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Intelligent Power Sharing of DC Isolated Microgrid
Based on Fuzzy Sliding Mode Droop Control

Yang Mi, Member, IEEE, Han Zhang, Student Member, IEEE, Yang Fu*, Member, IEEE, Chengshan Wang,
Senior Member, IEEE, Poh Chiang Loh, Senior Member, IEEE, Peng Wang, Senior Member, IEEE

Abstract—Linear droop control can realize power sharing among
generators in DC microgrid without relying on critical
communication links. However, the droop relationship between
output power and voltage magnitude of renewable power generate
system is nonlinear with uncertainties and disturbances from
renewable sources and loads in practical DC microgrid. A novel
droop scheme is proposed for an isolated DC microgrid to solve the
nonlinear problem. The control strategy is proposed by using the
Takagi-Sugeno (T-S) fuzzy model and sliding mode algorithm. The
nonlinear droop characteristics can be represented by T-S model
through taking advantage of locally measured output variables. The
sliding mode droop controller is designed for compensating the
uncertainties and disturbances to derive accurate power sharing
based on T-S fuzzy model. The proposed scheme is proved to be
effective under variable operating conditions through PSIM/Matlab
simulation.

Index Terms—Droop control, autonomous power sharing, DC
microgrid, T-S fuzzy model, sliding mode control (SMC)

Nomenclature

Vae  Nominal DC bus voltage (V) Ve The DC source voltage (V)

Si Nominal output power of DG; (kW)  C¢  Output capitor (uF)
The inverter resistance of (Q) L The inverter inductance (mH)

R Line resistance ( Q) we  Filter cut-off frequency (rad/s)

1. INTRODUCTION

long with requirements for environmental friendliness,

expandability and flexibility, distributed generation has
become more attractive for configuring future electrical grids. In
order to manage the renewable energy effectively, microgrid (MG)
is a suitable way to be researched widely. In general, MG is a
cluster of loads and distributed energy resources operating as a
controllable local entity [1-4]. Then DC MG has attracted much
research interest because of its lower power conversion losses. DC
MG also does not need to balance reactive power [5-8] and may be
more attractive for remote or military grids which supply
reliability and quality can be more easily ensured.

Such as AC MG, DC MG can also work in isolated mode and
grid-connected mode. And there are many DGs, loads and energy
storages in MG through power electronic devices. In order to take
full use of renewable DGs, many control techniques and power
management strategies have been proposed to achieve optimized
microgrid operation in terms of reliability, stability, quality,
economy and efficiency. Especially, when converter outage occurs,
in order to avoid undesirable overloading and assure satisfied
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voltage regulation, it is important for DGs to share the total load
proportionally therefore MG can be centrally controlled as in [2],
the power quality can be improved. However, it needs fast
communication links, which can increase the cost and reduce the
reliability for single points of failure.

Based on the analysis, decentralized droop control has been
developed for both AC and DC MGs [9-11]. Therefore linear
droop characteristic is built into each DG for linearizing its output
power according to terminal voltage [5]. Different sources can
supply loads jointly in the DC MG based on their power ratings
without relying on any communication links. A distributed droop
control has hence been proposed for its “plug and play”
characteristic [12-22], but there exist power sharing accuracy
problem because it quite depends on line parameters between the
DGs and loads. So there exist power sharing errors by using of the
conventional droop coefficient [21-22], which can influence DC
MG stability operation. Because the local DC voltage of each DG
is the only index as in DC MG, which is dependent on line
impedance and is used for coordinating active power sharing.
These errors can be reduced by adaptive droop coefficients
according to system parameters change [16, 20].

The different kinds of droop coefficient optimization methods
for DC MG have been studied. One way is to insert additional
virtual output impedance for improving both power sharing and
stability [4]. Another method is to make each DC DG inject a
small AC signal, and then the frequency can be used for active
power sharing coordination [12]. The load sharing accuracy can
also be enhanced by a low bandwidth communication network for
the interchange of the DC voltage and current information
between the converter controllers, while the communication delay
must be considered [13]. An alternative static droop compensator
is thus utilized for power sharing improvement in [14]. This
scheme is applied to optimize the droop coefficients by intelligent
and robust techniques like Takagi-Sugeno fuzzy method, adaptive
method, sliding mode techniques and so on [23, 25]. The adaptive
neuro-fuzzy inference system is used for improving the general
droop dynamic behavior in [24]. However, the control technique
depends on large amount of real training data for covering total
load changes [25].

Therefore the novel droop control strategy is designed to
optimize the conventional droop coefficient by using local
variables such as DC voltage magnitude and DG output power
which are usually nonlinear relationship in practice. The proposed
droop expressions can be modeled by taking advantage of the T-S
fuzzy [26-28] method. Then the droop sliding mode compensation
is designed by using the T-S model [29-32], which can provide a
robust reference drive signal to the converter for assuring system
robustness towards disturbances and uncertainties.

The contribution of the proposed power sharing scheme can be
concluded as, 1) More accurate power sharing based on realistic
droop expression, 2) More adaptive and intelligent because of T-S
fuzzy technique application, 3) More robust for the sliding mode
compensator. These advantages assure the designed scheme to be
used for DC MG with better power sharing precision and without
communication dependency. The rest of research includes four
sections. Section II includes the related theory formulation and the
improved droop model. Section III introduces the designed power
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sharing controller based on fuzzy sliding mode control. The
simulation results are provided in Section IV and the conclusions
are drawn in Section V.

II. MODELING OF Fuzzy SLIDING MODE DROOP CONTROL

DC MG only has two independent variables identified
respectively as active power and DC terminal voltage, which can
be described by linear P-V droop relation and assure the DGs
share power proportionally according to their respective power
ratings with “plug and play” advantage. Moreover, unnecessary
load shedding and source overloading are avoided. However the
power sharing accuracy need to be improved for conventional
droop scheme, the principles are described as follows.

A. Conventional Droop Scheme

Vdi Vd2 Vdi Microgrid
Bi B2 éBi
Pl S RuI P23 Ri2 Pi 2 Rui
Vo1 Al Vo2 A2 Voi Ai
Converter Converter Converter
- 4 b [
I" " f
DG1 Vdci DG2 Vdc2 DGi Vdci

Fig. 1.The power flow of the DC microgrid

In order to explain droop principles, the DC MG with multiple
DGs shown in Fig. 1 is considered as an example. For each DG, its
DC voltages at points 4; and B;, separated by line resistance R;;,
can be denoted as V,; and V; , respectively, where subscript i
represents the source unit number in the DC MG. The inductance
can be ignored in the steady-state power sharing and only
resistance is considered in DC MG [33]. Instantaneous power F;
from the DG can then be computed as,

B =Voi Voi =Vai) | Ry
It represents the relationship between the output power

(1)
P and

1

the output voltage V,; is nonlinear, the line resistance R;; and the

1

changing value V; are uncertainty because of the load fluctuation.

Considering the simplification of the controller design process, the
traditional power sharing can be controlled by the linear droop
equation as,

Voi = Vi —F-m; )
where V,,; represents the maximum source output voltage without
load, m; represents the droop coefficient.

However, in order to derive better power sharing precision
when considering the line resistance, the droop method can be
modified through adding virtual resistance compensation in the
controller design. Therefore equation (2) can be changed as,

Voi = Vi =5 -mj —ip; - Rg )

where i,; is the output current and R, is the inserted virtual

resistance.

Although the conventional droop control scheme from equation
(2) can work well, its power sharing may be affected by line
parameter variations because of the fixed tangent slope along the
curve. A large ratio between output power and voltage may have
the advantage of better load sharing but sacrifices the regulation
stiffness, while a smaller ratio requires smaller droop voltage
range but it is more sensitive to be impact from cables and sensors
[34].

B. Proposed Droop Model

The improved droop model with a variable slope is proposed to
describe practical droop relationship between voltage and output
power in this paper. The source rating and DC bus voltage range is

predetermined by the system sg)eciﬁcations, that is, the start Eoint
1949-3053 (c) 2018 IEEE. Pérsonal us€’is permitted, but republication/redistribution requires IEE

and the end point of the droop curve is predefined. The only
freedom is to design the trajectory between the two points which
should satisfy the following two desirable characteristics [34],

1) The curve has larger droop resistance at heavy load, which
can assure better load sharing. Otherwise, uneven load sharing
leads to source saturation and accelerates the bus voltage drop
when the load is heavy.

2) The curve has smaller droop resistance at light load, which
can enable tighter voltage regulation. As long as sources are
working well within limit, deviation from ideal value is acceptable.
The tight voltage regulation with smaller droop resistance is
beneficial because higher bus voltage usually leads to smaller
current and higher system efficiency.

1 | 1
2500 3000 3500

Power(W)
Fig. 2.Droop characteristic curves with two droop methods for same converter

| 1 |
1000 1500 2000 5000

In order to give an intuitive interpretation for droop
characteristics, the conventional droop trajectory in equation (2)
and the practical droop curves are compared as in Fig 2. The
straight line is the conventional droop with model approximation.
And the dash parabola curve trajectory which shows the nonlinear
droop relationship between AP and AV could be given by curve
fitting as in [34],

AP=K, (AV+V0P)AV=Kd[AV2+(2x 0.5),, AV
+0.57,,)" = (0.57,,)°] 4)

= K,[(AV +0.57,,)* =025V, ]

where V,,, is the voltage magnitude of point 4 . K, is the

proposed droop coefficient and it is negative
The new model for DC voltage magnitude and active power
can hence be deduced as,

AV = +|AP/K, +0.25V, 0.5V,

According to the droop characteristic showed in Fig. 2, It is
clear that the voltage should decrease when the power increases,
and vice versa. It means when AP is negative, AV must be
positive. Therefore, there is only one reasonable solution for

equation (4) as
AV = JAP/K, +0.25V2 0.5V,

C. Modeling of Proposed Droop Scheme

(6))

(6)

The improved droop scheme is used for controlling DG
converters interfaced to DC MG. Although these converters may
have different topologies, they can be modeled by the same
procedure and all converters assumed to have the boost
configuration.

Small-signal analysis can be used by taking advantage of
droop scheme model and components of converters such as
voltage and current controllers. An overview representation of this
system is provided in Fig. 3 [35-36]. It can be seen that the power
signal is filtered by a low-pass filter for extracting the average
power only. This average power is fed to the proposed droop
scheme in the power controller for realizing the demanded power
sharing. Reference voltage from the power controller is then sent
to the voltage controller, which can simply be a Proportional-
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Integral (PI) controller. The signal produced by the PI controller is
sent to the current controller as reference signal. The current
controller output is finally the desired signal for modulating the
converter.

" Ve Converter Ve
il 1|
[}
. i R
Voltage [ L | Current I
Controller Controller :
7 ol :
Vo' 1V, . !
_____________________________ ]
: PSS T S IS S iy ! :
_ ) - Vo
P! |l P| Low-11P;, Power fLi---|
+-L-| Droop [¢-| pass [€-- Caleulator| ! '
: controller Filter alculator L_Ig A
i Power Controlle !

Fig. 3. Block diagram model of VSI

This flow of signals can be modeled mathematically which is

the instantaneous power P, expressed in terms of the sampled

output voltage and current of the converter,

B, =V,-1, (7

The first derivative of P which is the low-pass filtered output
in the time domain can be formulated as,

P=wVI

c 070

-, P ®)

where @, is the cutoff frequency of the filter. Accordingly, P isa
function of V,, and /,,

P=f,.1,) )

In order to analyze the small-signal stability of the system in
Fig. 3, linearization model around the operating point [35] is
performed as (10) and (11).

o o
AP:% (VOP,IOP)AVO+E(VOP,IOP)AIO (10)
AP = -0 AP+ @1 ,,AV, + @V ,,Al, (11)

where AP and AV, are chosen as the state variables, /,, and

Vop are the converter output voltage and current at the considered

operating point.
According to the proposed droop expression in (6), reference
DC voltage from the power controller can then be represented as,

V) =V, + AV = (P~ P)/K, +0.25V2 +0.57,, (12)

In order to describe the voltage and current control loops, ¢

and ¢ are defined as state variables by the following equations,

dg/dt =V, -V,
dojdt=1I -1,

(13)
(14)

The outputs of the two PI controllers can thus be represented as,
(15)
(16)

According to (12), (15-16), (13) and (14) can be expanded to
give the following,

Ap=AV —AV, = |APIK, +0252 0.5V, AV, (17)

A" =k Ad+kp, (AV, —AV,)
AV; =kpAp+kp (Al —Alyg)

Ap=Al" = AL, =k, Ad, — AL, —kpAV, -
+hp, (JAP/K ; +0.25V,, —0.5V,,,)

Then, the circuit behaviors of the converter and filter are
represented as

*

dl g, [dt =V = Ryglpe —(1=V WV, 1/L

1 o

(19)

av, Jdt=[0-V) 4 ~1,1/C (20)

The total system state-space model can eventually be
established by using (11), (17-20) as follows,
X =A(x)+ Bu 21

where
-0, AP+1,,0.AV,;

2 .
JAP/K, +025V2 0.5V, — AV,;
kpy (AP Ky +0.25V, =0.5V,,) +ky Ap—kp AV, — Al —I 4.

hpikp, (L + ALy Yy AP/ Ky +025V2 —0.5V,,)/ C+Al, | C
hpik ALy + Al ) | C kAL gy, +ALy,)/ CH+1 gy, | C

Ax) =
thpikp AV, (L + ALy ) | C+lkpy (L + Al g ) =1, —AL1/ C;
kpikp, (V,,, + AV, Y| AP/ K +0.25V,, —0.5V,,)/ L=V, | L
Hepiken AY(V,, +AV,) ] L+ kyAg(V,, +AV,)/ L= RygAl, | L
~kpikep AV, (V,,, + AV,) | L=kpAl 1y (V,,, +AV,)/ L
—kpil gy (V,y +AV,)/ L+V [L=R 11, | L—AV, [ L;
B=[oJ,, 0 0 -1/C 0]",

x=[AP Ap Ap AV, Alg1", u=[Al,].

The state vector of DC MG in (21) includes the state variables
of the converter, passive components and control system,
respectively notated as AP, Ag, Ap, AV, and Al,, . Although

it is simplified, the state model is nonlinear in fact and is hence
difficult to be controlled by a traditional PI controller.

III. POWER SHARING BASED ON PROPOSED DROOP SCHEME

Converter Microgrid

---11 De-fuzzy

Fuzzy sliding mode controller

Fig.4. The DG control block diagram based on the fuzzy sliding mode control

In order to obtain better power sharing accuracy which is
affected by parameter uncertainties and load disturbance with no
communication between the droop controllers, a fuzzy sliding
mode droop scheme is designed for DC MG. The T-S fuzzy model
can be used for representing the nonlinear droop relation based on
the local measurement quantities such as DG output power and
DC voltage magnitude. The sliding mode droop control can then
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be designed for improving robustness because of parameter
uncertainties and operating condition variation. The output signal
from the fuzzy sliding mode droop controller is eventually sent to
the pulse-width modulator. More details related to the controller
design are provided as Fig. 4.

A. T-S Fuzzy Model

The proposed droop model in (21) can be described as T-S
fuzzy rules by several simple linear systems developed by feeding
the converter output power according to Fig. 4. [28-32, 37].

Plant Rule i (i=1,2...r) [26]-[28]

If AP() is ui, AV, (¢) is pb, then
%(1) = (4; + AA;)x(t) + Bu(e) + d (t) (22)

where Rule i=12,---,q denotes the i, fuzzy inference rule,
AP.(¢t) and AV,(t) are the premise variables, ,uli and lué are
fuzzy sets, n is the number of premise variables, x(¢) € R" is the
state vector, u(t) e R™ is the control input vector, d(¢) is the

and B; e R™"

system matrix and input matrix, respectively, and A4; is the time-

system disturbance vector, 4; € R"" are the

varying matrix with appropriate dimensions for representing
parametric uncertainties in the plant model.

The global fuzzy model is obtained by fuzzy aggregation of
each individual rule as follows [27-28]:

q
> (XO)(A; + Ad)x(0) + Bu(t) +d (1)}
x(1) =+

- (23)
> 1 (x(2))

i=l1

Some basic properties of p;(x(¢)) are g;(x(¢))=0 , and
q

> (x0)>0 .
i=1

defuzzified output of the T-S fuzzy system (23) can be represented

as follows.

Define /;(x(t)) = g (x(2)) iuj(x(t)) , the
i=1

x(1) = Xq:hi (O Aix(1) + Adpx() + Bu() +d(@)] - (23)
i=l1

In order to prove conveniently, the total uncertainty is defined
as f;(x,t) = A4;x(t)+d(¢t) which is the set of the nonlinear part of

the system model and the system uncertainties. Equation (23°) can
then be rewritten as:

q
3(1) = D b (x(O) Ax(0) + Bu () + f,(x,1)]

i=1

24

q
where the membership function 7 (x(1)) >0, > " h(x(1))=1.

i=1
B. Sliding Mode Droop Controller Design

In order to design global sliding mode droop controller
conveniently for the T-S fuzzy model developed from the original
droop control system, the following assumptions and definitions
are introduced.

Al: All the matrices B;,i=1,---,r

B, = B, =---= B, = B. Furthermore, suppose that the matrix B is
of full-column rank, 4; and B; are both fully controllable.

are the same, i.e,

A2: Disturbance f;(x,7) is viewed as bounded. That means
there exists a known scalar D such that || Sfi(x, t)" <D, where ||||
is a matrix norm.

Definition 1: If the pairs (4;,8), i=1,2,---,r are controllable,

the fuzzy system (24) is said to be locally controllable [29-30].
Definition 2: For a scalar variable s, the following expression
is defined,

1, when s>0
sgns =40, when s=0
-1, when s<0
For a vector variable seR" , the following alternative

expression is defined.

sgns :[sgnsl,sgnsz,---,sgnsm]T

Based on the T-S fuzzy approximated system in (24), the
sliding mode controller is designed in two general procedural steps
as the desired sliding surface selection and the design of sliding
mode control.

(1). Design of Sliding Surface
The switching function and surface are defined as:

5.(t) = Cx(t) — jé ih,. (X(0))(C;4; - C;B,K,)x(z)dr (25)
i=1

S, ={fe€ R": Cx(t) = 0} (26)

where C; and K; are constant matrices, matrix C; is then chosen
to assure that C;B; is nonsingular, while matrix K; is designed by
pole assignment to make the eigenvalues of A4, —B;K; less than

zero.
The dynamic trajectory of the system, when restricted on the
sliding surface, will satisfy the following equation.

5;:(t)=0 and $(1)=0 7)

According to s5;(1)=0 , the equivalent controller can be
represented as,

q
tog () =~(CiB) ™' D, (X(O)CB K;x(t) + Cy f; (x.0)]
i=1
Substituting (28) to (24), the equivalent dynamic equation in
the sliding mode can further be expressed as:

(28)

q q
X(6) = D () D by (x(O)(4; — B.K;)x(1)

i=l =1
+(-B,(CB )71 C) fi(x,0)]

29

where K; is chosen such that (4; - B,K;) has stable eigenvalues.

By using the equivalent controller u;,, (¢) , the state trajectory can

be controlled as the desired sliding mode s;(z) =0 . Suppose there
are positive-definite matrixes P and W , which satisfy the

Lyapunov equation as follows:

P(4; - BK)+(4 -BK) P=-W (30)

20, ||
71
system dynamic performance in sliding mode is always stable.
Proof: The Lyapunov function approach is one of the methods

for specifying the stability of the sliding surface. Select the
Lyapunov function as,

Theorem 1: If A2 is satisfied, and ||x|| > for all ¢, the
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v=x(t)" Px(r). (31)

Then, the derivative of v shown in (31) along the trajectory (29)

is given as follows.

5= Y GO0 PLATO+ Bty 0+ 1, (6.0]
i=1
+zr: Iy (LA + Bty () + £, (x, 0] Px(0)
i=1

= i B ((O)(0) [(4,;-B,K,)" P+ P(4 ~ BK)x(0)
i=1

H(I-B,(C;B) ' C) f;(x,0)]" Px (32)

+x P[(I - B,(C;B,)™' ) f;(x, )]}

From A2, H(z ~B,(C,B)'C) fi(x, t)HS D, can be defined, then

(2= XA @) = lo] +20, [Pl 63)
i=1

By using the inequality in Theorem 1, v < 0 can be concluded.

(2). Design of Sliding Mode Controller

The sliding control law composes the equivalent control law
and switching control law as following.

u; (1) = ujey (1) + 10 (®) (34)

The equivalent controller is derived from (28) when the state
trajectory reaches the sliding surface. In contrast, the switching
control is designed using the following reaching law,

Uiy (1) = 5;(1) = = f1si(t) = By sgn(s; (1)

where S and g, are two positive numbers. S, is related to the

(35)

response time and 4, is about the stable precision of the system.

The following sliding mode controller can then be defined by
using (24), (28) and (35).

q
u(t)=—(CB)" Zh,. (x()[C,BK x(t)+C,D]
=l (36)
_ﬂlsi _ﬁz Sgn s;

Theorem 2: If the decentralized switching control law in (36)
is designed, the hitting condition is satisfied.

Proof: Here it is needed to prove the trajectory of the system
reaching the switching surface S in finite time, and stay on it
which is assured by (36).

The derivative of s along the system of (24) and (36) as,

s; =Cx;(t) = Ciihi (x5, O A4ix; () + B () + f; (x,2)]

i=1

= G2 h(xO)NAx,(0)+ £, (x.0)]

-C,B{(C,B, ) Zq: h(x,())[C,B.K,x(t)+ C.D]
+,s, + 3, sgn Si_}

<—C,B;(B;s + B, sgns) (37)

In order to prove the hitting condition is satisfied, s;” 5, <0
should be tested,
5;'5,() ==Bs," C.B;s; = Bs; C,B;sgns,

<= lcliBlls-£. eI 12k (38)

Inequality (38) shows sT§<0 which assure the system
trajectories reach the hitting condition in finite time and stay on it.
So the stability of the proposed sliding mode control system is
proved with Lyapunov stability theory.

C. Summarized Procedure

The proposed sliding mode compensation droop controller is
designed through three steps summarized as follows,

1) Construct state equation for representing the practical droop
relationship. Then the range of AP and operation points are
deduced from the equation trajectories.

2) Apply T-S fuzzy technique to approximate the nonlinear
droop equation by using the system operation points and the Gauss
membership function for droop compensator design.

3) Design of sliding mode droop controller by selecting the
switch function and reaching condition based on poles placement
and Lyapunov method.

IV. CASE STUDY

The DC MG with three DG converters as in Fig. 5 is simulated
by using PSIM/Matlab software. In order to test the effective of
the designed control scheme, the traditional droop method, the
droop scheme with virtual resistance and the proposed droop are
compared in the following cases.

The DG nominal ratings are set as SkW for DGI1, 10kW for
DG2 and 15kW for DG3. Each DG is simulated as a DC power
supply, connected to the 400V DC bus through a converter. Other
parameters used for the simulation are provided in Appendix A.
Three output voltage references from the droop model are added to
the power controller.

Droop Controller [€=—— 3
@ I
Droop Controller €= = - 3

@

DC Bus

Sensitive
Loads

W

X

5

Non-
Droop Controller €= —— 3 — Sensitive
: Loads

W=t —]

Fig. 5.Microgrid structure

Taking DGI1 as an example, its trajectory is shown in Fig. 6
with initial condition x(0)=[-1 -1 -1 -1 -1]7. The range of variable
AP and AV, is between [-5000,5000]x[-400,400] . In order to

cover this region in the phase plane, fuzzy rules can be selected
according to the operating points at (-5000, 20, -25), (-1666, 6.664,
-8.064), (1666, -6.664, 8.894) and so on [26].

100
50—

0-

Aldg(A)

50—

1007
-4000 ””””7:'”””” 500
-2000 7

AP(W)

2000

4000”500 AVo(V)
Fig. 6.Trajectory of the DG1 control system in the phase plane

Plant Rule i (i=1,2...16)

If AP(t) is yli , AV () is ué , then

() = (4; + A4)x(t) + Bu(t) +d(1)
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where ,uli and ,u; can be seen in the below table. | 00
AV, N R M R R R A | e
o 20 6.664 -6.664 -20 <
AP &“ 40 —
-5000 Rule 1 Rule 2 Rule 3 Rule 4 R e e LT SRR .
1666 Rule 5 Rule 6 Rule7 Rule 8 ]
1666 Rule 9 Rule 10 Rule 11 Rule 12 5y i 5 i 5 i 5 i i i
.2 0.3 0.4 0.5 0.6 ) 0.7 0.8 0.9 1 1.1 1.2
5000 Rule 13 Rule 14 Rule 15 Rule 16 Time(s)
Fig. 8.The voltage variation with the conventional droop control in Case 1

The membership functions of AP and AV, can be chosen as

the Gauss function [37-38] shown in Fig. 7. The detailed fuzzy
model of DG1 can be found in Appendix B. 4000077

T T

5000

w
=3
=3
=

Power(W)

1000

0.8

82 0.7
Time(s)

Fig. 9.The power sharing with the conventional droop control in Case 1
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Fig. 7.The fuzzy logic surface
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The poles of DG1 can be placed under each fuzzy rule to obtain
the matrix C; of switching surface function for DG1 [26]. Take

C, to C; as examples,
C, =[247.6584 13.2125 -2.6508 -0.0036 1.0000], 385
C, =[222.6874 183299 -2.5469 —0.0034 1.0000], 02
C; =[202.3258 25.4068 -2.4762 -0.0032 1.0000], Fig. 10.The voltage variation with the virtual resistance in Case 1

And the corresponding eigenvalues of 4; —B;K; can be found

Voltage(V)

w
°
S

5000

in Appendix. The sliding mode controller can eventually be

designed as: oo
q 53000
u; (t) = _(CiBi )71 zh; (x(t))[CiB[Kix(t) + CiD] - ﬁ]si - ﬁz sgn.s; % 2000

i=1 =%}

where the values of B and B, are chosen as 13 and 1.3 1000

respectively based on the trials and the experiences [37]. The 05 Ug 05.4 Uis oi.ﬁ i 0; o ! —

Fig. 9. And the results with the virtual resistance compensation . ‘ : : :
can be seen in Fig. 10 - Fig. 11. The results with the nonlinear T2 03 04 05 06
droop description and the traditional PI control method are

represented in Fig.12- Fig. 13. Considering the limitation of the Fig. 12.The DC voltage with the nonlinear droop control method in Case 1

0.7
designed controller can be tested for two cases with different load Time(s)
Changes’ DG outages and line resistances as fOllOWS. Flg 11. The power sharing with the virtual resistance in Case 1
Case 1: Load Changes and DG Outages 420
In this case, we consider the load changes from 10kW to 8kW
at 0.5s and DG1 removed at 1.0s. The working DGs should always S 3 3
share the load in proportion to their ratings, which is 1:2:3. The g | |
line resistances of the DGs are set to 0.3Q, 0.4Q and 0.5Q = SO S ST AU N S R |
respectively. The voltage magnitudes and output powers of the >390 77777777777777777777777777777777777777 R |
three DGs under conventional droop control are shown in Fig. 8 - SO S U SV SO S N |
: : ‘ ‘ i 0‘8 019 i l‘l 1.2

conventional control method, the power sharing with the nonlinear 5000 1 , 1 1
droop relationship has only made a little improvement than the : ‘ . ! ! ! ! Faam
traditional power sharing and a similar result with the load sharing ] SR S b Y R P [
with the virtual resistance. However the nonlinear droop curve -~ 1 1 o ‘ ‘ ‘ } 1

X iy . . . Z 30001 R A - ‘ ‘ ‘ ‘ oo b
could describe the realistic relationship better that a little % ‘ ‘ ‘ | | | | | |
difference between the two descriptions of the droop relationship 2
might result in a significant gap of the power sharing.

ﬁ.Z 0i.3 0i4 OiS 0i6 0i7 0i8 019
Time(s)

Fig. 13.The power sharing with the nonlinear droop control method in Case 1
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Fig. 14.The DC voltage with the proposed droop control method in Case 1
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Fig. 15.The power sharing with the proposed droop control method in Case 1

Corresponding results obtained with the proposed droop
controller are given in Fig. 14 - Fig. 15. Based on the simulation
results from Fig. 8 - Fig. 15, the proposed method can realize
better power sharing precision even under the load change and DG
outage condition than the conventional droop strategy and the
conventional droop controller with the nonlinear droop description
or the virtual resistance compensation.

The DGs could share the loads nearly with the desired ratio of
1:2:3 using the proposed droop control no matter load decreases at
0.5s or DG1 drops off at 1.0s while the ratio of the powers shared
with the traditional droop control is almost 1:1.6:1.9. Therefore, it
is showed that the proposed droop scheme could share the loads
effectively facing the cut down of loads and the outage of DGs.

However, the better power sharing could be obtained with a
low bandwidth communication (LBC) network to exchange the
information between converter units which have the same nominal
ratings [13]. The output power becomes equality when the LBC
control system is activated. But considering the communication
delay, the stabilization time is longer than the proposed droop
control method in this paper. And if with a high communication
delay, the system becomes oscillatory and it is harder to keep the
control system stable [13]. Aimed at an accurate result, the
compensator for the virtual resistance is also considered and the
fuzzy control is always the first key for this compensator [23, 25].

TABLE 1
POWER SHARING WITH ALL THE DROOP CONTROL METHODS IN CASE 1
Line | WIhthe | i yirtual | With the With the
resistance resistance  |[nonlinear droop| proposed droop
droo
039, P
040 Output [Proport-| Output |Proport-| Output | Propor- | Output | Proport-
0' 50 ’ Power | ional | Power | ional | Power | tional | Power | ional
e (W) |relation| (W) |[relation| (W) |[relation| (W) |relation
DG1| 2367 1 2342 1 2350 1 1721 1
-(;)SSs DG2| 3771 1.59 | 3779 1.61 3770 1.60 | 3406 1.98
DG3| 4408 1.86 | 4442 1.90 | 4420 1.88 | 4924 | 2.86
DG1| 1907 1 1890 1 1900 1 1305 1
lzlsss DG2| 3044 1.60 | 3049 1.61 3045 1.60 | 2689 | 2.06
DG3| 3558 1.86 | 3585 1.90 | 3565 1.88 | 4080 | 3.12
1s |DG2| 3891 2 3886 2 3880 2 3302 2
135\ pG3| 4548 | 233 | 4568 | 235 | 4550 | 235 | 4732 | 2.87

The details of the power sharing with the three droop methods
can be obtained from Table I. Moreover, a smaller voltage
deviation can be obtained by the proposed droop control method
than the other two droop control method. Although there is still

voltage fluctuation in Fig. 14, but it can be shown that the
deviation is smaller than the traditional droop control and
permissible range +5% of practical power system.

Case 2: Changes of Line Resistances

As well known, one practical issue of droop control is to deal
with the impact from cable resistance and sensor discrepancy. In
order to test the effective of the proposed droop controller, the
sudden changes of line resistances in the DC MG are also
considered.

At first, the line resistances are 0.3Q2 , 0.4Q and 0.5Q
respectively while the load is 8000W. At 0.5s, the resistances are
changed to 0.2Q, 0.4Q, 0.6Q and all remains 1Q since 1.0s.
Fig. 16, Fig. 17 and Fig. 18 illustrate the results of the power
sharing with the conventional droop control, the droop control
with the virtual resistance and the proposed droop control
respectively. The details derived from the comparison are
summarized in Table II.
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Fig. 17.The power sharing with the virtual resistance in Case 2
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Time(s)

Fig. 18.The power sharing with the proposed droop control in Case 2

From Table II, both the conventional droop control and the
proposed droop control cannot remove all the impact on the power
sharing by the line resistance. But the proposed droop scheme
brings more accurate power sharing than the other two droop
control method. The ratio of the power sharing with the proposed
droop method is more close to the ratio of DG nominal power,
which is 1:2:3. When facing a wide range of the line resistance,
the proposed sliding mode droop method can realize a better
proportion even than the droop control with the virtual resistance
under the same control parameters condition because of the
robustness.

In order to further examine the capability of handling the
parameters uncertainty in the microgrid, more possibilities of the
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line resistance are taken into account in this case. The transmission
resistances are changed to 2.5Q, 1.8Q, 1.5Q from 0.3Q, 0.3Q,
0.4Q at 0.5s which is shown in Fig. 19. According to the result,
the proposed T-S fuzzy sliding mode controller could compensate
the uncertainties and disturbances well to derive accurate power
sharing.

000,
5000

4000;

—~
= 3000
)
=
z
3 2000 : : ! :
A . . . .
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: : : : ‘ : ‘ : -DG2
i i i i i i i i 1DG3
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Time(s)

Fig. 19.The power sharing with the proposed droop control for variable resistances

TABLE II
POWER SHARING WITH ALL THE DROOP CONTROL METHODS IN CASE 2

With the conventional With virtual ‘With the proposed
Line droop resistance droop
resistance| Output | Proportio- | Output | Proportio-| Output | Proportio-
Power (W) |nal relation| Power (W) |nal relation| Power (W) |nal relation
DG1 1910 1 1890 1 1305 1
(?SS-S DG2 | 3043 1.59 3049 1.61 2689 2.06
DG3| 3558 1.86 3586 1.90 4080 3.12
DG1 2060 1 2045 1 1307 1
O pG2| 311 1.51 3125 153 | 2795 | 213
DG3| 3328 1.61 3346 1.64 3982 3.04
DG1 2078 1 2068 1 1369 1
IISS-S DG2| 2913 1.40 2917 1.41 2676 1.95
DG3| 3438 1.65 3456 1.67 3940 2.88

V. CONCLUSION

The novel droop control strategy is proposed for accurate
power sharing considering system parameters uncertainties and
load disturbances. The technique is designed by using sliding
mode controller based on T-S fuzzy model of the DC MG. The
overall system stability can be assured. The conclusion is drawn
that load changes of the DC MG can be regulated more adaptively.
Meanwhile, the proportional load power sharing can be accurately
achieved without any communication. The proposed method is
verified in PSIM/Matlab simulation. Future extensions of the
method can include nonlinear sliding mode droop control of
multiple batteries or in AC/DC hybrid MG.
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APPENDIX

A. The Detail Parameters

The values used in the simulation are mentioned in the
following Table.

TABLE IIT
VALUES FOR THE SIMULATION
Symbol Description Value
Kai droop coefficient of the proposed method -0.6,-1.2,-1.8
m; droop coefficient of conventional droop method |-0.004, -0.008, -0.012
Kr The virtual resistance -0.04

Ky The ratio coefficient of the voltage controller 0.1
Ko The ratio coefficient of the current controller 100
Kiv The integral coefficient of the voltage controller 0.01
Kii The integral coefficient of the current controller 0.25

The eigenvalues of 4; —B;K; in DGI are as,
Eigl=[-2214.2; -308.2; -136.3+215.61; -136.3 - 215.61; -59.9];
Eig2=[-2222.5; -308.8; -133.7 + 223.3i; -133.7 - 223.3i; -62.5];
Eigl=[-2231; -309.4;-131+231.8i;-131-231.8i; -65.1], and so on.
B. Takagi-Sugeno fuzzy model of the droop control process

The overall Takagi-Sugeno uncertain fuzzy model of the droop
control system of the proposed DC microgrid is given by

16
(1) = S (4; + My)x(6) + Bu() +d (1)}
i=1

where
A=Ay == Ay, Ags = [kp (2L gy + 0.5V, kp ) +11/C
kpi(1.5kp,V,, +140,;) +1
i54 = I >
[-a, 0 0 @l (.
1 0 0 -1 0
-1 ky, 0 —kp, -1
4= o ekl kilagi o kekp g 4
C C C ®
kpiky, Vop ky Vop 4 _kPi Vop -1
L L L > Lo
T
B=[oV,, 0 0 -1/C 0] B =By=-=B84,
0 0 0 0 0
A4y, 0 0 0 0
AA; =| A5, 0 0 0 0
Adiyy Adyyy  Adyyz Adiyy  Adiys
| Ad;sy  Adis;  Adisy Adisy  Adgss |
0.5 0.5k,
Adj = =1, A4y, = £ +1,
AR 2 AF, 2
kg |7 +0.25V kg |7 +0.257
kqy kay
-0.5k k (1, +Al,. —k k. AL, .
AA,-41 _ pi pv( dgr dgl) ) ,AAMZ _ pittiv=tdgi ,
AP 2 C
Ck =+0.250,,
ka
—k;i Al yg; k ik, AL,
o ide g Sy
AAl43 C 144 C
AR 2
—kpikpv . + O.25Vop + 2kPiA]dgi +kpikp,AV,;
AM... = dl
145 C s
- 0.5k .k, (V,, + AV,;) ~ - kiki AV,
1 ' > 1 I >
LkleAP' +0.25V2
k °p
dl
ki AV, —k AV,
Adis3 = 7 » Adiss :std‘:[O dy d3 dy a}S]T’

E)

/AE 2
kpikpv oy +0.25V0p —kPiAIdg —2kp;kp, AV,
Ad;sy = I

where i =1,2,---16.
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