4160

IEEE TRANSACTIONS ON SMART GRID, VOL. 13, NO. 6, NOVEMBER 2022

Robust, Accurate, and Fast Decentralized Power
Sharing Mechanism for Isolated DC Microgrid
Using Droop-Based Sliding-Mode Control

Mohammad Veysi*, Jamshid Aghaei

, Senior Member, IEEE, Mohammad Reza Soltanpour,

Mokhtar Shasadeghi, Behrooz Bahrani™, Senior Member, IEEE, and Daniel Joseph Ryan, Student Member, IEEE

Abstract—In this paper, a droop-based sliding mode controller
(DBSMC) is designed for power sharing in an isolated DC
microgrid (DC MG), with improved nonlinear droop model, in
the presence of bounded structured uncertainties and external
disturbances. The proposed DBSMC strategy does not require
any communication link. The design process of the proposed
controller is such that the trade-off between the two factors pro-
portional power sharing and precise voltage regulation reaches
the minimum possible. The creative design of the controller
greatly reduced the control action stress, in such a way that,
the occurrence of various uncertainties in the nonlinear droop
model is compensated by applying small intelligent changes in the
control parameters, using a fuzzy approximator. To evaluate the
efficiency of the designed DBSMC controller, simulations are per-
formed on an isolated DC MG with DC-DC buck configuration
in MATLAB software. Finally, the real-time digital simulation
results utilizing real-time digital power system simulator (RTDS)
corroborate the performance of the proposed DBSMC controller.
The simulation results obtained from MATLAB and the RTDS
verify the robust, accurate and fast function of the proposed
droop-based controller in power sharing of the isolated DC
MG in the presence of variable operating conditions, parametric
uncertainties and external disturbances.

Index Terms—Droop-based sliding mode control (DBSMC),
fuzzy approximator, power sharing, improved nonlinear droop
model, DC-DC buck converter, isolated DC MG.
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NOMENCLATURE

Ky  Droop coefficient

Operating point voltage (V)

I,,  Operating point current (A)

The variations of the output DC voltage (V)
The variations of the instantaneous power (W)
V*  Reference voltage (V)

I Reference current (A)

1% Control input (V)

Nominal DC source voltage (V)

The variations of the DC source voltage (V)
R Load (2)

Ry Line resistance (£2)

R4, The internal resistance of the converter (£2)

Alge The variations of the converter internal resistance
current (A)

AlIr  The variations of the converter inductance current (A)

We Angular frequency (cutoff frequency) (rad/s)

Kp, The proportional gain of the voltage controller
K, The integral gain of the voltage controller
Kp;  The proportional gain of the current controller

K;  The integral gain of the current controller.

I. INTRODUCTION

INCE the late of the 20th century, the continuous expan-
S sion of power semiconductor devices and power convert-
ers, provides the feasibility of supple current/voltage transfor-
mation and hence reinstates DC power to the original position
finding its uses [1]-[3]. It can be said that the “War of
the currents” is not over yet and T. Edison’s victory over
G. Westinghouse and N. Tesla is finally happening during
the time! DC MGs are distinguished by attractive features
such as high system efficiency and reliability, high power
quality, economic and largely autonomous operation, low con-
version stages, and less complex control and management [4].
Many control strategies and power management methods have
been suggested to obtain desirable DC MG operation, in var-
ious challenging operating conditions and in the presence of
structured uncertainties and external disturbances [5]. At the
moment of the occurrence the adverse operation situations and
uncertainties, the proportional load sharing is a crucial issue to
avoid unfavorable overloading and achieving precise voltage
regulation [5], [6].
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One of the simplest and most widely developed techniques
of decentralized control for AC and DC MGs is droop con-
trol [6], [7]. In isolated mode of DC MGs operation, linear
P-V droop control shares DGs power proportionally based
on DGs power ratings and regulates the DC terminal voltage
accurately, using local measured MG state variables as the
control parameters [5]-[10]. Despite these advantages, there
is low accuracy of power sharing, due to line parameters and
sensor errors. The quantitative impact of line resistance on
the load sharing and voltage regulation in DC MGs has been
expressed in [6], [11]. Therefore, the essential need to improve
conventional droop technique is undeniable. Initial efforts in
this area include: increasing the droop resistance [11], insert-
ing the additional virtual output impedance [12], injection a
small AC signal for active power sharing coordination, using
frequency [13], and etc. Unfortunately, these methods did not
succeed in solving the problem, for obvious reasons. The
conventional droop method can be improved using adaptive
determination of the droop coefficients, based on the changes
of the DC MG parameters [14]. Another control tendencies
are defining the rules in the form of linear controllers to
change the droop resistances in accordance with the system
changes, to satisfy the system’s objectives [15], [16]. These
linear rule-based approaches do not present the accurate droop
coefficient compensation, due to the lack of intelligence and
automaticity. A low bandwidth communication network can
improve the load sharing accuracy [17]. In [18], a two-level
control technique is suggested for an islanded DC MGs, in
such a way that, a P-V droop strategy and a voltage derivative
restoration mechanism are utilized as primary and secondary
control; respectively. However, the existence of communica-
tion network in the DC MG structure can increase the cost
and stabilization time as well as reduce the reliability. In [19],
a virtual voltage-based droop control technique is designed to
reduce the voltage deviation and achieve proportional power
sharing. In [20], an attractive frequency-based droop strat-
egy is presented for power sharing in DC microgrids with
various low, medium and high X/R ratios. These researches
haven’t enough robustness against the generation side uncer-
tainties such as DG outage and DG voltage variations. In [21],
a hierarchical control structure with a novel dynamic droop
coefficient correction control is introduced to achieve precise
power sharing in DC microgrids. Unfortunately, in this control
structure, high dependence on communication links degrades
the reliability and efficiency of the system. In [22], more
than ten recently proposed decentralized droop control strate-
gies are comprehensively reviewed, and their innovations are
expressed. A closer study of these strategies can pave the way
for valuable future researches. In [5], a droop-based T-S fuzzy
sliding mode controller is designed to proportional power
sharing of isolated boost converter-based DC MG, using the
equivalent T-S fuzzy model. The DGs voltage variations are
not considered. The long transient-states of the DGs output
powers and DC bus voltage, oscillatory DC voltage conver-
gence in the uncertainties occurrence moments as well as the
slow and gradual convergence of the DGs output powers to
the proportional power values, are the other weaknesses.
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In this paper, to reduce related problems with linear P-V
droop control, an improved nonlinear droop model for isolated
buck converter-based DC MG is obtained using the expressed
concepts in [5], [6]. Next, a DBSMC controller is designed,
in such a way that, two state variables DG output power
and DC terminal voltage are controlled with only one con-
trol input, in the presence of variable operating conditions,
bounded structured uncertainties and external disturbances.
The DBSMC control parameters are approximated using a low
computational load fuzzy approximator. The basis of the fuzzy
approximator function is defining the proper criteria in order
to tracking error evaluation.

According to the above descriptions, this paper presents a
novel nonlinear robust, accurate and fast DBSMC controller, to
achieve proportional power sharing. The performance and cre-
ative design procedure of the proposed nonlinear robust droop
control strategy represents the extraordinary role of three fol-
lowing significant factors in the proportionality, accuracy and
rapidity in power sharing of isolated DC MGs, in the presence
of the various uncertainties: a) considering the nonlinear terms
in droop modeling, b) minimization the trade-off between the
proportional power sharing and precise voltage regulation, and
¢) reducing the computational load of the control input. In fact,
mentioned features bring the ability to implement the proposed
control in practice.

The rest of the paper is organized as follows: Section II
expresses the modeling procedure of the improved droop strat-
egy. In Section III, a DBSMC controller is designed and the
global asymptotic stability of the closed-loop system will be
proved. Next, a low computational load fuzzy approximator
is introduced for approximation of the control parameters.
Section IV clarifies the steps to design and advantages of the
proposed DBSMC controller in detail. In Section V, to demon-
strate and to compare the function of the proposed DBSMC
controller, simulations are conducted on an isolated buck
converter-based DC MG in MATLAB software. Furthermore,
real-time simulation results attained from an RTDS system are
given. Eventually, conclusions are presented in Section VI.

II. MODELING OF IMPROVED DROOP STRATEGY

In fact, the improved droop strategy is utilized to control
the DC-DC converters, which act as interface equipment for
DGs and DC MG. The improved droop method can be used
for converters with different topologies. For example, in [5] all
converters have boost structure. In this paper, all converters are
considered with a buck configuration. Using the advantages of
the droop strategy model and DC-DC converter components
such as voltage and current controllers, small-signal analysis
can be utilized. According to the concepts presented in [5],
[23], and [24], the general block diagram of the system is
shown in Figure 1. The function of this block diagram can be
expressed according to the following steps:

1. The output voltage and current of the converter (V,, I,,)
are applied as input to the power control block. In this block,
the calculated power (p;,) passes through a low-pass filter and
the average power (p) is extracted. Average power is exerted
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Fig. 1.

General schematic representation of VSI.

to the improved droop controller in the power controller to
achieve the desired power sharing. The output of the droop
controller is the reference voltage (V).

2. The output voltage of the converter and the output of the
power control block (reference voltage) are applied as input to
the voltage control block. The output of the voltage controller
block is the reference current signal (7*).

3. The output of the voltage controller block (reference cur-
rent) and the converter input current (Iz), which is actually
the current due to the internal resistance of the converter (Rg,),
are applied as input to the current controller block. The output
of the current controller block is the voltage signal (V}") input
to the power switch driver, as the PWM pulse generator.

The linearized model of the system around the operating
point (Vop, Iop), which is the output voltage and current of
the converter at the operating point, is utilized to analyze the
small-signal stability of the system in Figure 1, according to
the following equation [5], [23]:

AP = —wc AP + 0clop AV, + 0 Vop Al (1)

where . is the angular frequency of the filter.

In the above relation, AP and AV, are considered as state
variables. Next, the variables W and I' are marked to describe
the voltage and current control loops, respectively [5], [6]:

AW = [AP/K,+025V3, — 0.5V, — AV, )
AT = Ky AW — Alyy — Kp,AV,
+ Kpy (\/ AP/Kq+0.25V2, o.svo,,) 3)

where K, signifies the suggested droop coefficient.

As mentioned before, in this paper, all converters are con-
sidered with buck structure. Therefore, in the following, the
performance of the buck converter and its two operating modes
will be briefly reviewed. The structure of the DC-DC buck
converter and its two operating modes are shown in Figure 2.
To describe the converter dynamics, analysis of its operat-
ing modes is necessary. According to Figure 2-(a), the buck
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Fig. 2. Circuit structure and operating modes of the DC-DC buck converter
(a) buck converter circuit (b) operating mode 1, V;" =1, PWM — High (c)
operating mode 2, Vi* =0, PWM — Low.

converter has a power transistor and a flywheel diode. The first
operating mode, Figure 2-(b), occurs when the PWM pulse
stands high. Also, the second operating mode, Figure 2-(c),
arises when the PWM pulse is low. As is clear, in the first
operating mode, the power transistor is on and the flywheel
diode is off, and vice versa, in the second operating mode,
the power transistor is off and the flywheel diode is on, to
direct the energy stored in the inductor L. The circuits of
Figures 2-(b) and 2-(c) have one node. By KCL at these nodes
and also using KVL around the outer loops of these circuits
we will have the following relations:

Mode 1 : Vi* =1, =Vg +Ryglys + VL + Vo =0
KVL{ Mode 2 : Vi =0,V +Vp=0 @)

Mode 1 : Vl-*z 1,1(;=Idg—10; IngIL
KCL{Mode 2:Vi=0,Ic=1—1Ip; I;z=0 ®)

Now, considering that the value of the variable Vl-* is zero

or one, the above relations can be combined as follows, so
that the following relations represent both operating modes of
the buck converter:

KVL: — ViVg + ViRaglag+ VL + Vo =0 (6)
KCL: Ic = Vilgg+ (1 = V)L —Io (7

The behavior model of DC-DC buck converter circuit can
be extracted from (6) and (7) as follows:

dip/dt = [V{'Vg — V{Raglag — Vo/L 8)

dlgg/dt = V[ViVE — ViRaglag — Vo|/L ©)

dVo/dt = [Vilg + (1 = Vi) —1o]/C (10)

Finally, the state-space representation of the overall system

equations can be obtained, in the format X = f(x) + g(u),
using (1-3) and (8-10) as:

AP wcVopAl,

AW 0

AT 0

NA =f)+ 0 (1)
Aidg 0

AV, — Al

The f(x) as a 6 x 1 vector is addressed in Appendix A.
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The nonlinearity of the state-space equations (11) is obvi-
ous. In fact, the DG voltage and the load size are uncertain. In
addition, the existence of uncertainty in the feedback signals
Vo and I,, as well as Ig,, cannot be denied. Therefore, con-
trolling this system with a conventional PI controller is a very
challenging issue and designing a robust nonlinear controller
seems very essential.

Remark 1: Voltage and current controllers are usually simple
PI controllers.

Remark 2: In this paper, variations of the DC source voltage
(AVE) and line resistance (Ry) are considered.

III. POWER SHARING USING DBSMC CONTROL

According to the dual purposes of proportional power shar-
ing and precise voltage regulation, the following functions are
defined based on the state variables AP and AV, expressed
in (11):

filxr, x6) = f(O)1 (12)

g1 = @cVop (13)
fa(xr, x2, X3, X4, X5, X6) = f(X)61 (14)
g =-1/C (15)

where f(x)11 and f(x)e; are the elements of the first and sixth
rows of the vector f(x).

Now (12) and (13) as well as (14) and (15) are respectively
inserted in the relations related to AP and AV,,, which have
been expressed in (11), as:

AP = fi(x1,x2) + g1u(?)
AVo = fo(x1, x2, X3, X4, X5, X6) + gou(t)

(16)
a7)

Next, fi and f> are used instead of fj(x;,x) and
fr(x1, x2, X3, X4, X5, X6), respectively, for the sake of brevity.
In order to realize the proposed improved droop strategy,
the following state-space equations are used in the proposed
model-based control:

{561 =fi +gu(®) +di ()

i6 = f> + gou(t) + do (1) (18)

where di(f) and d>(¢f) represent unmodeled dynamics and
external disturbances. To design the proposed controller, the
following assumptions must be met [25], [26]:

Assumption 1: All state variables are measurable.

Assumption 2: The functions fi, f>, g1 and g» have
uncertainty.

Assumption 3: The functions g; and g, are bounded and
non-zero.

Assumption 4: External disturbances are unknown, but their
upper bounds are clear, i.e., ||d;(H)| < d"**.

Remark 3: Explaining assumption 2, it should be noted that
fi = feit+fui and g; = gci+8ui- fei and g, as well as fy,; and gy,
are the known and unknown parts of the functions f; and g;,
respectively. Although the functions f;; and g,; are unknown,
the upper bound of f;, ie., fii < fii¥, is clear. Also, the
upper and lower bounds of g,;, i.e., 0 < gii" < g, < gn¥%,
are specified.
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Next, the state-space equations (18) are transferred to the
error domain. So, the following definitions are provided:

{el =X — Xq1 (19)

€6 = X6 — Xd6

where x41 and x4 are desirable values, that must be followed
by the state variables x; and x¢, respectively. e and eg are also
tracking errors. Next, equations (19) are derived with respect
to time and then equations (18), considering Remark 3, are
placed in them:

ey = X1 — Xg1 = fe1 + garu(t) + D1 (1) — xa1 (20)

é6 = X6 — Xg6 = fe2 + ge2u(t) + D2 (t) — Xq6
where D1 (t) and D;(t) are considered as total disturbances and
defined as:

D1() = fu1 + guiu(®) +dq (1)
Ds (1) = fuz + guou(t) + da(t)

In fact, equations (20) are state-space equations in the error
domain.

Assumption 5: According to Assumption 4 and Remark 3,
as well as due to control input u(f) being bounded [27], the
upper bounds of introduced total disturbances (21) are clear,
Le., IDi@)| = D™

Remark 4: As shown in (20), the system has only one con-
trol input u(z). Controlling two state variables x; and x¢ of the
nonlinear system with one control input seems challenging.

2n

A. DBSMC Controller Design

In order to control the system (20), a DBSMC controller is
proposed. For this purpose, the following sliding surfaces are
defined [27]:

{ s1=Ee 22)

52 = Ceg
where £ and ¢ are positive constants. Equivalent control inputs
are selected as follows:

leq1 (1) = — g (fe1 + Eer)
cl 23
Lm®=—$%ﬁ1m- @

Theorem 1: In the state-space equations (20), if control
input u(?) is selected as follows, the tracking errors e; and
e asymptotically converge to zero with any initial condition:

u(t) = Ueq1 (t) + tteg2 (1) + us (1)

eql (T
-1 (Egcl +€gcz)<—‘:&z;§()t)>

+Efe1 + ¢fer — (Exa1 + $Xae)
+kS 4 psat(S)

s() = ———~ 24
w0 {é‘_gcl} 9

+{8c2

where k and p are positive constants.
The proof of Theorem 1 is given in Appendix B.

B. Fuzzy Approximation of SMC Coefficients

Usually, SMC coefficients are determined and adjusted by
trial and error. Here, a fuzzy approximator system is used to
determine the control coefficients £ and ¢. At first, the initial
parameters &y and o, determined by the designer based on
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known system information, are applied to the DBSMC con-
troller. Then, according to the evaluation of the controller
performance and the effects of the previous approximation
(initializing in the first step), the controller parameters are
approximated again. In fact, the performance of the sliding
mode controller can be evaluated from two aspects of control
input chattering phenomenon and tracking error. Due to the use
of the sat(S) function in the design process of the sliding mode
controller, the problem of control input chattering has been
solved. Next, the tracking error evaluation criterion (TEEC) is
used to evaluate the controller performance in relation to the
tracking error:

) leld
Jo Ixaldt

where e = x—x, represents the tracking error, T is the approx-
imation time interval, and A is a positive constant. Indeed, this
description indicates that the tracking error must be evaluated
according to the reference input amplitude. As a result, better
tracking can be expected from the controller by tending TEEC
to zero.

Here, the problem of approximation of sliding mode con-
trol parameters is considered as a solution search procedure in
the form of a fuzzy intelligent optimization problem in order
to minimize the TEEC criterion. In the following, for easier
expression of the content, parameters £ and ¢ are briefly intro-
duced with parameter p. In the intended optimization problem,
for each initial value of the p parameter (pg), the desired value
of the p parameter (p;), which minimizes the TEEC criterion,
is obtained. The fuzzy intelligent minimization process, until
the value of py is attained for the minimum value of the TEEC
criterion (TEECyp), is repeatedly searched for the p parameter
using the following relation:

TEEC = 25)

Pi+1 = pi + Api (26)

At each approximation step, Ap is achieved according to
the effect of the previous approximation. Due to the fact that
the parameters of the proposed DBSMC controller (£, {) are
positive constants, if pg is greater than py;, Ap is a negative
number, and if pg is less than py, Ap will be a positive number.
ATEEC is also defined according to the value of TEECn;, as
determined by the controller designer. Therefore, the following
relations represent ATEEC and Ap:

{AP:Pd—PO

ATEEC = TEECyi, — TEEC) @7

ATEEC is always a negative or zero value. Figure 3(a) pro-
vides a visual representation of the minimum value search
process in the proposed intelligent minimization method.
Different values and signs of Ap, as well as different val-
ues of ATEEC, create distinctive search paths in the diagram
of Figure 3(a), which can be represented as Figure 3(b).

Here, Ap and ATEEC represent the changes in the value
of the p-parameter and changes in the TEEC criterion dur-
ing the approximation process, respectively. Next, ATEEC/Ap
is defined as the sensitivity factor for approximating the
p parameter, where, ATEEC = TEEC., — TEEC,; and
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Fig. 3. Visual representation of the proposed intelligent minimization method
(a) minimum value search process (b) distinctive search paths.

Ap = ppew—DPold- The sensitivity factor indicates how sensitive
the control performance is to the control parameter approxi-
mation. If the value of this factor is considered large, in the
next step of approximation, there will be a small change in
the value of the control parameter and vice versa. Carefully
in Figure 3-(b), this concept is easily understood.

To guarantee the stability and increase the accuracy of the
proposed DBSMC controller, the parameters & and ¢ must
be approximated. This approximation can be defined as the
process of searching for the values of the control parameters
to minimize the TEEC criterion. The flowchart of the execution
process of the proposed algorithm is shown in Figure 4.

Remark 5: The proposed algorithm is separately imple-
mented to approximate both control parameters & and ¢. That
is, for the parameter & the TEEC; criterion is defined accord-
ing to the state variable x; and for the parameter ¢, the TEEC,
criterion is defined based on the state variable xg.

Remark 6: In the flowchart of Figure 4, the DGRP is the
reference signal for the power of i’ DG. In fact, the occurrence
of one of the two conditions; a) changing the level of the
reference signal for the power of i DG and, b) the largeness
of the TEEC criterion relative to TEEC i, or the simultaneous
occurrence of both conditions, are the conditions for parameter
re-approximation.

To describe the seven hypothetical paths of the search pro-
cess in Figure (3-b), the following fuzzy rules can be defined,
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Fig. 4. Flowchart of the proposed algorithm for approximating the control
parameters & and ¢.

for each path, respectively:

if ATEEC/Ap is NB, then Ap is PS
if ATEEC/Ap is NM, then Ap is PM
if ATEEC/Ap is NS, then Ap is PB
if ATEEC/Ap is Z, then ApisZ
if ATEEC/Ap is PS, then Ap is NB
if ATEEC/Ap is PM, then Ap is NM
if ATEEC/Ap is PB, then Ap is NS

(28)

It should be noted that, in each of the above fuzzy rules,
ATEEC/Ap is considered as an input variable and Ap as an
output variable. Using these fuzzy rules, the controller con-
siders the effect of the approximation of the parameter p and
decides on the value of the next approximation. Finally, the
value of the parameter p that minimizes the TEEC criterion
is searched. The membership functions used in the Mamdani
fuzzy inference system are shown in Figure 5.

IV. STEPS TO DESIGN AND ADVANTAGES OF THE
PROPOSED DBSMC CONTROLLER

A. Steps to Design of the Proposed DBSMC Controller

Briefly, the design process of the proposed DBSMC con-
troller includes the following steps:

1. Define the functions f1, g1, f> and g2 according to the (11).

2. Determine the state-space equations (18).

3. Determine the state-space equations in the error domain
consistent with (20).

4. Define the sliding surfaces s; and s> based on (22).

5. Determine the equivalent control inputs u.41(¢) and
Ueq2 (1) according to the (23).
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Fig. 5. Fuzzy membership functions (a) membership functions for input

variable ATEEC/Ap (b) membership functions for output variable Ap.

6. Determine the switching control input u,(¢) and control
input u(¢) according to the (24).

7. Determine the positive constants p, k and €.

8. Determine the values d{"** and dy"**.

9. Initialize the control parameters & and ¢ and also
determine the values TEEC:min and TEEC, min.

10. Determine TEEC; and TEEC; criteria and define the
sensitivity factors ATEEC: /A& and ATEEC;/A¢ according
to the (25) and (27), respectively.

11. Describe the fuzzy rules (28) and membership functions.

12. Approximate the control parameters £ and ¢ according
to the flowchart of Figure 4.

In order to better understand the proposed control structure,
the block diagram of Figure 6 is presented.

B. Advantages of the Proposed DBSMC Controller

In the design of the proposed DBSMC controller, there
are some creativities and innovations that are mentioned as
follows:

1. The design process of the proposed controller is such that
with only one control input, two state variables Ap and AV,
are controlled simultaneously and well. In other words, the
trade-off between the two factors proportional power sharing
and precise voltage regulation reaches the minimum possi-
ble. The proposed controller also overcomes all structured
uncertainties and external disturbances. In fact, this advantage
indicates the robustness and accuracy of the proposed control.

2. a) In the VSI structure, in the PI voltage and current
controllers for each DG, the parameters Kp,, Kp,, Kp; and Kj;
are determined separately according to the performance of the
i" DG and its related converter.
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Proposed Sliding Mode Controller

Reference Values
Generator

Improved Droop Model

Fig. 6. Block diagram of the proposed control system.

b) According to (11), the presence of AP/Kj is visible in most
elements of the vector f(x). Since, by changing the reference
power value of DG; (P,-ref) or other structured uncertainties
occurrence, the value of AP;/kg, changes, so we can use the
simple relation kg, = P, * kdiinitial /AP; . . to regulate the
value of K, and kept the value of AP;/ky, constant.

Due to the above dual features, the control action stress of
the proposed DBSMC controller is greatly reduced.

3. Due to the above-mentioned advantage, the occurrence
of various uncertainties in the improved droop model is com-
pensated by applying small changes in the control parameters
& and ¢. Therefore, in the fuzzy approximator, the upper and
lower bounds of the membership functions of the input and
output variables become smaller, and as a result, the control
parameters are approximated very quickly in proportion to
the model changes. In fact, this advantage indicates fast and
accurate control. In addition, in fuzzy approximator design,
single-input, single-output fuzzy rules are used. Also, the fuzzy
approximatior rule base has only seven rules. Therefore, due
to these features and also due to advantages 1 and 2, the
computational load of control input is very small.

4. In the proposed control, the undesirable phenomenon of
control input chattering is eliminated, without undermining the
proof of the closed-loop system stability.

5. The design process of the proposed DBSMC controller
is very simple and also, the performance of the utilized fuzzy
approximator is very fast. Therefore, the simplicity, step-by-
step nature of the controller design process, as well as the low
computational load of the control input, bring the ability to
implement the proposed control in practice.

V. PERFORMANCE EVALUATION
A. Simulation Results

In order to evaluate the performance of the proposed
DBSMC control, suggested FSMC droop control in [5], the
conventional droop method, the droop scheme with virtual
resistance and the proposed droop strategy are compared in

Buck Converter 1

Ry, L
DG1 =1

DC Bus

i

Droop-Based

SMC Controller 1

Sensitive
Loads

Non-Sensitive
Loads

Droop-Based
SMC Controller 3

Fig. 7. The configuration of the studied MG.

two cases. As shown in Figure 7, a DC MG consists of
three DGs and their respective converters is considered and
simulated in MATLAB/Simulink.

In two aforementioned cases, the DG nominal ratings are
determined as SkW, 10kW and 15kW for DG1, DG2 and DG3;
respectively. Each DG is implemented as a DC power supply,
connected to the 400V DC bus using a DC-DC buck con-
verter. For all three DGs Vg,, AVg and V,, are 600V, 10V
and 400V; respectively. Improved droop model parameters are
given in Appendix C. Let us now test the designed DBSMC
controller in two cases with various load changes, DG outages,
DC source voltage variations and line resistances as follows.

Case 1 (Load Changes, DG Outages and DG Voltage
Variations): In this step of the simulation, assumed the load
changes from 10kW to 7kW at 0.2s, DG1 removed at 0.6s
and DGs voltage variations AVg changed from 10V to 15V at
0.8s. The line resistance values Ry, Ry, and R, are specified
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Fig. 8. The power sharing with the proposed DBSMC control in Case 1.

as 0.392, 0.4Q2 and 0.52; respectively. According to DGs rat-
ings, the DG1, DG2 and DG3 portions should always be 1:2:3,
in the supply of load, under the different conditions of power
system working and in the presence of the structured uncer-
tainties and external disturbances. The parameters of the triple
DBSMC controllers and the bounds of the fuzzy approxima-
tor MFs, indicated in Figure 5, are addressed in Appendix D.
Also, the evolution of the fuzzy approximated DBSMC con-
trol parameters & and ¢ are shown in Appendix E. Figures 8
and 9, demonstrated the output powers of the three DGs and
the magnitude of the voltage under the proposed DBSMC con-
trol. Very short transient-state and the quick readiness of the
DGs and their respective converters to provide the load power
as well as the rapid convergence of the DGs output powers
to the proportional power values, without significant under-
shoot and/or overshoot, can be seen in Figure 8. The DGs
could accurately share the loads, very close to the favorable
ratio of 1:2:3, utilized the proposed DBSMC control. This
desired performance is achieved in uncertain conditions such
as 3kW load reduction at 0.2s, outage of DG1 at 0.6s and
5V increase in range of the input voltage of all converters at
0.8s. Furthermore, for parametric uncertainties, it is assumed
that the DC-DC buck converters parameters were 90% of the
expressed values in Appendix C, and external disturbances are
applied using d;(t) = d**sin(10¢). These parametric uncer-
tainties and external disturbances challenge the voltage and
current sensors measured values. In addition, no information
exchange takes place between the buck converters, in fact, the
proposed droop strategy is a decentralized control without the
need for any communication links. The almost precise voltage
regulation under the above-mentioned uncertain conditions can
be deduced in Figure 9.

In the following, in order to further performance evaluation
of the proposed DBSMC controller, T-S fuzzy sliding mode
controller (FSMC) designed to control the boost converter-
based isolated DC MG in [5] is simulated and applied to
the studied buck converter-based isolated DC MG. Figures 10
and 11, shown the output powers of the three DGs and the
magnitude of the voltage under the droop-based FSMC con-
trol [5]. Carefully in Figure 10 and compare it with Figure 8§,
the very favorable performance of the proposed DBSMC con-
trol can be inferred in comparison with the droop-based FSMC
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Fig. 9. The DC voltage with the proposed DBSMC control in Case 1.
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Fig. 11. The DC voltage with the droop-based control [5] in Case 1.

control [5]. So that in Figure 10, long transient-state, slow,
oscillatory and non-smooth convergence with considerable
undershoot and/or overshoot can be seen in the uncertain-
ties occurrence moments at 0.2s, 0.6s and 0.8s. Also, in
Figure 11 the poor voltage regulation is clear compared to
the proposed droop control. The output powers of the three
DGs under conventional droop control are shown in Figure 12.
And the results with the virtual resistance compensation can
be seen in Figure 13. The considered droop coefficient val-
ues in the conventional droop method are —0.003€2, —0.006£2
and —0.009€2. Also, —0.03€2 is intended for virtual resistance
value. Figures 12 and 13 show the very long transient-state,
very slow convergence and poor power sharing performance
in the presence of uncertainties. According to detailed Tables I
and II, it seems that the desirable performance of the proposed
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Fig. 14. The power sharing with the proposed DBSMC control in Case 2.

DBSMC control in proportional power sharing can be con-
cluded.

Case 2 (Changes of Line Resistances): The line resistance
changes the total equivalent droop resistance. In this situation,
the load sharing ratio will be different from the theoretical
value. In practical applications, the droop controller capability
to withstand possible changes in line resistance will be a privi-
leged feature for the controller. To evaluate the proposed droop
control capability, abrupt changes in line resistance are consid-
ered. For this purpose, the initial line resistances values 0.3€2,
0.4Q2 and 0.5%2, while the load is 7kW, are suddenly changed.
At 0.3s, the line resistances are changed to 0.2€2, 0.4 and
0.692, afterwards at 0.6s, the resistances are increased to 3 €2,
2Q and 1.5%2; respectively.

Moreover, the parametric uncertainties and external distur-
bances are assumed as mentioned in Case 1. The droop-based
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FSMC control [5] is also implemented and simulated, under
these challenging conditions. All of the control parameters,
and bounds of the fuzzy approximator MFs, are mentioned and
shown in Appendices D and E. Figures 14 and 15, demonstrate
the results of the power sharing with the proposed droop con-
trol and the droop control [5]. Carefully in Figures 14 and 15
and considering detailed Table III, the robust and favorable
performance of the proposed DBSMC control can be deduced.
Also, the ratio of the power sharing with the proposed droop
technique is closer to the ratio of DGs nominal power 1:2:3,
compared to the droop control [5]. The results with the
conventional droop control and with the virtual resistance
compensation are shown in Figures 16 and 17. Considering
detailed Tables III and IV, the favorable performance of the

proposed DBSMC control in proportional power sharing is
obvious.
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Fig. 21. The power sharing with the proposed DBSMC control in Case 2,

in real-time digital simulation.

TABLE I
POWER SHARING WITH DROOP CONTROLLER [5] AND PROPOSED
DBSMC CONTROLLER IN CASE 1

Fig. 18. The used RTDS system. = =
With the With the
droop controller [5] proposed DBSMC controller
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o A ] 2o power | tonal
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Fig. 19. The power sharing with the proposed DBSMC control in Case 1, POWER SHARING WITH CONVENTIONAL DROOP CONTROL AND DROOP

in real-time digital simulation.

SCHEME WITH VIRTUAL RESISTANCE IN CASE 1
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Fig. 20. The DC voltage with the proposed DBSMC control in Case 1, in  Cases 1 and 2 and under the same conditions. About Case 1,

real-time digital simulation.

B. Real-Time Digital Simulation Results

For evaluating the efficiency of the proposed DBSMC con-
trol strategy in the field of the isolated buck converter-based
DC MG, the real-time digital simulation method is performed,
using the RTDS system of Figure 18 consisting of five PB5
processing cards. The proposed DBSMC controller is exerted
to the studied isolated DC MG in a real-time digital simu-
lation, in varying operating conditions and in the presence
of structured uncertainties and external disturbances, just like

with carefully in Figures 19 and 20, these favorable features
can be seen; respectively: a) Very short transient-state and the
fast convergence of the DGs output powers to the proportional
power values, very close to the desired ratio of 1:2:3 and with-
out considerable undershoot and/or overshoot, b) The precise
voltage regulation. Also about Case 2, the robust and desired
performance of the proposed DBSMC control is visible in
Figure 21. As well as, the ratio of the power sharing with the
proposed droop technique is close to the ratio of DGs nom-
inal power 1:2:3. According to the detailed Tables I to IV,
the favorable performance of the proposed DBSMC control in
proportional power sharing, in Cases 1 and 2, can be deduced.
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TABLE III
POWER SHARING WITH DROOP CONTROLLER [5] AND PROPOSED
DBSMC CONTROLLER IN CASE 2

With the With the

droop controller [5] proposed DBSMC controller

Output Propor- Output power (Watt) Proportional Relation
power tional
(Watt) Relation MATLAB RTDS MATLAB RTDS
DG1 1036.32 0.8883 1166.20 1174.79 0.9996 1.0069
0- DG2 2251.66 1.9299 2332.19 2356.14 1.9990 2.0195
0.3 DG3 3673.01 3.1483 3497.62 3549.61 2.9980 3.0425
0.35- DGI 1050.70 0.9006 1171.68 1180.36 1.0043 1.0117
- DG2 2257.87 1.9353 233232 2356.14 1.9991 2.0195
0.68 DG3 3668.81 3.1447 3495.63 3547.31 2.9963 3.0405
DG1 1034.22 0.8865 1167.38 1175.30 1.0006 1.0074
0.68- DG2 2249.54 1.9282 2330.59 2353.46 1.9977 2.0172
1S DG3 3662.56 3.1393 3495.45 3547.09 2.9961 3.0404
TABLE IV

POWER SHARING WITH CONVENTIONAL DROOP CONTROL AND DROOP
SCHEME WITH VIRTUAL RESISTANCE IN CASE 2

With the With the
conventional droop virtual resistance
Output power Proportional Output Power Proportional

(Watt) Relation (Watt) Relation

DG1 935.62 0.8019 934.83 0.8013

0S-0.3S DG2 1735.39 1.4875 1733.34 1.4857
DG3 2635.05 2.2586 2637.25 2.2605

DGI 982.45 0.8421 985.25 0.8445

0.35-0.6S DG2 1790.79 1.5350 1793.57 1.5373
DG3 2529.65 2.1683 2536.32 2.1740

DG1 960.09 0.8230 963.36 0.8257

0.6S-1S DG2 1752.41 1.5021 1755.71 1.5049
DG3 2479.06 2.1250 2486.59 2.1314

VI. CONCLUSION

In this paper, a novel nonlinear robust droop control strat-
egy is proposed for proportional, accurate and fast power
sharing of isolated DC MG, with an improved nonlinear
droop model, in the presence of variable operating conditions,
structured uncertainties and external disturbances. The con-
troller designing is based on the sliding mode approach and a
fuzzy approximation technique. The proposed DBSMC con-
trol strategy is a decentralized control without the need for
any communication links. The low computing volume of the
control input as well as the simplicity and step-by-step nature
of the controller design process, increase the proposed con-
troller’s ability to implement in practice. The simulation results
achieved from the MATLAB software also real-time simula-
tion results from an RTDS system represented the desirable
performance of the proposed DBSMC controller.

APPENDIX A
THE VECTOR f(x) IS AS FOLLOWS

Equation shown at the bottom of the next page.

APPENDIX B
THE PROOF OF THEOREM 1
Proof: sliding surface S is considered as the sum of sliding

surfaces s; and s7:
S=s514+s5 (B.1)

To design the control input u(#), the following Lyapunov
candidate function is proposed:

1 2
V) =38 (B.2)
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Differentiating with respect to time in the equation (B.2)

we obtain:
V(S) = 8§ = S[gé) + ¢éol (B.3)

Due to the remark 3, (20), (23) and (24) are placed in (B.3):

V(S) =SS
E fcl +gclu(t)
_ gl \ D@ — X1
¢ Je2 + geau()
+D, (1) — a6
Ueg ()
£ fe1 + get +ueq2(t)
+ug (1)
_ +D1 (1) — a1
=S leq1 (1) (B.4)
Jo+ gl + Mqu(l‘)
+¢ +u, (1)
+D1 (1) — Xa6
§fe1 + Sgclueq] (1) +&8c Uegn (1) + §gc1us(?)
-5 +ED1 (1) — Exa1+
$fer + §8cotteq1 (1) + £ 8catteqa (1) + § geouts (F)
+¢ Do (1) — §xae
(Egcl + %82 )(ueql(t) + ”qu(t))
=81+ (Sgcl + CgCZ)us(t) +&fe1 + Sfe2
+ ED1 (1) + ¢Da(1) — §Xa1 — Exae

The control input u(¢) is selected as follows:

eql (T
-1 (sgcl + gch)(_fqu{i()t)>

+Efe1 + Sfea — (Exar + Sxas)
+kS + psat(S)

us(t) = { (B.5)

£gc1 }
+88c2

where k and p are positive constants. The function sat(S) is
defined as:

_ | sgn(S), IS| > ¢
sar(s) = {S/a, S| <

where sgn(S) is equal to ‘—g‘ and ¢ is a small positive constant.
By placing (B.5) in (B.4) and considering (B.6) we have:

—kS — psat(S)
+ED1(t) + ¢ D2 (1) }

= —kS? — pSsat(S) + S(ED; (1) + ¢ D1 (1))
< —pSsat(S) + (D™ + ¢ D5*)Ssat(S)
_ { (—p + (EDT™ + ¢ DY™))IS], |S] > ¢
~ L (—p+ (D™ + DI L, Is| <6

From (B.7) it follows that by properly selecting the
coefficients &, ¢, ¢, k and p and satisfying the condition
p > (EDT™ + ¢DY™) derivative of Lyapunov function
becomes less than zero. Therefore, over time, the sliding
surface S converges to zero. |

Remark 7: Although with proper selection of coefficients
&, ¢, e, k and p, the convergence of sliding surface S to zero
can be deduced from (B.7), but it is not necessarily possible to
conclude zero sliding surfaces s; and s, by zeroing the sliding

(B.6)
V(S) =SS = S{

(B.7)
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t t
surface S Therefore, zero sliding surface S does not guarantee / Vdt — f (—pIS| + ISI(ED™™ + ¢ D)) ds
the stability of the closed-loop system (20). 0 ol
It has been proved so far that the control input expressed . max max
in (23) and (24) converges the sliding surface S to zero in Vi -V = j(; (_(’O B (SDI oD ))|S|)dt (B.8)
the presence of existing structured uncertainties and external
disturbances. Next, it will be proved that zeroing the sliding From (B.2) and (22) we have:
surface S causes zero sliding surfaces s1 and s;. Finally, the 1
closed-loop system (20) will have global asymptotic stability, V() = 552 = V(0)
and Theorem 1 will be proved. To analyze the stability of the oo
system (20), we first take the integral from both sides of the - / ((,0 - (éDTaX +¢ Drznax))|5 |)dl <V <o
first part of (B.7) with respect to time: 0 (B.9)

—wc AP + 0clop AVo; ([ 22 +0.25V2, — 0.5V,, — AV,;
Ky AW = Algg = K AV, + Kpy (/42 +0.25V3, = 0.5V, );

Ki(Ve, + AVE)AT/L + KpiKiy (Vi + AVE) AW /L + KpiKpy (| 42 +0.25V3, = 0.5Vap ) (Ve + AVi)/L
— KpiKpy(VE, + AVE)AV,/L — Kpi(VE, + AVE) Alye/L — Kii(RagAlag + Rplre) AT /L
— KpiKpy(RagAlg + Rplpr) AV /L — KP,»KPV< /% +0.25V2, — o.svo,,) (RagAlgg + Rplre)/L
+ KpiKpy(RagAlyg + RLIRL) AV /L + Kpi(RagAlag + RpIrr) Ay /L — (Vop + AV,) /L;
K7 (VE, + AVE)(AT)?/L + KpiKpK;i(Vi, + AVg) AT AW /L + Kp,-KPVK,,»( /% +0.25V2, — o.svgp)(vEn + AVE)AT /L
— KpiKpyKi(VE, + AVE)AT AV, /L — KpiKji(VE, + AVE) AT Algg /L — K7t (Rag Alyg + Rilpe) (AT)?/L
— KpiKpKji(RagAlag + RpIrr) AT AW /L — KpivaKh'( [ %2 +0.25V2, — O.SVO,,) (RagAlgg + RLIRL) AT /L
+ KpiKpvKii(Rag Algg + Rplgr) AT AV, /L + KpiKji(Rag Alag + RiIgr) AT Alye /L — Kii(Vop + AV,) AT /L
+ KpiKiKii(Ve, + AVE)ATAW/L + K32 (Vi, + AVE)(AWY/L+ K Kp Ky (/32 +0.25V3, — 0.5V, )
x (Vg, + AVg)AV/L — K3,KpoKpy (Vi, + AVE)AVAV, /L — K3,Kp, (VE, + AVE) AW Al /L

x (RagAlgg + RiIpr) AW /L + K3,KpyKpy (RagAlyg + RiIgr) AV AV, /L + K3,Kpy(Rag Alyg + Ridgr) Algg AV /L
— KpiKiy(Vop + AVo) AW /L + KpivaKli( /&5 +025V2, - 0.5 vop) (Ve, + AVE)AT /L + K3,Kp Ky

2
x (/42 +025V3, — 0.5V ) Vi, + AVE)AW/L + KEKE, (/42 +0.25V2, — 0.5Vp) (Ve + AVE)/L
- K}Z,iK,%V( /% +0.25V2, — o.sva,,)(vEn + AVg)AV,/L — Kl%iva(/%f +0.25V2, — o.svo,,)(VE,, + AVE)Alge/L

— KpiKpKii(( 32 +0.25V2, = 0.5Vop ) (Rag Al + Rulre) AT/L — K3KpoK (/42 +0.25V2, = 0.5V, )
2
X (RagAlag + Rulge) AW/L = K3KE (/42 +0.25V2, = 0.5Vap ) (Rag Al + Rulre) /L

+ K3KR, (/42 +0.25V3, = 0.5Vop ) (Rag Mag + Rulps) AVo/L + K3 K (52 +0.25V3, = 0.5V,y)

% (Rag Mg + Rilgr) Mg /L — Kpikpv(/ &P 1 0.25V2, - o.svop)(VO,, + AV,)/L — KpiKpKii(Vi, + AVE)ATAV, /L

— K3KpKpy(VE, + AVE)AWAV, /L — K%iK%v(/%f +0.25V2, — o.svop)(vEn + AVE)AV,/L
+ K2.K3,(Vg, + AVE)(AV,)? /L + K3,Kpy(VE, + AVE)AligAV,/L + KpiKpyKji(Rag Alag + RiIrr) AT AV, /L
+ K3,KpyKpy (RagAlyg + RiIp) AV AV, /L + K,%iK,%v(/%f +0.25V2, — O.SV(,,,) (RagAlgg + RpIrr) AV, /L
— K3K3,(RagAlyg + RiIre) (AV,)? /L — K3.Kpy (Rag Alag + RiIRL) Alag AV, /L + KpiKpy (Vop + AV,) AV, /L
— KpiKii(VE, + AVE)AT Alge/L — K3.Kpy(Vi, + AVE) AW ALy /L — K3,Kpy (,/ & +025v2, — o.svop)
x (Vi, + AVE) Al /L + K2Kpy(V, + AVE) Alig AV, /L + K3,(Vi, + AVie)(Alsg)* /L + KpiKii(Rag Alug + Rilrr)
x AT Algg/L + K3,Kpy(Rag Algg + Rilrr) AW Algg /L + KI%iKPV( [AE 1 0.25V2, - o.svop) (Rag Algg + Rilrr) Mgg/L
— K3;Kpy(RagAlyg + RiIgr) Alyg AV, /L — K3 (Rig Alyg + RiIry) (Aldg)2 /L4 Kpi(Vop + AV,) Al /L;
Kii(Algg + Irp) AT /C + KpiKp, (Algg + Irp) AV /C + Kpiva( /25 +0.25V2, — o.svop) (Algg +1Ire)/C
— KpiKpy(Alyg + Irp) AV, /C — Kpi(Algg + Irp) Alyg/C — Kii(AlL + Irp) AT /C — KpiK (Al + IrL) AW/ C
_ Kpiva< /A2 10.25V2, — o.sv,,,,) (Al + Irs)/C + KpiKpy (AL + Igp) AV, /C
+ Kpi(AlL + 1) Alyg /C + (AlL + Irr)/C — 1op/ C;

— KpiKiKii(RagAldg + Rulre) ATAW/L = K3KZ (Rag Mlug + Rulre) (AW /L = K3 KpKin ( §2 +0.25V3, = 0.5V,y)
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From (B.9) it follows that S € Lo

120ISI = IISlloc < 00 (B.10)
From (B.7) and (B.10) we have:
V(S) =SS < —p|S| + IS|(ED™ + ¢ DP™) < 00 (B.11)
From (B.11) it results that § € Log:

20l81 = 1I8lloe < 00 (B.12)

Therefore, from (B.10) and (B.12) it can be concluded that:

sup sup
WRlstl = lIstlloo <00 [ 2152l = Is2llo0 < 00
& . R S : (B.13)
L1l = 51l < 00" | 1l52] = ll2llo < 00

In the light of the above description, we know that if p >
(EDT™ +¢ DY), then the values of & and ¢ have not a direct
effect on the system stability. Therefore, the following two
sliding surfaces are introduced:

Sy =&1s1 +¢s2
{52 = &2851 +¢52 ®.14)

where & and & are arbitrary constants and &; # &>, so S| #
Sy. Also 0 < [;°S3dt < [;°S3dt < oo is assumed. From (B.9)
we have:

{0 = fooo S%dt < fooo(éfs% + 28125152 + §2S%)dt < 00

0 < [°S5dt < [y7(&557 + 26285182 + £2s3)dt < 00 (B.15)

So we have:
o
0 </ (83— 3)ar
OOO
- fo (82— 8)53 + 26 — e9esism)di < 00 (B.16)
The above relation is rewritten in terms of s; and S;:
o
| (& - )5t + 26 - smisi - i)
0 o0 o0
= [ =@ —esta [ 2 —esisiae= 0 @17
From (B.9) can be concluded:
o0
/ (p — (EDT™ + ¢ DY™))|Sldt < V(0) < oo (B.18)
0
Since p > (EDP™ + ¢DY™), so: [;°(p — (EDP™ +
¢DY™))|S|dt > 0. This positive value will be limited. So it
can be concluded that: 0 < (p — (D™ + ;Danax))fooo|S|dt =
(Sl < oo.
Hence S € L;. In the following, from (B.17) we get:

fo &1 — E2252d1 < /0 2E) — E)si i

x oo
< 2/0 |61 — &2)s181ldr < 2181 — §2|/0 lIs1lloo|St ldt

=2[51 — &lllsillollSi il < 00 (B.19)
From (B.19) we have:
o0
f s7dt < o0 (B.20)
0
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TABLE V
IMPROVED DROOP MODEL PARAMETERS

Symbol Description DG Values
c Output capacitance of the DG1, DG2, DG3 3.5.6.5.9.5
converter ( uF")
L Inductor of the converter DG1, DG2, DG3 2200, 1100, 800
(pH)
Rag The internal resistance of the DGI, DG2, DG3 48.24. 16
converter ( )
kdinitial Initial droop coefficient DGI, DG2, DG3 -0.6,-1.2,-1.8
Kpy The ratio coefficient of the PL | 1y 3, '15) gz | 0.0802, 0.15643, 02338
voltage controller
The i 1 coeffici f
Kro e integral coefficient o DG1,DG2,DG3 | 0.0001,0.0001, 0.0001
the PI voltage controller
Kpi The ratio coefficient of the PI DG1. DG2, DG3 105, 105.5. 106
current controller
The i 1 coeffici f
Kri e integral coefficient o DG1, DG2, DG3 0.25,0.252, 0.26
the PI current controller
TABLE VI

THE PARAMETERS OF THE TRIPLE DBSMC CONTROLLERS

L DBSMC Values
Symbol Description Controller Casel Case2
SMCI1 5 5
k Control parameter SMC2 10 10
SMC3 15 15
SMCI 30 130
P Control parameter SMC2 32 160
SMC3 53 920
SMCl1 0.01 0.01
€ Thickness of the boundary layer SMC2 0.01 0.01
SMC3 0.01 0.01
ampax .The upper bound of a.pplied external gﬁg; Zg 28
disturbance to state variable AP (W) SNiE3 6 50
max The upper bound of applied external SMcl 2 2
3 disturbance to state variable AV, (V') SMc2 2 2
SMC3 2 2

It is proved in a similar way that:

o0
/ s3dt < 00
0

From (B.20) and (B.21) it can be concluded that s; € L, and
sy € Ly. Since s1 € Lo, 1 € Loo, 52 € Loo and §p € Lo, there-
fore, it can be deduced that lim;_, oo 51 = 0 and lim;_, oo 52 = 0,
based on Barbalat’s lemma [27], and Theorem 1 is proved.
Similarly, for the second part of (B.7), Theorem 1 can be
proved.

(B.21)

APPENDIX C
THE IMPROVED DROOP MODEL PARAMETERS

See Table V.

APPENDIX D
THE PARAMETERS OF THE TRIPLE DBSMC CONTROLLERS
AND BOUNDS OF THE FUzzY APPROXIMATOR MFS

See Table VI and Table VII.

APPENDIX E
THE Fuzzy APPROXIMATED DBSMC CONTROL
PARAMETERS

Remark 8: According to advantage 3, expressed in
Section IV-B, quick approximation of the control parameters
& and ¢ is obvious.
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TABLE VII
BOUNDS OF THE FuzzY APPROXIMATOR MFs

MFs Bounds MFs Bounds MFs Bounds
for SMC1 for SMC2 for SMC3
ATEEC, A Casel 2.5 17 15
AL Case2 0.4 0.5 0.2
Casel 0.5 0.1 0.1
AL B Case2 3.5 22 10
ATEEC, A Casel 1.1 1.5 1.5
AC Case2 0.8 8 10
Casel 1 0.7 0.8
Ac B Case2 1.5 0.2 0.1
]
I
|- -Xi
£ 1250 Zeta H
50704§_j— E"-““ﬂ 0353 0294 0.293 203458 0411 0344 0346
B0 ——s I @ 0.2 Time(ng:'ﬁ 8 17 0 02 Timels&g 08 1
(a)
% - |
; 344 g 3558 0411
2 0 0.3 0.6 5; 0 03 0.6 0.3 0.6 1
Time (Sec.) Time (Sec.) Time (Sec.)
(b

Fig. 22. Fuzzy approximated SMC control parameters (a) Case 1 (b) Case 2.
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