotically stable LTI system, while the second reguire

from distinct (non-synchronized) initial conditions. ment implies that the realization
The electrical network (including the load) is a Linear L - L,
. . s . . Tn = ApZn+ Bnin,
Time-Invariant system with inductors, resistors, capasitand e - o ©))
Un = Cnhn+ Dnlin;

multi-linear transformers, and is therefore a passiveesyst
[14] that can be represented by a transfer function mat(iy. is such thatD, + D] > § > 0, where @, =
We assume that the electrical networksigmmetricfrom the [u] «3 ... u?}]" € R is the vector of voltages at the input
point of view of its access ports, i.e., all power supplies sgorts of the electrical network, i.e.} = v, in Figure 2, with
the same transfer function from their ports to any othergporte = 1,2,..., N; 4o = [y7 95 ... y%]T € RV is the vector



of currentsflowing into the network as a result of the applied reference value,.; (e.9.v.r = 120 V):

voltages, such thaj] = i in Figure 2.

5:1@ = I[-&+wn)?,

G = ep,
A. Nonlinear Oscillator Reference Model 8
ey = Uref — V 3
Inspired by the r(_asults in [;1], we propose the following Lk(tli _ mafx {0; |]€{k|e; + KiGe)
three step construction to design the reference model fir ea
power supply: wherek =1,2,...,N; \/|¢| > 0 is the estimated root-
1) Start with a Linear Time-Invariant (LTI) Single-Input mean-square — RMS output voltage of the power supply

2)

Single-Output (SISO) dynamical system described by k, which is obtained using sufficiently greater than the
nominal periodT,,, expected for the voltage signals

Zr = Ay + Baiix, ke{1,2,...,N}, from the power supplies in steady-state (€[§em =

ye = CaZk, ) 1/60Hz = 16.66 ms). ¢, € R is the integral of the
difference between the RMS reference voltage and
whereZ), € R™; @, € R; y, € R; with the pair(Ca, Aa) the estimated output RMS voltage of the power supply
detectable. In addition, each LTI system should satisfy  k; and K,,, K; are the parameters of the PI controllers
the following dissipation inequality: used in all power supply units.
o . 0 Following the above construction, each power supply unit
Sk(@k) < —Apassidlk + UrYi, ) can become an amplitude controlled nonlinear oscillator. T

accomplish this, the parameter> oy .. > 0 in (7) must
be chosen sufficiently large to overcome the natural energy
dissipation in the electrical network and to guarantee the

whereS2(-) : R" — R is a continuously differentiable
positive definite storage function, amg,ge> 0. This
dissipation inequality qualifies the LTI as adutput

Strictly Passive(OSP) system [13]. Notice that the exﬁ:;i:]:(;etr?;ts udsézmifed t?]zcgitﬁz; an oscillator cannot be a
combination of OSP and detectability guarantees that ' P

each LTI SISO system is globally asymptotically stablé) :?Qtlllel E}ésrﬁgeﬂ:;eta:ﬁ IS ;rs]ssslebl?'z\sm dltgsuls‘}slggu;;\é;ense’ it
Introduce the following “internal” destabilizing feealk yp

connection to (4):
Il. SYNCHRONIZATION AND INCREMENTAL PASSIVITY

_ o
U = i = Ga (Y, L), () A dynamical system represented by
Whe.reui_, k=1,2,...,N, correspo_nds.to the current 7 = £(2, 1),
flowing into the power supply unit (in Figure 1, 7 = h@a) (9)
ud = —ig); and ¢, (-) : R — R is a saturation type Y
nonlinearity (see Figure 3) described by is said to belncrementally Input Strictly Passive (IISResp.
Incrementally Output Strictly Passive (IOSRf) and only if
—QYk, ?f lyr| < Lg, there exists a positive definite incremental storage foncti
Ga(yr, L) = § —alLy, ity > Ly, SBP (A%) andp > 0 (resp.SLSP (AF) andy > 0) such that
alLy, if oy < —Lk&7) the following respective inequalities holdt > 0:
with @ > afaese > 0, @nd Ly = Li(t) > 0, k = SBP (AZ) < —p it t)H2
1,2,...,N, VvVt >0, is a time-varying breakpoint. T
Y9 PIEEE + [ —a0) 710 - 7]
2
SR (AF) < va - 72(t)||

= V=Yg -
S CHORTSOIEORFROIF

with A7 = Z(t; 74, “1) — #(t; 7, 1w?) such that the time-
derivatives in the left-hand side are taken along the difiee
between the solutiong(t; 7}, ') and Z(t; 2, *2) to (9)
starting, respectively, af(0 ) = #} with mput @'(t) and
outputy!(¢), and at#(0) = #Z with input @?2(¢) and output

Figure 3.  Graphical representation of the nonlinear asoifl used as a y”(t)-
reference model for each power supply unit. The importance of these inequalities relies on the fact that

3)

they can be used to investigate if there is convergent behavi
Add the following proportional-integral — Pl control lawamong all possible trajectories of the system correspantdin
as an adaptation strategy to determine the breakpoidifferent initial conditions and inputs, which is instrumtal in
L(t), such that its value can be used to keep the RMBe context of synchronization of multiple dynamical sysse
output voltage of each power supply unit equal to a givesescribed by the same set of differential equations.



Despite the fact that the above incremental inequalitiesth A, = @} (t) —a2(t), Aty = @k (t)—a2(t), andAg, =
represent strong relations, for LTI systems of the form gLt) — g2(t).
i = A7+ Bi,
= CZ+ Du, A. Sufficient Conditions for Synchronization in the
the properties of Incremental ISP and Incremental OSP Agn-adaptive Case
equivalent to the ISP and OSP properties. This can be seeilf the adaptation in (8) is not considered, and the breakpoin
by noticing that the above equations remain true after tlg,(¢) in (7) are constantand equal, ife.(t) = Lo(t) = ... =
following substitution of variablesi ~ A%, i ~ Aé = L, the termAg) Ai, in (13) is positive semidefinite, because
at(t) — @?(t), and§ ~ AyF = §1(t) — ¢*(t). This shows ,(-,L): R — R is a nondecreasing function (see Figure 4),
that any dissipation inequality that is true for the LTI gyst and therefore
will have itsincrementalcounterpart after applying this same al a2 al a2
change of variables. It is interesting to notice that, iis tase, [yk ~ Yk } [%(yk L) = dalyi ’L)} 20,

anincrementaktorage function can be easily obtained throug@yal 2R k€ {1,2 N} In this case, inequality (13)
k Ik ’ 3 Sy ey . ’

the substitution ~ AZ in the corresponding storage functiontan be rewritten as
Specifically, from the ISP dissipation inequality (2) asso*

ciated to the interconnection structure, and considerirg t SalAZ,) < (o — a;assive) IAGL)? + AFT Ad,. (14)

previous discussion, we have that
X . e T Noticing that the voltages from the power supplies are the
Su(ATn) < —nl| A" + Ag, Ay, inputs to the electrical network, and the resulting cusene
with Ad, = @} (t) — @2(t), and Ay, = 41 (t) — 72(t). How- the inputs to the power supply units, i€, = 7, and, =
ever, to guarantee synchronization among the power supply,, by adding (10) and (14), one has that
units based on energy dissipation effected by the elettric - . - L2 . I
network, when the units are not synchronized, it is intémgst :’%‘(AI“) + 8a(Ada) < =15 | Adall” + (O‘ - o‘passivg |AGall"
to search for thenaximumincremental dissipation associatedcrom this last expression, one can see that—if, +
with the differences between output voltages. In this cante (a _ a;assivc) < 0, the time derivative of the positive def-
we want to look for an incremental dissipation inequalityhite function V. = So(AZ,) + Sa(AZ,) will be negative
similar to the above, such that semidefinite. Moreover, whefiA7,|| > 0 = V < 0. This
Su(AZy) < — 1| AT |2 + AGT Ay, 75 > 1. (10) will naturally lead to the conclusion thdtAy,|| — 0. This
result can be stated as follows:
On the other hand, from (5) and (6), the OSP property of Theorem 3.1:Consider the electrical network with minimal

the linear part of the nonlinear reference model (SectioW) Il ,alization (3), satisfying the assumptions in Sectiomig an

<Ry

implies that arbitrary numberV of power supply units following dynamical
Sa(@a) < (0 = Oassivd Ta o + Ta [l — ia] (11) reference models defined by (4) to (7), assuming thdt) =
Ly(t)=...=Ln(t) = L, L > 0, with a > a5 ;.. properly

where Sa(7,) = S3(71) + S3(&) + - + SL(TN); Ta =
[wdud ... ud)" € RY, and
To = [a (1, L1) Yalya, La) ... Yalyn, Ly)] € RV,

is a vector of nondecreasing, dead-zone type, nonlinear fu
tions (see Figure 4):

chosen. Ifn in (10) satisfies

Ns > (O( - a;assive)7

Ir.|hen the power supplies will synchronize without explicit
communication among the units.

While a proof of this theorem is available in [15], the
Ya (Y, Lk) = Ga(yr, Li) + ayk. (12) corresponding result for the adaptive case remains an open
problem.

IV. NUMERICAL EXAMPLES
o A. Without Amplitude Control
Yy Consider the following parameters for the dynamical refer-

Ay

ar ence models in (4), (7):
o ()
Ao = 1 1 ’
Figure 4. Dead-zone type nonlinearity corresponding t9.(12 B (C_a B (TaCa)
0
Similarly to (10), the incremental version of inequalityLj1 Ba = (L) .
corresponds to Ca = [0 1],

Sa(AT) < (0 — Onsad AT + AT Ay — AGT A,



wherel, = 0.001, ca = 1/[la(2760)2], 72 = 10; and L = 10. (@)

This corresponds to an electronic band-pass filter witherent U U A A P ey
frequency 60 Hz, implemented as the parallel combination ﬂfy:
of an inductorl,, a capacitorc;, and a resistor,. For this
hypothetical electronic circuit, a feasible choice for therage

v

function is
_ 17,2, 1..,2_ 1 2,1 2
Sy = 5laiz + 5cav; = 5la(w1)” + 5ca(22)?, ‘
L 12, 2 , 22 R -
Spo= —7.Va T UkVa < _O‘;;assiv&k + UkYks )

wherex; = iy is the current through the inductéy, zo = v,
is the voltage across the capacitqr Notice that the agent R =
output isyr = v, and the inputa, to the linear part of 2
each agent is the current into this hypothetical electréitér.
From the above expression for the storage function, we hav
that agasive < % = 0.01. The positive feedback introduced
as the linear part in (6) would correspond physically to the
introduction of a negative resistaneel /« in parallel to the
resistance,. We have chosen = 1 in this case. Figure 6. Simulated results for the case shown in Figure p.Na= 3
Consider an ensemble éf = 3 agents interconnected aspower supplies departing from different initial conditiohave their outputs
shown in Figure 5, with the following parametegs= 0.25(), synchronized. (b) Detail.
Ry =3Q, L1 =1mH, C; =100 uF, and Ry = 100 Q2.

v

- L L i L i L i L i
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Figure 7. Simulated results for the case shown in Figure Besponding
to the continuation of the results shown in Figure 6, withugbrremoval of
the power supply number 2 d@t= 0.6s. Power supplies 1 and 3 remain

Figure 5. N = 3 power supply units interconnected by means of a symmetrignchronized, but the bus voltage is greatly afftected meahere is no
star-shaped electrical network in order to supply energhéoreactive load gmplitude control.

represented byR;, Re, C1 and L.

In Figure 6 it is shown that the nonlinear oscillatory agents ) )
interconnected through the dynamical electrical netwagk a [N Figure 9 the simulated results for the case of abrupt
able to attain synchronization of their outputs. removal of power supply number 2#at 0.6 s, with amplitude

In Figure 7, att = 0.6s the power supply numbér = 2 is control activated, are presented. It can be seen that th&-amp
removed from the system. This result shows that the remginifyide control was effective in returning the RMS bus voltage
power supplies continue to be synchronized, but the voltatfethe reference value.. It is important to notice, however,

regulation in the bus is very poor. that the adjustment of the amplitude controllers pararasdtgr
and K; could lead to better results, such as a smaller settling
B. With Amplitude Control time associated with the amplitude variations after 0.6 s.

In this section, the same set of parameters used for the
example in Section IV-A will be employed, but instead of
a fixed valueL for the breakpointd.;(¢) in (7), the following b =
amplitude control parameters were chosen for the dynamics i
(8): Kp =2, K; =10, vyt = 22, 7 = 0.1,

The effect of the adaptation law (8) on the synchronizatior
of the power supplies can be seen in Figure 8. The initia
conditions of the dynamics reference models were kept thi 1
same as in the previous simulation depicted in Figure 6, lvhic S S s U s s S |
are far from steady-state values, and this partially ergléie
great amplitude variations observed in this initial phdsent Figure 8. Simulated results for the case shown in Figure &) amplitude

t =0tot~ 0.4s), despite the fact that the power suppliegontrol (8) activated such that, after an initial transj¢he amplitude of each
synchronize much faster than this initial transient period  power supply output voltage is kept 80 V.

v

SR




Figure 9.
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