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Flatness-Based Decentralized Control of
Bidirectional Interlink Power Converters in
Grid-Connected Hybrid Microgrids Using
Adaptive High-Gain PI-Observer

Mahdi Zolfaghari
Gevork B. Gharehpetian

Abstract—This article studies the control of bidirectional inter-
link power converters (BILPCs) in hybrid microgrids (HMGs).
Here, the BILPCs interconnect a dc microgrid to an ac microgrid in
a grid-connected HMG. Thanks to the flatness property of differ-
ential equations of BILPCs, the control method is able to provide
desirable output characteristics and robustness against unmodeled
dynamics and unknown inputs. First, the flat models of single
BILPC and parallel-connected BILPCs are determined. Second, to
approximate the unknown inputs and disturbances such as changes
in the controlled output voltages of BILPCs, an adaptive high-gain
proportional-integral observer is designed for BILPCs. Based on
a linear quadratic regulation approach, the high gains of this
observer change dynamically during the approximation process,
to achieve the best result. Third, the approximated parameters are
implemented in the design process of sliding mode control-based
decentralized controllers for BILPCs. The simulations confirm the
capability of the new method considering the dynamic response
and power transferring control capability among the ac and dc
microgrids.

Index Terms—Adaptive proportional-integral (PI) disturbance
observer, flatness, hybrid microgrid (HMG), interlink power
converter.

1. INTRODUCTION

WING to having many technical benefits and being

environment-friendly, renewable energy sources (RESs)
have obtained much research attention in the last decade [1].
As it is well-confirmed, the best way to imbed low-scale RESs
into current power systems is integrating them in microgrids [2].
The microgrids facilitate the management and operation of RESs,
energy storage systems (ESSs), and regional loads. The ac and dc
microgrids have been investigated in the literature well [3]. The
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Fig. 1.

Typical grid-connected HMG, interconnected by BILPCS.

hybrid microgrids (HMGs), which is a combination of both ac
and dc microgrids, is getting more interest in current research
because they have the advantages of both ac and dc microgrids
simultaneously. As declared, the HMGs are the main structure for
interconnecting ac and dc loads/sources in future smart grids [4],
[5]. Anexemplary grid-tied HMG is indicated in Fig. 1. It includes
at least two microgrids; one ac microgrid and one dc microgrid
which are interconnected through bidirectional interlink power
converters (BILPCs) with a control strategy. The dc microgrid can
include different dc sources such as photovoltaic (PV) equipped
with battery storage to grant regional loads. Similarly, the ac
microgrid can include wind turbine and regional loads. In this
study, the HMG is tied to a sturdy upstream ac bus, i.e., the
main grid. Therefore, the voltage and frequency of the HMG is
regulated by the main grid and thus, the HMG works in power
control mode to transfer power with the power system [6], [7].
Through the BILPCs, the ac and dc microgrids can trans-
fer power when needed. To enhance the reliability and also
the amount of transferred power, the BILPCs are connected in
parallel [8], [9]. However, after interconnecting the ac and dc
microgrids using BILPCs, some problems arise as follows: 1)
The dc bus of a BILPC is tied to a fluctuating dc link, i.e.,
the dc subgrid. This makes the exchanged power oscillatory
since the transferred power among microgrids closely relies on
the dc-link voltage amplitude [5], [10]. 2) The HMG includes
different components with various dynamics. In this surrounding,
setting of the same value for the output voltages and frequencies
of BILPCs is a great problem to remove diffusive current and
losses [11]. 3) Variation in the model specifications, for example,
transmission line resistance, etc., influence the power sharing
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performance among BILPCs and exchanged power [12]. 4) It is
forecasted to have balanced power distribution between BILPCs
when the BILPCs have equal power ratings [13]. 5) If a fault
appears in the dc or ac subsystem, the current is unequally divided
between the BILPCs. Therefore, the current passing through a
BILPC can break the constraints, resulting in brownout of the
BILPC. Thus, the volume of the transferred power is diminished
which increases unsupplied energy in a microgrid [14]. 6) The
exchanged power between microgrids may oscillate due to the
variable output power of some RESs, which are located in ac
or dc microgrids [15]. 7) The harmonic distortions cause phase
differences among parallel-connected BILPCs, which in turn
result in power losses and voltage drop [16]. 8) The BILPCs can
work with various power factors, which causes fluctuations in
transferring power [17].

To resolve the above-mentioned problems, many efforts have
been reported in the literature. The researchers in [18] have pre-
sented a hierarchical control strategy for BILPCs. The first control
stage has used a droop scheme, while the secondary stage has
tried to delete the errors created by the first stage controllers. The
third control stage is dedicated to control the power transferring
among the HMG and the power system. The main problem of this
strategy is that a tradeoff among the dc voltage fluctuations and the
power distribution capability should be held. In [19], based on the
stationary reference frame, a control scheme has been described
for ILCs. The method facilitates the application of harmonic
compensators and avoids cross-coupling among axes. Fliess et
al. in [20] have presented a correlative control strategy for an
HMG. The stochastic output of renewable resources was studied
and the control strategy tried to arrange a swift power transferring
among microgrids while keeping stability criterion. The studied
HMG model was a simplified one and the proportional-integral
(PI) controllers have not been tuned optimally. The effects of
extraneous distortions, for example, voltage distortion on op-
eration of BILPCs were investigated in [21]. The voltage fluc-
tuations cause power transfer oscillations and as a result, the
current passing through the BILPCs can break the constraints
and cause BILPC outage. Therefore, the researchers assigned one
BILPC as superfluous converter with higher nominal parameters
and using the positive, negative, and zero sequences concepts,
described an additive unbalance part cancellation scheme to
control the BILPCs. The strategy, however, is not capable of
diminishing the reactive power fluctuations. A control scheme
according to droop control concept was described in [22]. It
has been indicated that an unreal impedance has been able to
modify the small-signal properties of HMGs. By implementation
of ESSs, a self-governing control strategy was presented in [23]
to control the BILPCs, keeping the HMG stable in grid-forming
operation. In [24], a sturdy Hoo-based controller was described for
parallel distributed generations, which represented logical power
distribution.

The purpose of this article is to present a novel control strategy
for BILPCs based on flatness concept and observer-based control
theory. The major merit of flatness-based control strategies is
that dynamic response of state variables in steady state as well
as transient state is known. This property makes design process
straightforward and easy to follow since system trajectories are
predefined [25]. To implement the flatness-based controllers, an
approximation of unknown inputs, disturbances, and unmeasured
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Fig. 2.

Electric circuit model of BILPC.

states is necessary. To this end, an adaptive high-gain PI-observer
is designed in this article. The high gains of this observer vary
dynamically during the estimation process to have the best
approximation results. Therefore, having the flat model of the
BILPCs and the approximation of essential parameters, the
system model is input—output (I/O) linearized and the sliding
mode control (SMC)-based feedback controllers are designed
based on the desired trajectories. A typical HMG is taken as an
example to show the effectiveness of the proposed approach.

The reminder parts of this article are arranged as follows:
the flat model of a single BILPC as well as parallel-connected
BILPCs are obtained in Section II. The overall description of
the proposed control strategy is also given in this section. After
that, the design process of the adaptive high-gain PI-disturbance
observeris detailed in Section III. Then, I/O linearization of model
of BILPCs and the SMC-based controllers design process are
discussed in Section IV. Later on, the simulation results and case
studies are presented in Section V, where an exemplary HMG is
considered as system under study. At last, conclusion remarks are
introduced in Section VI.

II. FLAT MODEL OF BILPCS AND GENERAL STRUCTURE OF
PROPOSED CONTROL STRATEGY

The flatness concept was derived from differential algebra
and first introduced in [26]. In differential algebra terminol-
ogy, a dynamic system is flat if one can find a collection of
variables, namely flat output elements, so that without needing
integration, all state variables and inputs elements can be ex-
tracted from the flat output elements. Mathematically, if = € R”
is the vector of state variables, © € R™ the input vector, and
y € R™ the output vector, then the system is flat if we can
write [20]

r=06(y3,y") (M
U= (yy - 7y(”1)> )
y:w(x,u,u,...,u(l)) 3)

where rank(¢) = n, rank(¢) = m, and rank(¢) = m. In the
following two sections, we demonstrate that (1)—(3) hold for
a single BILPC and parallel-connected BILPCs. Then, general
structure of the proposed strategy will be described.

A. Flat Model of a Single BILPC With Uncertainties

Fig. 2 illustrates the circuit representation of a BILPC which
is located between a dc bus and an ac bus. In inverter mode, the
BILPC alters the dc voltage of dc subgrid, Vpc, to a three-phase ac
voltage, Ugpc, according to SPWM strategy. Also, when working
as arectifier, the BILPC alters the ac voltage of the subgrid to adc
voltage. This property allows a bidirectional power transferring
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among the subgrids. Uy, is the controlled output voltage of the
BILPC. The letter “U” is used to distinguish the controlled voltage
when designing the observer and SMC-based controllers in the
next sections. The BILPC is tied to ac microgrid, with voltage of
Vac.abe, through an LC filter (L s, and Cy), and a nearly resistive
line impedance, 7. Note that in areal microgrid, the line impedance
is dominantly resistive. Using KVL and KCL circuit laws, we have

Vi f,abe = Uabe — Ve.abe @
er,abc - VC,abc - VAC,abc (5)
Z'C,abc = Z-Lf,abc - ir,abc- (6)

Here, the voltages and currents are denoted in Fig. 2. Implement-
ing Clarke transformation, (4) and (6) can be transformed into the
a3 coordination

diggo 1

dt - Lf (U(x VC.a) (7)
dirgs 1

i I (Us — Veup) ®
dVC.a o 1 . .

dt - Cf ('LLf,a Zr,a) (9)
WVep 1

i gy s ~ing) (10)

Defining the parametric uncertainties, as follows, and using
linear fractional transformation, we obtain the following:

1 1 1 PLf -1
Ly Ly(1+prgory) Ly Ly (L PLsdes)
1 1 1

_ _ pCr -1

Cr Cr(L+pcrcy) Cr  Cy (I+posder)™ (3
where L r and C + are the rated values of the output LC filter
inductor and capacitor, pr¢, dr.¢, pcf,dc s represent the proba-
ble relative disturbances on L and C'y, respectively, and can be
obtained using worst-case analysis. Also, the uncertainty on the
controlled output voltage is considered as

Uabc = Uab(: + pUabCAUabc (13)

where pr,, AU indicates the deviated additive term consisted
in the output voltage and Uy, represents the rated parameter.
Notice that the controlled parameter includes distorted terms
because the dc bus is tied to a fluctuating dc voltage, i.e., the
dc subgrid. Note that (13) in the a3 coordination is as follows:

Ua = ﬁa + pUQAUa (14)

Us :Uﬁ+pUBAU5. (15)
Substituting (11)—(15) into (7)—(10) gives the perturbed model
of the BILPC
dir .0 1 1
=2 = TU —_— =
dt Lf ¢ Lf

VC,a

1 : _
+ {LPUQ - %(1 +pLfory) 1] AU,
f f

ai

+ {%}f(l +prsors) " (Vo — Ua)} (16)

d1

dirgs _ 1, 1

a Ly 7 Iy

1 PLfPUg -1
_ e L] ) AU,
+{Lf vs = L, (L+pLsoLy) ] 5
az
+ {pLL;(l +prpong)” (Vo — Uﬁ)] a7
da
Voo _ 1.
dt C'f L
Pcy e i !,
X ——=4 (1 ) a " lra) T FHolra
e (L+pefdos) (infa = ira) o
ds
(13)
chﬁ 1

it o e

pof 1. . 1
X ——=(1+ 1) —ipg) — =irg.
c (I +pesdes) (ivgps —irp) g,

dy
(19)

We define the state variables as x = [ o 23 24]7 =
lirfairss Voa Vc_ﬁ]T, input  vector w = [u; uz|’ =
[Uy Ug)? and the vector of the flat output y = [y1 y2 |7 =
[00 1 1])[z1 22 23 74]T. Also, because the flat outputs of a flat
system are not unique, to minimize the energy saved in the
LC filter and therefore to reduces the filter size, the following
auxiliary flat output is defined:

21 =wly (1+prpors) (iLs.a +iLs.p)

—wCr (L+pcpicr) (Véa+Vés)  Q0)
which shows the subtraction of the energy saved in inductance
and capacitor of the filter. w is the angular frequency in rad/s.
Now, the flatness of the BILPC model will be discussed. Since
we have

y1=Voa =123 (21)
y2 =Veog=m4 (22)
therefore
r3 = ¢1 (Y1) (23)
x4 = ¢2 (y2) - (24)
Also, using (18)
T = Z/1 + ir,oz - éde (25)
Thus
1= ¢3 (1) (26)
Ty = ¢4 (Y1, 91) - (27
In a similar way, using (19) we obtain the following:
Ty = Yo +irg — Crdy. (28)
And we can write
Ty = ¢5 (Y2) (29)
Ty = P (Y2, 92) - (30)
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Therefore, (1) holds. From (16), we have the following:

Uo = Lyiy +y1 — a1 Ly AU, — Lyd,. (31
Thus
Ua =1 (y1,91,91) - (32)
Similarly, from (17) we obtain the following:
ngﬂf¢2+y2—a2f/fAUﬁ—Efd2 (33)
Us = ¢1 (Y2, Y2, J2) - (34)

Therefore, (2) holds. Furthermore, from (16) we can see that

y1 = —Lsi1 +Us + Lyar AU, + Lyds. (35)
Thus
y1 =1 (x,u). (36)
From (17) we also have
yo = —Lio + Ug + LyasAUs + Lyds. (37)
Thus
Y2 = P2 (z,u). (38)

Therefore, (3) holds.
For the auxiliary output, based on (20)—(22), (26), and (29), we
also have

z1=wLy (1+ prséry) (63 (1) + 62 (32))

—wCy (L4 peydcy) (v +43) -
And we can write

z1 =72 (y1,92,91,92) - (40)
According to the analysis above, one can infer that the BILPC
model is flat. Therefore, it can enjoy the flatness properties to

design simple feedback controllers by applying I/O linearization.
Thus, the BILPC can be represented as a flat MIMO system.

(39

B. Flat Model of Parallel-Connected BILPCs

Considering a system of n BILPCs, connected in parallel, it
can be easily shown that the system is flat, following the similar
concept described in the previous section. Note that each BILPC
model is the same as one illustrated in Fig. 2. Defining the control
vector, flat outputs, and auxiliary outputs as follows:

T

U=[UaUs.. . Us Uz Us... U] 1) (41)
n n T

Y=y v vl w2939 g (42)
n1T

Z=[z2...7 ](nxl)' (43)

Therefore, it can be demonstrated that all state variables and
control inputs can be expressed as a function of flat output Y (its
components) and its derivatives; thus, the system is flat.

C. Proposed Control Strategy

To control parallel-connected BILPCs, we present a decentral-
ized SMC scheme according to the implementation of an adaptive
high-gain proportional-integral observer (AHGPIO). The overall
block diagram of the novel scheme for each BILPC is illustrated
in Fig. 3. As shown, first the disturbance/unknown inputs and
unmeasured states, Au and Z, are approximated using the AHG-
PIO. The I/O linearization are applied and virtual control signal
vector V, based on the desired trajectories Yplanned, 1S generated
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Fig.3.  General schematic representation of the novel control method for each
BILPC.

s 7
Fig.4. Representation of designing process of proposed AGHPIO for BILPC.

using SMC. The desired trajectories can be predefined, thanks to
the flatness of the system model. It should be noted that through
defining the desired trajectories, all parallel-connected BILPCS
can be coordinated. This is due to the fact that the same set-points
and output voltages can be planned for each BILPC. Finally, the
reference signals u2¢! are generated and applied to the SPWM

block of BILPC.

III. DESIGNING OF ADAPTIVE HIGH-GAIN PI-OBSERVER

In order to apply I/O linearization and design the decentralized
controllers, the unknown inputs and unmeasurable states need to
be approximated first. To do this, an AHGPIO is implemented.
As reported, the unknown inputs of an uncertain system can
successfully be approximated by using high gains of PI observers
[27]. However, choosing very large gains may result in fatal
problems with respect to unmodeled dynamics and measurement
disturbances and ruins the approximation result. Thus, to obtain
the best result, the gains of the PI-observer vary during the approx-
imation process, keeping the optimal values for the high-gains of
the PI-observer. The topology of the novel AHGPIO is indicated
in Fig. 4. As shown, based on an optimal procedure, the weighting
matrices and high gains of the PI-observer are determined. The
designing steps are as follows.

Step 1: The uncertain model of the BILPC, (16)—(19), is
arranged as the standard form as follows:
&= Ax+ Bu+ NAu+ Ed
y=Cx+h

(44)
(45)
where A, xn, Bnxi, and Cpy, «,, are the system matrices, Aw is the

unknown inputs, d is the unmodeled dynamics, / the measurement
noise, E,, and N, are coefficient matrices. Accordingly, for
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the uncertain model of the BILPC, we have

0 0 —%f 0 %f 0
00 0 —=+ 0L
= Ly | . B= Iy
=0 0 0 |’ 0 0
o
0 rors 0 0 00
a; 0 1000
. 0 as 10100
C=[0011],N= ool E=1oo010
00 0001
Au = [AULAU)" ,d = [dy da ds da)”. (46)
Step 2: The observer dynamics are defined as follows:
x| [AN)[ &] . [B 0 i
) =[] (2] (2] [Blo-n
—— ~—— ~——
A B £
. z
=[] 5 (48)
Cy

From (47) and (48), one should note that the observer is defined
as an extended system, i.e., the unknown inputs Aw is considered
as an additional state. Thus, to design the observer, the extended
dynamic model (A4;.C" ) must be observable so that the following
condition for all eigenvalues A is satisfied:

A, —N
rank 0 M, | =n+r (49)
C 0
Step 3: The errors are defined as follows:
ey =T —T (50)
eau = Au— Au. (51)

Thus, based on (47) and (48), the errors dynamics become
él- A— 510 N €q Ed 51
B ] | W R
—_— ——
Ale ¢
Therefore, to have a reasonable observer design, the errors have
tobe zero (i.e., e,, ea,, — 0). This is possible by choosing appro-
priate feedback matrix /, i.e., the high gains of the PI-observer.

Decoupling the error dynamics, by using Laplace Transform, we
obtain the following:

E, (s) = [s] — (A—6,C)] "NEa, (s)
—[sI — (A= 6,0)] "ED (s)
+[sI — (A= 0,C)] " 1 H (s) (53)

Bau(s)= — [sI+6CsI — (A~ 6,C)] '] sAU (s)
+ [51 + 6oC[sT — (A — elc)rlN} e
x [sI — (A—0,C)] "ED (s)

+ [sI+ 01T - (A= 6,0)] ']

% 0 [I sl — (A— elc)rlel} H(s). (54)

Fig. 5.
eAy-

Relationship between design parameter p and unknown input error

Therefore, based on (54), to minimize the effects of unknown
inputs on the approximation results, the following condition must
be satisfied:

[s[—&—EQC[sI— (A—ElC)]_lN}lu <e (55)

where ¢ is a sufficiently small value.

Step 4: Based on the LQR method, the high-gains of the
AHGPIO are obtained by solving the following equation:

¢=PCITR™! (56)
in (56), P is determined by solving the Riccati equation
AP+ PAT + Q- PCTR'CiP=0. (57)

Before solving the above equation, the weighting matrices R
and Q must appropriately be selected.

Step 5: For the purpose of making the high-gains adaptive, it
is assumed that the weighting matrices have the following forms:

R =201, (58)

I, 0 ] (59

.

Q=p { 0o I
where 0, 1 > 0. As described in [27], the main characteristics
of choosing the weighting functions are reflected in positive
parameter p. Here, we let p is chosen based on Algorithm 1
(which is described in the next step). In this algorithm, 7 is the
integration time step, and <y is a positive constant. First, a random
initial value is chosen for x. Then, the objective function value for
b= Mmain = Minitial, and its lower and upper bounds are eval-
uated. We let 6 = 0.1pmain and 6, = 10y ain- If the objective
function is minimum for chosen g, then this current value and
approximation are accepted and integration goes on. Otherwise,
a new value for p is set up and the integration is repeated. This
process proceeds until an optimal value is obtained for p. Fig. 5
illustrates the relationship between the design parameter 1 and the
unknown input error. As demonstrated, according to the unknown
inputs and unmodeled dynamics and measurement disturbances,
the absolute value of ea,, varies with time and p. However, at
each instant ¢, there is a point at which the error is minimum for
a specific value of (= fioptimal, Which is a point that gives the
minimum cost function.

Step 6: When [ioptimal 18 determined from the previous step,
then the weighting matrices (58) and (59) are available and
therefore, Riccati equation (57) can be solved for P. In order to
find the response of (57) numerically, we can use Schur method or
Newtonian methods. However, here we assume that the solution

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 02,2020 at 11:48:18 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Algorithm 1:

a) Set [t = [tymaqin % random initial value for p,

Hmain = Minitial- o
iower = 01 ftmain Y% Lower band
b) Set
) {MUPPE’I‘ = gu,umazn%Upper band
c¢) Evaluate the quadratic objectlve function:

fmin = min f = ’77—6 ( ) + ||€2||Frobenzus
Blower-Pmain -Mupper
if fmln = fmain
Hoptimal = Hmain
t=t+T;
=1+ 1;
else
set a new value for fi,,qin
t=t;
i=1i;
d) go to (b)
end

H = Hoptimal

is analytically determined as follows:

Pll P12
pP= .
{Pf; PQJ

Therefore, substituting (58)—(60) into (57) we obtain
APy + NPL + Py AT + PoNT + 1, = PLCTCO Py

(60)

(61)

APiy + NPy = Py ;CTCO™ ' Py (62)

PLAT + P,NT = PLCTCo Py, (63)

wl, = PLCTCO 1P, (64)
and the response of (56), i.e., the high-gains, is as follows:

[8]- [] [ -[BE] @

Therefore, these feedback high-gain matrices drift the errors to
zero.

IV. DECENTRALIZED SMC-BASED CONTROL DESIGN

After approximating the unmeasured states and unknown in-
puts, these estimated parameters are used for I/O model lineariza-
tion and designing the SMC-based decentralized controllers.
Therefore, in the following two sections, first the linearized model
of the BILPC is determined and then the controllers are designed.
At the last section, the process of obtaining the proposed desired
trajectories is discussed.

A. I/0 linearization of BILPC Model

For the first flat output, y;, since its relative degree is 2, we
have

Y =&z = 41 = I3 = =&3 +ds. (66)
Cy
Using (16) and the approximated parameters
1 1
| = — =——03 + —— + A+—d 67
Y1 Cfoﬂfg CfoU1 c; uy o, (67)

IEEE SYSTEMS JOURNAL

Similarly, for the second flat output we can write

1 1
=24 + =—=U2 -l-
CyLy CyLy Cy

Considering the auxiliary flat output, we obtain the following:

o = — =2 Aug + C_’ dy.  (68)

Z = Qwif (1 + po(SLf) (mla’rl + Z‘Qi‘g)
(69)

— 2wC_’f (1 + pCf(scf) (5,631"3 + {E4i'4) .
Using (16)—(19) one obtains the following:

. = 1 1
21 ZQUJLf (1+po6Lf) |:(IJ1 <U1—$3 + a1 Auq + d1>
Ly~ Ly

1 1
+x9 <qu2 - Ef14 + asAug + dg):|

_ 1
—2wCy (1 + pcf(SCf) |:J;3 <Cf$1 + d3>

+x <1x +d)}
4 sz 4] -

Rearranging (70) and using the approximated parameters, one
may write the following:

. __ (wLf(1+ 1) wCy (1 + 1)
= <2x1x3( 7 ( Eprf Ly) 7 ( C,epCf Cf)>

i (Wf’f (L +prsons) | wCy (1 J[pcﬂSCf)))
Ly(1
. <2wa( +PLf§Lf)J~31> w
Ly

(70)

N <2wa (L4 pcricy) - ) "y
Ly

( ( )

( ( ) azi
(2wLy (1 + priry) 1)
(2wLy ( ) %2)
— (2wC (1 + pogdoy) E3) ds

— (2wC} (1 + poydoy) E4) da. (71)

Therefore, (67), (68), and (71) can be rewritten in the linearized
compact form as follows:

0(Z) = f (@) +9(@)utO (@) Au+tS(@)d

A7)

(72)

where () = [01 05 03]7 [g'jl ijo 21]7 is the linearized dynamics
and A(7) = [A; Ay A3z]7 is an uncertain part so that we have

h
f(E) =1 fa
fs

TyL; '3
1
~ ~ ~ o~ wL ¢ (14 § wC (14 é
-2 (x1£63+362:v4)( 1 Ll;Lf Ls) + £ Cprf Cf))
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C“% 0 Therefore
(@) ;jl o’ 1 0 0 00007 [ 100 0
g(@)=192| = ) _ CyLy 0 0 0000 | 9 010 0
g3 2wLy(A4+prydry) ~  2wLy(1+prsdry) = B . %1
I, 1 I, T2 ¥ — 0 0 0000 al 001 Vo |+ 0
(73) -10 0000 |p 000 v Ypl
0 —10000] |p, 000 3 Yp2
B. Decentralized SMC-Based Controllers Design 0 0-1000 #3 000 yp(389)
Based on the linearized model, the following virtual control . .
or in the compact matrix form
parts can be defined: .. .
y _ ~ 24 Y=MY+BV+C. (90)
1= f1(2) + g1 (T)u (74) By defining
Vo = f2(T) + g2 (T) u (75) Y=z 1)
Vs = f3(Z) + g3 (T) u. (76)  we get the following new dynamics:
The following sliding surfaces are defined as follows: 7 = MZ+ BV +C. 92)
t For system of the form (92), we propose an SMC-based
o1 = (yp1 —41) + K1 / (Yp1 —v1) dx (77)  controller, making the control scheme robust against parameter
0 variations and unknown inputs.
1 The derivative of the sliding surface (83), the reaching law, is
t . r
B 1 41 0 0 | psat((yp1 —11)/e)
o2 = (yp2 = y2) + K2 /0 (Yp2 — y2) dz (78) 62| =—| 0 ap 0 sat ((Yp2 — y2) /)
> g3 L 0 0 qz1 sat((z,,3—23) /E)
2
t Sy1(01)
03 = (Zpl — 2:1) + /C3/ (Zp1 — 2’1) dv . (79) — 6y2 (0'2 93)
0 S.1 (o3
#3 or in the matrix form
Therefore, by constructing the following matrices: (Jj —p )
T’ 6 =—-Qsat | ——2 | - & (o) (94)
Y = [y1 y2 21 p1 P2 P3] (80) 2
Y, = [Yp1 Yp2 2p1 00 O]T 81) where Q = diag[qy1 qy2 91 ]. Therefore, the control vector V

we can write

g1 1 00 —K:l 0 0
g9 = 010 0 _KQ 0
o3 001 0 0 —Ks

(I v2 21 21 2225 = [ w2 20 000]") (82)

or in the compact form
o=K[Y,—Y]. (83)
In order to determine the virtual control vector V =
[V1 V2 V3|7 based on SMC, we temporarily ignore the uncertain

part A(Z) in (72), to obtain the second-order derivatives of the
flat outputs. Thus, we obtain the following:

i1 =WV1 (84)
2 = Vo
1= Vs (85)

t
391:/ (ypl_yl)dxijﬁ:ypl_yljj’l:ypl_yL
0

(86)

In the same way we have
P2 = Up2 — Y2 (87)
Ps3 = Ups — Us- (88)

must satisfy the following equation:
V= [KB]!

[—KLMZ — KC — Qsat (M) + QK (Y, - Y)

(95)
After some manipulation, and using (80), (81), (90)—(92), and
using (74)—(76), the actual control signals are as follows:
u=g"'(@)[V-f(@) (96)
The proof of the robustness of such controllers are described
in [23] and [24].
Thus, based on Fig. 3, the actual reference control signal which
is given to the SPWM block, is determined by implementing
inverse Clarke Transformation

u?ef 1 0 1 0

upef | = —1/2 V3/2 {;ﬂ =|-1/2 V3/2 {Zl} :
ulet —1/2 =32 LF ~1/2 —v3/2| L2
—_— —
cT

o7

In the matrix compact style, we have the following:
ulet = (T, (98)

Note that one should distinguish between the two defined
controlled variables; U .. in (4) is the controlled output voltage
of the BILPC whereas ualecf is the reference control signal whichis
applied to the SPWM unit to provide U 4. These two parameters
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Fig. 6. Proposed desired trajectory planning for auxiliary flat output. (a)
Planned electrostatic energy stored in filter capacitor. (b) Planned electromag-
netic energy stored in filter inductor.

are related to each other through the duty cycle of the BILPC.
Actually

Uabc _ DfluRef

abe

99)

where D is a coefficient pertaining to the duty cycle.

C. Desired Trajectories Determination

One of the main features of flatness-based control strategies
is that the desirable outputs’ trajectories can be predefined when
designing the decentralized controllers. To this end, according
to Fig. 3, we set the voltages y,1 = VR and 0 = VﬂRCf as
planned outputs for the first two flat outputs. For planning the
desired trajectory for the auxiliary flat output 2,1, we propose
the planning scheme indicated in Fig. 6. As shown, two PI
controllers are implemented to generate the desired trajectory. As
indicated in Fig. 6(a), the desired electrostatic energy stored in the
filter capacitor is determined based on the planned first two flat
outputs. On the other hand, as depicted in Fig. 6(b), the desired
electromagnetic energy stored in the filter inductor is obtained
based on a current sharing bus. The inductor current of each
BILPC is given to the current sharing bus. The averaged residual
current is zg fap The difference of zg fapB with the current of
each BILPC, for example, BILPC number #, is given to the PR
compensators to generate the reference current of each BILPC.
In this way, each BILPC tries to reduce the residual current by
regulating its output, resulting an appropriate current and power
sharing among parallel-connected BILPCs. Therefore, using a
low-pass filter with time constant 7, according to Fig. 6, we have
the following:

2p1 = —2p + 221‘ (100)

V. SIMULATION RESULTS AND DISCUSSION

The proficiency of the new flatness-based AHGPIO control
strategy for BILPCs in an HMG is evaluated using simulation and
competitive studies in MATLAB. An exemplary HMG with the
topology indicated in Fig. 1 is considered. The HMG includes
one dc subgrid and one ac subgrid. The dc subgrid contains a
250-kW PV unit accompanied with 50-kW battery, their specifi-
cations can be found in [20]. In the ac subgrid, there is a 5 x 50
kW doubly fed induction generator (DFIG)-based wind unit, its
specifications are given in [28]. The subgrids have their own
regional loads. As illustrated, the subgrids are connected together
using parallel-connected BIPLCs. For comparison reasons, the
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Fig. 7. Active powers of BILPCs using control method of [21].
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Fig. 8. Reactive powers of BILPCs using method of [21].

method of [21] is discussed in a similar system circumstance. The
performance of the new control strategy and the control strategy
of [21] are evaluated during a load change in the ac subgrid, while
the resistance of line 1 is varied. The voltage of the dc bus is 470
V.

The dc subgrid is loaded with a 50-kW pure resistive load. All
the arrays of the PV system are active, and therefore, the generated
power in the dc subgrid is 250 kW and there is no load in the ac sub-
grid. Thus, no power is exchanged between the two microgrids. In
the ac subgrid, one of the wind units is active, when a passive load
Shoad = 250 kW + 160 kVAr = 296.81./32.61 kVA is loaded
att = 2.5 ms. Therefore, the main grid and the dc subgrid (since it
provides a surplus power) are responsible for compensation of the
needed power in the ac subgrid. Figs. 7 and 8 indicate the results
when the BILPCs are equipped with the control strategy described
in [21]. According to Fig. 7, the active powers of BILPC1 and
BILPC2 are P; = 95 kW, and P, = 90 kW, respectively. There-
fore, the active power difference is 5 kW. The lost active power
in the transmission lines is (P; + P») — Pr piLpcs = 4 kW.
Therefore, the transferred power from the dc subgrid to the ac
subgrid is Pr, prpcs = 181 kW. The residual of the needed
active power is provided by the power system and the wind
turbine, i.e., 250 — 181 = 69 = Pyiq + P1x50 kw- Thus, 19 kW
is injected by the power system. Fig. 8 illustrates the reac-
tive powers. As shown, @)1 = 63.7 kVAr and Q)3 = 24.9 kVAr;
thus, the difference is 38.2 kVAr. The wasted reactive power is
(Ql + QQ) — QLABILPCS = 14 kVAr. Thus, the BILPCs supply
Q. BiLpcs = 74.6 kVAr of the needed in the ac subgrid. The
residual of the needed reactive power is injected by the power
system and the DFIG. As demonstrated in Figs. 7 and 8, it is
evident that the method of [21] is not capable of administrating
proper power distribution for the power converters.

Figs. 9 and 10 show the simulation results in the same condition
when the proposed control scheme is applied to BILPCs. The re-
sults validate the well-distribution of power among BILPCs. Fig. 9
indicates that the active power difference is less than 0.2 kW. For
the power converts 1 and 2, P; = 95 kW, and P, = 94.82 kW,
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Fig. 9. Active powers of BILPCs using proposed control method.
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Fig. 10.  Reactive powers of BILPCs using proposed control method.

respectively. Also, (P + Ps) — PrpiLpcs = 3.2 kW, thus
Pr piLpcs = 186.62 kW. Fig. 10 illustrates the reactive
power distribution. As illustrated, @)1 = 90 kVAr and @, =
88.76 kVAr; thus, the difference is 1.24 kVAr, which is note-
worthy when comparing with Fig. 8. Furthermore, (Q1 + Q2) —
QL.BILPCS = 29 kVAr and thUS, QLABILPCS = 149.76 kVAr.
Comparing the results, it is seen that the new control method
has been able to reduce the active and reactive power discrepan-
cies by 96%, and 96.75%, respectively. Furthermore, comparing
P siLpcs and Q1 Br1.pcs, it is evident that the new method has
resulted in enhanced the transferred power among the subgrids.

VI. CONCLUSION

The control problem of BILPCs in an HMG has been in-
vestigated in this article. The unmodeled dynamics have been
considered on the inductor and capacitor of the output LC filter,
meanwhile the unknown input signals have been modeled in the
main control signal of the BILPCs. Considering these unmodeled
dynamics and unknown inputs, an AHGPIO has been designed to
approximate these uncertain parts and unmeasured states. The
approximated parameters have been used in I/O linearization
of the BILPC model and based on this model, the SMC-based
decentralized controllers have been designed. The desired tra-
jectories have been planned based on the flatness feature of the
BILPC model. The simulation results and case studies comparison
have revealed the effectiveness of the proposed control scheme in
controlling of BILPCs when the system condition changes.
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