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Abstract—This study is initiated by considering an emerging renewable energy source (RES) and energy-storage system
practical issue that DC microgrids should be able to operate with (ESS), and better compliance with consumer electronics.
a large-signal stability sense when feeding both resistive loads andBesides the DC microgrid could avoid some troublesome

constant power loads (CPLs). To be more specific, the stability bl in its AC t t includi ti fl
should be ensured in the presence of large variations of integrated PFOR!IEMS IN 1S AL countérpart, including reactive power flow,

renewable sources and CPLs, system internal uncertainties, Synchronization, and frequency fegmaﬁon- Itis well acknow!-

external disturbances, coupled interactions, and other adverse edged that accurate power sharing and fast DC bus regulation
effects. From a control point of view, we intentionally propose a are two essential requirements. Generally, droop control, de-
general solution to realize the exact decentralized tracking control rived from synchronous generator, provides a flexible method

task for interconnected systems. Firstly, an alternative finite- -
time feedforward decoupling mechanism is presented, which is to allocate the power to different DC sources [2]. The output

essentially different from existing design approaches via feedback Power of dispatchable units (DUs) can be proportional to their
domination or recursive cancellation processes. Secondly, a com-corresponding ratings. Notably, this droop method is typically

posite controller can be straightforwardly built from the system  decentralized and no communication across the entire DC
information since it is detached from stability analysis. One major system is needed

advantage of the proposed design framework is that it reduces Besid ti | istive loads. it i ted that
the design complexity and therefore facilitates the practical esides conventional resistive loads, 1t IS noted that power

implementations. As a direct application, a simple decentralized €l€ctronic converters and motor drives in advanced automotive

composite controller is constructed for an autonomous DC systems, when tightly regulated, behave as constant power

microgrid system. Both numerical simulation and experimental |pads (CPLs). As reported in [3], they always show negative

comparison results show that a large-signal stability is achieved jyheqance characteristics at input terminals, which might
for DC microgrids under a range of different situations. . . .

affect power quality and even lead to unstable situations.

Index Terms—DC microgrid, nonlinear interconnected system, Hence, various active control techniques have been investi-

large-signal stability, decentralized control, composite control. gated to mitigate the instability problems caused by CPLs

[4]. Furthermore, the high frequency characteristics of the

|. INTRODUCTION switching power supply will increase the current/voltage rate

. . . .af change and thus lead to electrical interactions. In this regard,
DC microgrids have drawn extensive research attentions gr 9 9

g . .Mmultiple converters (especially DC-DC converters) usually
rec;gt dgcade_; [1]. Compared to a tradltlor:jal AtC MICTOgMNG; » duce adverse coupled interactions at the system level. These
ﬁi herrz;?iz:ci)grzlc pronscfreesiziufsln?r?teur?;ilejet: V\:;irgjgis SeL;C undesired interactions may result in global system instability,

9 Y YPES dad imbalance for parallel converters, noise coupling and elec-

This work was supported in part by the Program for Professor of Specgpmagnet'c interference [5]. Hence it is widely regarded as a
Appointment (Eastern Scholar) at Shanghai Institutions of Higher Learningritical issue to maintain the stability for DC microgrids when
in part by the Natural Science Foundation of Shanghai (NO. lQZRlAZOSOpéCing the inevitable system uncertainties and disturbances [3],
in part by the National Natural Science Foundation of China under tl
Grant 61573099 and 51607111, in part by Shanghai Science and Technol
Innovation Action Plan and local Universities capacity building projects There are a variety of studies can be found in the literature to

(NO.15160500800)Corresponding author: Peter Xiaoping Liu.) deal with the stabilization problem for DC microgrids, which
C. Zhang and X. Wang are with the Intelligent Autonomous Systems

Lab, College of Automation Engineering, Shanghai University of Eledna@inly fall i_nto two categories: small-signal analyses (SSA)
tric Power, Shanghai, China, 200090. (E-mail: clzhang@shiep.edu.cn; 3nd large-signal analyses (LSA) [6]. On the one hand, the

wang@mail.shiep.edu.cn). gérinciple of SSAis to calculate and locally linearize the system

P. Lin is with the School of Interdisciplinary Graduate and the Energ . . 1 . .
Research Institute, Nanyang Technological University, 639798, Singapore _the operating point. Then the Stab'“ty can be studied via

mail: inp0010@e.ntu.edu.sg). classical linear analysis tools, see, e.g., [7]-[9]. However, the

P. X. Liu is with the Faculty of Mechanical Engineering and Automationsma||_signa| model of the system will lose its accuracy if the
Zhejiang Sci-Tech University, Hangzhou, China and also with the Department

of Systems and Computer Engineering, Carleton University, Ottawa ORP€rating condition is .Iargely deviated,.especially When.pI!.lg-
Canada (email: xpliu@sce.carleton.ca). and-play (PnP) operation, RES fluctuations and load variations

Y. Yan and J. Yang are with the Key Laboratory of Measurement ar]qiappen_ On the other hand. LSA uses nonlinear tools e.g.
Control of CSE, Ministry of Education, School of Automation, Southeast Uni ’ ' '

versity, Nanjing 210096, China. (E-mail: yd.yan@ieee.org, yyd@seu.edu.(‘ﬂ{apunov fL{UCtion based methods, to ana_lyze the global
j.yang84@seu.edu.cn). system stability. It enables the system to resist large external



disturbances caused by the reconnection/disconnection of DUs ( —\M\( )
or the unpredictable variations of local/global loads. In [10], el P
a composite nonlinear controller is proposed by integrating e i
a nonlinear disturbance observer based on feedforward com- = — —

pensation with backstepping design algorithm. However, this =T~ —@
controller would not be suitable for multi-source systems. Wind Turbine =4 Micro-turbine
Thereafter, a recent study in [11] develops a linear composite - < =l | [= BT
droop controller for DC microgrids, which only validates an — @ =

input to state stability (ISS) property. Considering the size @ =l s Fuel cells
and cost of the large converter output capacitance, a virtual 0C Loads > +
capacitor approach is proposed to increase the damping and ~ 1 AAa
improve the system stability margin in [12]. However, the - i
amendment to the power reference value will result in unde- | Motor Drive , i fesistive Louds

e=p )

peo padun

e

sirable performances on the mechanical loads. Two equivalent
impedance estimation approaches, i.e., the Kalman filter and
the recursive least squares method, are proposed in [13] to
obtain more stable operating region. But the burdens of online “
computation will greatly grow with the increase of the system }
scale. |

In this study, motivated by the decentralized control demand ‘ .
for the general DC microgrid system aiming to maintain the é____________”
global system stability in the LSA sense, we will develop 1 ; :
a novel finite-time feedfoward decoupling process and feed- } C , [
back domination control strategy for DC microgrids in au- 1O=r uA ¢ ,vp,:
tonomous operation mode. As a main difference with existing } (’3‘ T [
feedback control methods, we employ a composite control ‘:——————J -
strategy including a feedforward compensation loop and a . ®)
feedback control loop. To be specific, in each converter, a
delicate designed observer is utilized to estimate the unknoWig. 1: A typical autonomous DC microgrid: (a) general layout,
lumped interactions between each DUs, external disturbanée} simplified structure.
generated by variations of CPLs. Afterwards, the estimated
lumped term are offset via finite-time feedforward decoupling
processes. Notably, the proposed control strategy not ogli categorized into a lumped resistive ladand a lumped
keeps the stability of the system under Iarge. 'disturban.@epL Pepy. The governing equations for thieth converter
cases, but a_llso redl_Jces _the compIeX|ty_ of_stablllty analysg:an be given as follows
In the following sections, in order to maintain the theoretical )
justification of the proposed control strategy, we will also { Liipi = —(1 — pi)ves + B, o
present a general solution for a class of general nonlinear Civei = (1 — p)ini — 5 — %
mterconnecteq systems. An. ?Xpl'c't IarlgeTS|gnaI stability 'pvhereLi, C; are the inductance and capacitance, respectively,
terms of semi-global attractivity analysis is included. Then . .

. S 11; andwve; are the instantaneous inductor current and capac-

subsequently, as a real-life application of the proposed contr§i .
theory, numerical simulation and experimental tests are pr'tqr. voltage,uz- is the duty cycle generated by the_controller,
vided to verify the effectiveness of the proposed design tool@? Is the input voltage of each DC source. According to [14],

It could be confident to reach that the proposed controller 15 c&" transfer system (1) into a contrc?llable canonical form
o X ..Via the following change of coordinates:
able to stabilize the system towards a large-signal stability,

and therefore providing a wider operating range for the DC x;1 = 0.5L:i%, + 0.5C;v2,,
microgrid system. 334/2 = Ejiy, )

[I. PROBLEM FORMULATION OF A TYPICAL DC Calculating the derivative af;; and;; yields

MICROGRID ) o . . v,
, , , , @31 = Liirsir: + CiveiVes = Eiipi — —4* — Pepr,
In this paper, we consider a typical multi-source au- ) R
tonomous DC microgrid as shown in Fig. 1(a), where the ;. _ EF Ei”Ci(l — ). ©)
power electronic interfaces are boost type converters as they L; L;

are the most widely used in DC microgrid systems. To proceedSystem (1) can also be rewritten as the following form
with theoretical analysis, as depicted by Fig. 1(b), we treat

the system into a simplified structure includimgth boost { %1 =Tip+ A, 4)
converters linked in a parallel with the DC bus, while the loads Tip = ui+ Dig



Vg, E?}  Ejvg; - 2°A; (¢
WhereAi’l = —Pepr —%, U; = - —%ic(l—/l,i), AZ‘,Q 2 and _Dij < LA IFIO]

: < =2 < Df ; with two known positive
can be regarded as a lumped uncertainty term which conSiStSOIhstant@if. andD; ; fori € Ny, j € N1y, 8 € Ny 1.
inevitable system internal uncertainties, external disturbancHse output reference signal for-th subsystem is denoted by
and unmodelled dynamics. yr; Whosen—th order derivative are assumed to be piecewise
From the above analyses, it is concluded that the contimntinuous, known and bounded.
objective can be transformed into designing a control signal
u; such thatr; ; can track its reference;;, asymptotically,

which is depicted by

Regarding the decentralized control issue for system (6),
there are numerous results devoted to solve the stabilization
problem based on certain assumptions and synthesis tools. On
Tily = 0,5Lﬂ'2LiT +0.5C¢vé7;7. one hand, backstepping based decentralized control methods
P o2 /R 2 are widely employed, see e.g., [15], [16]. Prior to carrying
=0.5L; <CPLUC”’> + 0‘502-1;201-7“ (5) out the recursive design approaches, the nonlinear interactions
E; of the system are normally assumed to be presented in a
where v, = V* + m;A; 1 with V*, m; representing the weakly coupled form, see for instance, a form expressed by
nominal DC bus voltage and the droop coefficient for th  A; (Y1, Y2, -+ ,Ym,x;) IS commonly seen in [17]-[19] and
converter, respectively. references therein. While these assumptions look fine, they
Up to now, one great hurdle appears: how to identify th@ay not be well satisfied in many practical interconnected
two lumped terms, i.e.A;; and A; » in order to appoint a systems, such as the DC microgrid system operating under
precise tracking objective.;, for each converter. By recalling @ droop control mode [5]. Moreover, with the increase of
that a classical double closed-loop PI control would result ingystem order, the controller form is also expanding, making
serious reaction delay and thereafter an adverse effect impod@do complex to be realized. On the other hand, aiming at
on transient-time performance. Moreover, since linearized syslaxing the interaction requirement and simplify the control
tem control design may strongly limit the stability margingxpression, the feedback domination control method is proved
where the system stability against a large CPL variation migtet be an effective systematic design tool for interconnected
deteriorate into breakdown. Upon on this well acknowledgesystems even when the system is presented with strongly cou-
fact, we will investigate a novel composite control strateggled interactions [20], [21]. However, it should be pointed out
by integrating a finite-time feedforward decoupling procedutbat, as a common feature of the domination based approaches,
with a feedback control loop. To be specific, a fast convergemtnonlinearity growth condition is essentially required and
compensator should be added first to response immediatédilg presence of uncertainties and disturbances could be a
after the system operating condition is varied. Then a voltafgrdle to employ the domination strategy. For a wide range
feedback control loop could react rapidly to regulate the D@f interconnected systems (6), it is still very challenging to
bus into a new voltage value owing to the droop effectsealize the exact decentralized tracking objective due to the
In order to present the result with theoretical justification, presence of both unknown strongly coupled interactions and
general synthesis framework will be proposed in the followingxternal mismatched disturbance.

section. A typical manner in the literature to get around the problem

is to impose certain assumptions on the interaction terms
[Il. GENERAL THEORETICAL SOLUTION such that either cancellation or domination strategies can be
A. General Interconnected System Depiction used. If we look back all the control strategies employed to
. . . deal with the interactions which are strongly coupled with
Motivated by the practical control problem for DC mi- . .
. un(J(nown disturbances, it seems to be clear that a global exact

crogrids, in this section, we address a general decentrahzoe . ) o " ; ;
) . ‘decentralized tracking objective is too ambitious and is obvi-
control problem for a class ofn interconnected uncertain

nonlinear systems of order, depicted by ously impossible via only feedback control loops. Inspired by

' recent composite control design approaches [22], [23], based
&ij = i1+ fij(Tij) +Aij(t,0,2,d(t)), j € Ni.,,—1, 0N a semi-global control objective, we will present a novel
im =i + fin(2:) + Ain(t, 0,2, d(1)), decentralized control algorithm by integrating a finite-time
' feedforward decoupling process and a feedback domination

Yi =i, € Niom control strategy. To this aim, a higher-order sliding mode

©) (HOSM) observer is first employed to enable a precise finite-
where z; ; = (z;1,%i2, " ,:ci,j)T € W, z;, = 7, € time feedforward compensation. Secondly, a non-recursive
R", i € Ny L, = (xlT,x2T7'... ,z) )T e R are the synthesis manner based on a semi-global stability criterion

system partial and full state vectors, is the decentralized is proposed to achieve an exact decentralized tracking task.
control input, f%]() is a known smooth nonlinear function,Then a rigorous stability analysis is provided to guarantee the
d(t) is an external disturbance vector which is practicall§emi-global stability and local convergence.

bounded,f is the system uncertain time-varying parameter

vector and its boundary is assumed to be knou,;(-)

represents a lumped interaction term satisfying;(-) € C"~7

’the symbolC? denotes the set of all differentiable functions whose first
1Nj:i ={j,7+1,---,4} with integersj andi satisfying0 < 5 < i. i—th time derivatives are continuous



B. Decentralized Controller Design

Recalling thatA,; ;(-) € C"7 , we first construct the

following higher-order sliding mode observer to estimate the

lumped termA; ;(-) and itsn — j + 1-th derivatives [24]
Zij0 = hijo+ $i7j+1affi,j(fi7j)v
higo = 2ig1 = ligoXiy" [zig0 = @iy 7o,

Zig1 = hija,

Zigk = Nijks k € Nip—jia,

. Lo \Yds | s R 1—ay g,
hm,s = Zi,j,s+1 ZZ,LS)‘i,j |_Z%],S hm,sfl] B
ERS Nl:nfjv

.. . — _]. . . Qi jn—j+1
hl,],’I’Lf]‘Fl - ll,],nthl)\iJ'

. . _ B . 1= jn—j+1
X | zijn—j+1 = Rijn—g |17 X0Im—It

j € I\Il:na (RS I\11:171

(7)

1

Wherel‘l‘7n+1- -: Uj, az:’j“q = m, li7j,s S §R+, Az,] S
R, are auxiliary design parameters; ;o = 2;;, 2ij1 =

~

Nij, Zijs = Agfj_l) represent the estimates of ;, A; ;
A,Efj_l), respectively. The symbdl-]® is defined by|-]* £
sign(-)| - [*.

Denote€i7j70 = ii,j—:cm- and@i_’jys = Zi,j,s_AEfj_l)- From
the interconnected (6) and the HOSM observer (7), one
obtain that the error dynamics gives

1-aijo
)

. _ a717; . l_a .
Cigs = €ijgst1 — lijsA; 7" [€igs — € jsm1] T,
s € Nl:nfjv

L . _ (n—3) Qg jn—j+1
Cijmn—jt1 = =D 7 =l jn—jr1A; )

L . B 1= i n—j+1
X |€ijn—j+1 — €ijn—jl bamoitt,

8

Secondly, noting that the tracking reference signalifeth
subsystem ig;,;, an auxiliary variabley; ; is declared by the
following recursive steady state generators

{

wherey; j—1 = (Xi1, s Xij—1) "
Owing to the fact that\; ;_; and its derivative terms are

Xi,1
Xi,j

= Yri,
dxi,j—1 - .
o= — fij1(Xigj—1) — Aij—1, J € Nayyy

©)

where L > 1 is a scaling gain to be made precise later. The
interconnected system (6) equals to the following system

§ij = L&ir1 + (fij(Zig) — fi (&) +wiy)/ LI,

]: € I\Il:n—lv
gi,n = L’U,‘, + (f1,n('7_77,n) - fi,7l(j;n) + Wi,n)/Ln71
(10)
wherez; ; = (7, ,27;)", j € Nip, wij = fi;(T];) —

filXig) + 27 01 — Xig+1 + Xig — 255

Up to now, detaching from a recursive stability analysis
procedure, a decentralized exact tracking control law of the
following form could be straightforwardly built

ug = L + a5, 0, vi = — Zki,j&,j, i € Ny (11)
j=1

where K; = [ki1,-- ,kin] € R is the decentralized
control gain vector determined by a Hurwitz polynomial
pi(s) = 8"+ kins"+ -+ kios+ ki

Now we present the main theoretical result of this section
whose rigourous proof is provided in the appendix.

Theorem 3.1:Consider the closed-loop system (6)-(7)-(11)
in the sense that(0) € U = [—p, p|*™ with p € R being
a given constant which can be arbitrarily large. There exist
sufficiently large parameters and A; ; for i € Ny, 5 €

01%’1‘:”, such that the following statements hold.

« i) All the trajectories of the closed-loop system are
uniformly bounded.
« ii) The decentralized exact tracking can be realized, i.e.,
tllg)loyl = Yri, 1 € Nip.
In addition to various existing decentralized control methods
for interconnected systems, the proposed method has the
following distinguishable features:

o Thanks to the HOSM observer, an exact decentralized
tracking task can be achieved even the interconnected
system is perturbed with mismatched disturbances and
uncertain strongly coupled interactions.

By utilizing a novel non-recursive design strategy, the
design procedure could be largely simplified.

Itis also noted that the stability analysis can be essentially
detached from the controller construction, which could
facilitate the practical implementation.

IV. CONTROLLER CONSTRUCTIONFOR DC MICROGRIDS

unaccessible in implementations, with the help of the HOSM

observer (7), by replacin% by 2 j.s+1 for j € Ny, s €

Following the proposed control design procedure in the

No.n_j+1, We can obtain the following implementable varj-2bove section, we are now able to obtain a composite decen-

ables
*
Li1 = Yris
*
xiaj = Xiyj (Zévl)al’ T 7fi71,§—17 Tty R —1,1
1 j—1 .
YrisYpi s s Ypi )a ]€N2zn+1-

Now, it enables to define a change of coordinates for

subsystem of the form

&/»j = (zi,j - x:,j)/Lj717 JE Ni, v = (’LL7 - I;n,-l—l)/Ln

tralized control scheme for each converter of the DC microgrid
system. Detailed procedures are given below.

Firstly, we denote the following auxiliary functions

Xi,1 = 05LLA121/EZ2 + 0'501"0%1’7"

dxi1
i2=—=—=N;1,
Xi,2 dt 1
dxi 2
Xi,3 o AV (12)



Secondly, recalling that the load informatidhand Popr,

is shown by Fig. 2. Meanwhile, the control architecture of

are clearly unaccessible, the following HOSM observers attassical double-loop Pl controller is also provided in Fig. 3 to

hence required to online identify the lumped uncertainties:

21,0 = Ti2 + i,
Zia1=higa,
Zi1,2 = hi12,
Zi1,3 = hi3,

1) hiio = *li,l,o)\}/f |zi1,0 — 11,113/4 + 21,1,
hiig= _li,l,l)\;/ls |zi11 — hin0]?3 + 210,
hijge = *11,1,2)\37/12 [zit2 — hiia Y2+ 213,
Bits = —li1shinlzins — Ri2]’

Zi2,0 = Ui + Ri 2,0,
Zi2,1 = hi,Z,la
2i,2,2 = hi,2,27

2 1/3 2/3
) hioo = *11,2,0)\1»72 |2i,2,0 — Ti2 | 3+ Zi2.1,
1/2 1/2
hioa = —li21 Ny |zi21 — hi2ol 124 209,
_ 0
i =—ligaNi2|2i22 —hi21]’.

Thirdly, by replacing the variables\; ;, A{"), AP}, A;
in xi;, j = 1,2,3 with their corresponding estimate

2i 1,1, %i,1,2, %i,1,3, %i,2,1, ON€ can directly obtain the following

steady-state function of each states as
xfy =05L:z7 1 1 /E? +0.5C;(V* +mizi11)°,
2
vio = Lizinazi12/E; + Ci(V* +mizii1)mizine — 211,
2 2
vig = Li(212+ 2i1121,3)/ E;

* 2.2
+ Ci(V* +mizin)mizia s + Cim; Zi1,2 — %i1,2 ~ Zi2,1-

(13)

With (13) in mind, using a change of coordinates:

§in=xi1— 71,82 = (Tig —17,)/L

where L > 1 is a design parameter as denoted in Secti(g

I, the following decentralized composite controller forth
converter could be explicitly constructed

U; = —L2 (ki’lgiJ + ki,2§i,2) + x;:ii (14)

wherek; 1, k; 2 are control gains.
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Sensor : + 1‘0,.|

. | | :
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s
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Decentralized < !
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s Composite Controller = “3) |l
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|

Fig. 2: Control architecture of the proposed controller.

S

present a visualized comparison. It can be clearly observed that
by utilizing a double-layer integrated feedforward compensa-

tion loop, the proposed composite control strategy is enabled
to achieve an immediate reaction to the variation of system

operating condition. Hence a fast performance recovery ability

as well as a large signal stability could both be guaranteed.

i PWM
Generator

Fig. 3: Control architecture of the classical double-loop PI
controller.

It is worth pointing out that even a higher-order observer
would provide a more delicate estimation, but in the mean
time, a trade-off issue is its weakened robustness against sensor
error and measurement noise. Noting that in DC systems, the
uncertainty terms\; ;, A, » are physically slow time-varying
signals, which admit smaller derivatives with an increasing
order. Hence in the implementations, the order of HOSM
observers could also be practically reduced for the sake of

less sensitivity to measurement noises.

V. SIMULATION RESULTS AND DISCUSSIONS

To validate the proposed control strategy, simulation tests
are conducted in Matlab/Simulink. The classical double
closed-loop PI controller is chosen to compare with the
proposed controller so as to manifest the superiorities of
the proposed method. Detailed parameters are provided in
Table I. For the sake of fair comparison, it is noted that
ne benchmark PI control gain parameters are well selected
according to reference [14], [25] in order to meet an optimal
control performance.

Table |. System Paramete@onfiguration

Parameters Description Value
% nominal bus wvltage 170V
Eq, E> converter input gltage 100V
Ly, Lo nominal inductancealue 2mH
C1,Co nominal capacitancealue 470uF
li1,s,5=0,1,2,3 observer gains for observé 54,21
li2,s,5=0,1,2 observer gains for observéf 4,21
Aij observer scaling gains,(j = 1, 2) 1e9
ki1, ki2 controller gains{= 1, 2) 30, 20
L controller scaling gin 100
fsw switching frequeng 20kHz
kep, kei PI1 gains for current contrdbop 0.13,35
kop, ki Pl gains for voltage contrdbop 0.3,35

Case 1. Tuning of Design Parameters:The selection and
evaluation of the parameters for both HOSM observer and
controller are conducted in the first section. Given the fact that
both the objective of constant voltage mode and droop mode is
to track the reference voltage;;., i.e., the parameters of any
mode can be utilized in another mode without any changes.
Hence, only the performances of the constant voltage mode is

According to the above design philosophy, the contrahvestigated in this subsection to avoid the redundancy of this
architecture of the proposed controller for the droop contrphper.



Table Il. Simulation Performances Between Proposed Controller and PI Controller

Inductor current

Bus voltage

Controllers Variations Transient time(ms) | Maximum deviation(A) | Transient time(ms) | Maximum deviation(V)
Input voltage: 100V— 80V 12 0.075 15 0.102
Proposed Input voltage: 100V— 60V 25 0.154 30 0.203
CPL: 200W— 400W — 200W 7 0.231 7 0.458
CPL: 200W— 800W — 200W 12 1.077 10 2.500
Input voltage: 100V— 80V 100 0.202 40 0.632
Pl Input voltage: 100V— 60V 173 0.462 50 1.405
CPL: 200W— 400W — 200W 38 0.385 43 1.958
CPL: 200W— 800W — 200W 40 1.000 42 541

Firstly, according to HOSM observer #1, the output powerurrent of DU1 achieves its desired value. The performance
observation with different observer gains;£1e7, 1e8, 1e9, on bus voltage in Fig. 8 also reflects the differences between

1el0, 1ell) under the control scaling gain<100) are shown two candidate controllers. It is not difficult to find that the

in Fig. 4. With the CPL changes from 100W to 200W, altecovery capability of bus voltage gets markedly promoted
of the observers with different gains can accurately track thader the proposed control strategy. Soon after, the same
changes of load. But the difference is that the increased type of comparison continues while the changes of the
leads to a faster convergence ability. As can be observed framut voltage are doubled. Similar to the previous case, the
Fig. 4, the duration of transient process is only 1ms withbroposed controller maintains its consistent quick property.
the \;=1ell. But meanwhile, it lasts 23ms when the observBoth the current and voltage can be stabilized within a
gain is set as 1e7. Although in our methodology, the desighort time. In the mean time, a longer response time and a
produce of the observer and controller can be separately doaege current/voltage deviation can be observed under the PI
However, it stands to reason that the improved performanaamtroller. Relevant simulation results are shown in Figs. 9

of the observer will lift the properties of the controller, whichand 10.
is well illustrated in Fig. 6. As the observer gains increase,

the observer can estimate the changes of load and send the
obtained value to the controller more quickly. The DC bus
voltage reaches to its desirable value in 4ms withbeing
selected as 1lell. In contrast, a long duration of 25ms can be

observed when it is set as 1e7.

Secondly, the controller scaling gairy is further adjusted
to expect a better performance. As is shown in Fig. 6, the

250

Estimated power(W)

T
—\=leT
A=1e8

A=1le9
—\i=lel0
— \i=lell

voltage regulation performances are recorded under a series

of L; settings (60, 80, 100, 120, 140) whik is fixed at Fig. 4:

1e9. It is evident from this figure that the transient process
can be greatly shorten by increasifig. However, it should

be pointed out that it is inadvisable to blindly pursue quick
response characteristics especially considering the application

of real power electronic systems.

From the above simulation results and analysis, the param-
eters of \; and L; are finally determined as 1e9 and 100
respectively.

Case 2. Input Voltage Variation Test In this case, the
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converter input voltage is changed to examine the stabilization

performance. Two DU subsystems are involved and thefg. 5:

droop coefficients are both set as 0.01. At the beginning,
the bus voltage is regulated at 167.7V and a 450W CPL
is connected to the DC bus. As 0.3s, the converter input

voltage of DUl steps down from 100V to 80V and DU2

In order to guarantee the rated output
power according to the previous settings, DU1 has to release
additional current to compensate the power resulting from
the voltage drop. As is shown in Fig. 7, DU1 controlled by
the proposed approach responses immediately and reaches to

remains unchanged.
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Voltage dynamic responses with different values of
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its desired value quickly. Owing to its preeminent transient

characteristics, DU2 can be immune to this sudden char]g
and keeps constant current output. In contrast, DU1 controlle

by the PI controller spends almost 100ms to achieve the
desired value. Hence, the current fluctuation occurs until the

I I I
0.1 0.11 0.12

Time(s)

I
0.13 0.14

6: Voltage dynamic responses with different valued.pf



Case 3. CPL Variation Test: The CPL is changed in this again. Similar performances can also be observed at 0.5s and
case to further explore the advantages which have brougi¢ voltage does not always switch smoothly.
by the proposed control method. The basic setting is identical
with the former case. Initially, the bus voltage is stable at 169V .
and a 200W CPL is connected. Then, the CPL increases 1 .
400W in 0.25s and decreases to 200W in 0.45s. The transiez ,
response of bus voltage is shown in Fig. 12. With the samg
load change, obvious voltage overshoot can be observed uncg
the PI controller. The amplitude of the voltage overshoot goe:E

down by 2.2V and the duration of the recovery process is

—DU2 Proposed]

vvvvv

SnaiNG
NRSIwR

2,
2.
2.
2
2

c
N
2

Inductor current(A)

30ms. Meanwhile, the proposed controller demonstrates exce o1 oz e o1 oz SR

lent dynamic performance consistently. Upon the disturbances . .

happen, the proposed controller can adjust its operating voltag [
35 — 35

and reach a steady state in a short period of time. Besides, L
further looking into the current output shown in Fig. 11, th
proposed strategy not only shows fast dynamic performan
as always, but also realizes the accurate power sharing as \g 2
set before. In the following case, a wider range of variation s
magnitudes is tested to compare the two alternative controller: ++—————————— IR
Distinguished from the previous case, the CPL in this casc Time(s) Time(s)
goes straight up to .800\.N in 0.25s an.d turns back to 200}9{9. 7: Current responses with a converter input voltage
in 0.45s. As plotted in Fig. 13, an obvious current OVerSho%lriation from 100V to 80V
can be observed in both proposed and PI controller due to the '
enormous variation in operating conditions. Nevertheless, the
proposed controller still performs better than the PI controller
both in rapid recovery of voltage and precise regulation of
current. The comparisons results between proposed controlle 16857 ‘ ‘ ' —Tropescd Comtrotier] |
and PI controller are summarized in Table Il, which provides _ .| P1 Controller
a visual representation of two controllers.

Case 4. Plug-and-Play Property TestiIn what follows,
the PnP property is tested under both the proposed controlle
and PI controller. DU3 is introduced in this case and its basic
setting is identical with previous DUs. As is shown in Fig. 15, 01 02 03 04 0s 0.6
three DUs are considered in this test, whose droop coefficients Time(s)

are set as 0.01, 0.02 and 0.015, respectively. At first, DlH 8: Bus voltage responses with a converter input voltage
and DU3 work together to supply 750W CPL. Meanwhile 9. ¢ g P P 9

DU2 operates independently with 200W CPL. At 0.2s, anoth]:arPm 100V to 80V.
250W CPL is added into the double DU system and the power
of DU1 and DU3 increases to 600W and 400W (3:2). In order
to take the load off of the DU1 and DU3, DU2 is connected
to the DC bus at 0.3s. The power is reallocated according
to their respective droop coefficients, that is 553W, 369W, In order to verify the proposed decentralized control strat-
278W (6:3:4). Subsequently, the 250W CPL is removed agy, a small-scale DC microgrid experimental platform, which
0.4s and the output power of each DU decreases to 438%/shown in Fig. 17, has been studied. The platform consists
220W, 292W (6:3:4). At 0.5s, DUS is disconnected. The busf two programmable DC power supplies, two DC-DC boost
voltage response curve is shown in Fig. 15(c). The above testsverters, a dSPACE 1006 controller, a resistive load and
prove the plug-and-play property of the proposed strategyda electronic load. The control algorithms are executed on
well built. It should be pointed out here that the Pl parametedSPACE to generate PWM signals for two converters. To ex-
employed in previous cases achieve poor performances.amine the stability of the system, the programmable electronic
order to present a fair comparison, the Pl parameters foad operates in constant power mode to emulate the CPL.
voltage and current loogk(y, k., kip, ki;) are selected as 0.3,In the meantime, the DC microgrid is operated in the droop
40, 0.08 and 50. Nonetheless, the performances of Pl controlieode and the droop coefficients of DUL and DU2 are set as
cannot compare with its competitor, for example, when th®01. For the sake of less sensitivity to measurement noise, the
CPL is increased by 250W, about 5V voltage drop can lmbservers are both selected as third order. The parameters of
observed in Fig. 16(c). Then, DU3 joins in the coordinatecbnverter components are identical with Table Il while the gain
control at 0.3s and all of three DUs change the output powearameters; ; o, l; j1, i j.2, Aij, L, ki1, ki 2 are redesigned
slowly. Not until they fully achieve their rated output valueas 200, 400, 200, 10, 650, 1, 2 for optimal practical control
the CPL is reduced by 250W and the voltage overshoot occperformance.
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Inductor current(A)
Inductor current(A)
Inductor current(A)
Inductor{cuvrem(A)

1
0.1 0.2 0.3 0.4 0.5 0.6
Time(s) Time(s)

Transient time 100ms

>

w

Inductor .currem(A)
Inductor current(A)
Inductor current(A)
Inductor current(A)

~

Current oscollation

1 0
01 0.2 0.3 0.4 0.5 0.6 0.1 0.2 03 0.4 05 0.6 0.1 0.2 03 0.4 05 0.6
Time(s) Time(s) Time(s) Time(s)

Fig. 9: Current responses with a converter input voltadgég. 11: Current responses with load variations from 200W to

variation from 100V to 60V. 400W, and from 400W to 200W.
—Propos‘ed Controller 171r —— Proposed Controller| 7
169 PI Controller ] | PI Controller
170
S S
% 168 A ‘g 169
(=]
£ L/ £ 168+
S 167 i . S rd
;’I 167 ,
166 - 1 166 [ ‘ S ‘ ‘
0.1 0.2 0.3 0.4 05 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Time(s) Time(s)

Fig. 10: Bus voltage responses with a converter input voltafég. 12: Bus voltage responses with load variations from 200W
from 100V to 60V. to 400W, and from 400W to 200W.

In what follows, experimental results are provided to veriff€ proposed controller, as shown in Fig. 20, a larger CPL
the proposed control strategy. The input voltage changé&iation case is conducted when the CPL suddenly changes
and the variations of the loads are both considered in tHemM SO0W to 1100W. Although the voltage has a slight drop,
experimental studies. the proposed controller is able to maintain the stability of the

Firstly, the converter input voltage is changed to examirfeC bus at 154.5V eventually. With regard to.the PI controller
the stabilization issue of the system. DC bus is rigorous]éﬂder th_e same control parameters setup as in t_he former cases,
regulated at 167.7V and a 680resistive load is connected!t 1 obvious that large oscillation occurs an(_j increases until
to the DC bus. As shown in Fig. 18, the converter ianPe system collapses. Consequently, it is confident to reach that
voltage of DU1 steps down from 100V to 80V and puzhe proposed cor_1t_ro||er is able to stabiliz_e the sys_tem towart_jsa
remains unchanged. In order to keep the constant voltage!@@€-signal stability, and therefore provides a wider operating
the DC bus, the current amplitude of DU1 rises from 2.25f@nge for DC microgrid system.
to 2.8A in a short period of time. It can be observed that
both candidate controllers could achieve similar performances, VII. CONCLUSION
which is beneficial from the effort we spent in tuning the Accurate power sharing and decentralized control for DC
parameters for both controllers, aiming for a fair contrahicrogrids in a large-signal stability sense are of critical signif-
performance comparison in the subsequent cases. icance. To this end, we explicitly design a novel decentralized

Secondly, only CPL is connected to the DC bus in ordeomposite controller by integrating an alternative finite-time
to test the microgrid system stability under different variatioperformance recovery process. With the expression of a simple
conditions of the CPL. Fig. 19 shows the experimental resultsear controller form, the proposed design strategy could
when the CPL steps up from 50W to 650W. It demonstratasso lead to an easy practical implementation. It is illustrated
that in this case, the Pl controller can also achieve tly numerical simulation and experimental tests that a faster
control objective and maintain system stability. Thereafter, toansient-time response as well as a larger stability margin
compare the stability margin and outstand the advantagesaoé both achieved compared with the classical double-loop PI
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Fig. 14: Bus voltage responses with load variations from 200W
to 800W, and from 800W to 200W. ) ) o )
Calculating the time derivative along system (16) gives

OV (¢)
o€T

controller. Future works may focus on optimal and adaptive
control design under the basis of large-signal stabilization.

OV (¢)
o€T

),

V(f) = dET

LAE + F()+ a7

APPENDIX i) In what follows, under the controller (11), we shall prove

Proof of Theorem 3:1Denote A; € R"*".B; € that any trajectory satisfying:(0) € U £ [—p,p]"™ can
! be two matrices of the controllability canonicalbe rendered uniformly bounded. If this claim is not true,

form, Fi(-) & [(fin(@i1) — fir(Z51))/LO (fi2(Zi2) — assume there exists an escape tifje< oo, that is,z(t) is
fi,g(;igjz))/Ll, oo (fin(Zim) — fm( 7))/L" 1T and  well defined on the maximally extended interyal 7) and
@ = [wi1/L%wio/LY, -+ jwi,/L" 1T, System (10) can moreover, hm llz(t)]] = +oo.

also be rewritten as the following compact form o
Now we c0n3|der the time intervéd, Ty ). Note thatA,; ; €

& = L(Ai& + Byvi) + () + @iy i €Nugn. (15) gn—i+1 gpg A" < D, ;. Assume the observer gain ;

By further definingy = [ Lo som] L E=[E], - 60T satisfie5sup{|A§Z_J)|} < D, ;. From [24], we know that all
F=10-,r]", & = [@f,m ,on]1", and A = signals in (8) should be uniformly bounded ¢ T}). This
diag{A; — B1 Ky, -~ ,A — B, K.}, one can obtain the fact also implies that} ;, w; ; are bounded orf0, TY), i
compact form for system (15) under the decentralized control max {sup{|=};[}} < Pr , , max {SUp{IwHI}} <

Ni:m,J 1:n 1:m,J
law (11) withi € Ny.,,, as follows p wherep €ER, andp e RN, are constants.
E=LAE+ () + . (16) Based on the above discussion, we are able to define
a level set asQ? = e RV < po, =
In this step, by noting that is a Hurwitz matrix, hence we {¢ V(©) = po o

max  {V(§)}}.
can construct a positive definite, proper Lyapunov function @&[—(p+5), p+p]""’
the formV (¢) = ¢7 P¢, whereP € "™ is a positive definite  On the one hand, noticing the fact thfat € > andL > 1,
and symmetrical matrix satisfying” P + PA = —1. by Mean-Value Theorem, the following inequalities can be

9
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Fig. 19: Experimental comparison results with a CPL variation
from 50W to 650W.

Fig. 17: Experiment Setup.

pendent ofL. Then, with (18) in mind, one will further have
easily obtained

: . oV (¢
s @) = Fi(32,) L e(T)F(' |Q
7R

< ijlfl (|37i,1 —xfy| i — xfol 4 |y —afy)) = ZZ 5.5 fz,j(fi,j) — fi(®@ )/ L1

, A o i=1j=1 >
< Vi <|§i,1|/LJ71 + 2l /L7724 (] /Lr]) i

< ZZ 6{ 7i,j(|§i,1|+|€i,2|+"‘+|fi7j|>
< i ([6al + |Gial + -+ |61 ), for € € @, (18) = 0,
2
where~, ; is a constant which is dependent énbut inde- < cli¢] (19)
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Fig. 20: Experimental comparison results with a large CPL
variation from 50W to 1100W.

(4]

wherec € R, is a constant. 5]
On the other hand, by using the completion of squares, the
following relations hold ono, T) 6]

Vv (£)
€T

@ < 22 max(P)IEN @] -
< il +ellel®
<algl*+T

(20) (8]

wherec € R,,¢ € R, andT’ > énmp? are all constants.

By substituting (19) and (20) into (17), it yields (9]

V(g < —(L—-c=9ElP+T, t€[0,Ty).  (21)
Now the selection guideline af can be explicitly given as [10]
L > c+ ¢+ max{1,2TI'\max(P)/po }- (22)

. . . [11
Recalling the claim that the trajectory ¢ft) must escape

the level sef) within a finite time smaller tharf’;. Owing
to the fact thatt(0) € 2, there must exists a time instaf}
satisfyingTy > T, > 0, such that the following relations hold

a) V(E(Ts)) = po; b) V(£(Ty)) > 0. (23)

Clearly, the relation(21) still holds for ¢t € [0, T;], which
together with (22) implies

V(E(TY) = —(L—c—o)l¢|*+T
< _(L —C— E)V(£<T5))/)\max(P)

+ %(L — ¢ —¢)po/Amax(P)

12]
[13]

(14]
(18]
(16]

17
(24) [17]

1
< —ipo/Amax(P) <0
which clearly contradicts the clai#) of (23). Hence we know
that under the guideline (22), the trajectory &f) will stay
in €2 forever, that is;z(t) is well defined on[0, co).

(18]

NO:n—j+1-
Hence, the following relation can be achieved

VO], < —(L—c—0gl? te[T,00). (25

Based on the guideline (22), it implies straightforwardly that
tlim Yi = Yri, 1 € Ni.pn. This completes the proof of Theorem
3.1.
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