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ABSTRACT The PV-Battery hybrid DC microgrid is an important structural form for distributed renewable
energy microgrid applications. This paper focuses on improving the access utilization rate of PV-Battery
energy and enhancing the access stability of the DC bus voltage. Firstly, based on the voltage droop control
method for multi-source access system, the relationship between the power margin of PV-Battery energy
and the regulation of DC bus voltage deviation is analyzed. Then, a multivariable T-S fuzzy decision
approach is used to design a nonlinear virtual resistance-based voltage droop gain coefficient function, which
achieves a highly adaptive coordinated distribution of PV-Battery power as well as supports DC bus voltage
stabilization. The T-S fuzzy input variables include the DC bus voltage deviation of the access point, the
state of charge of the battery, and the PV sunlight intensity. Finally, the simulation system is built employing
MATLAB/Simulink, and the feasibility and effectiveness of the proposed strategy are verified through multi-
scheme simulations.

INDEX TERMS Renewable energy, DC microgrid, T-S fuzzy control, variable gain, coordinated control.

NOMENCLATURE L DC bus voltage lower threshold.

Pov i Output power of the ith PV cell. Vief DC bus voltage reference.

Pgc L Consume power of the DC load. R, Virtual resistance of the battery droop

Pya j  Output power of the jth battery. control circuit.

PRrEs Output power of RES. Ve ref Battery converter output voltage

Pl oad Total consume power of the load side. reference.

Pgss Total power of ESS. ide Battery converter output current.

Vew Switching voltage. Rcps Equivalent resistance of the PV.

SoC State of charge. Icps Equivalent current of the PV.

SoC(0) TInitial SoC of the battery. Rioad DC load resisFance.

ASoC  Battery SoC variation. Coart Battery capacity.

Vibatt Battery voltage. iPa“ Battery terminal current.

Ve DC bus access point voltage. Ry Battery virtual resistance control law.

Vu DC bus voltage upper threshold. Kv,.., Ksoc Gain coefficients of the battery virtual

resistance control law.
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Membership functions of the battery T-S
fuzzy controller.

Outputs of the battery T-S fuzzy control
rule.

mp(xi), uN(x;)

V1, V2,V3, V4

K1, K>, K3, K4 Proportion coefficients of the battery T-S
fuzzy control rule.

ai, ap Combination coefficients of the battery
T-S fuzzy control rule.

u Output of the T-S fuzzy controller.

F(a, x1,x2) Battery gain coefficient function.

o Parameter of the battery variable gain
coefficient function.

F(x1,x2) Battery gain coefficient function with
center-of-gravity defuzzify.

K PV droop control gain coefficient.

Vic ref PV access converter output voltage
reference.

Pyc PV converter output power.

S* Sunlight intensity base value.

S Actual sunlight intensity.

S Standard value of sunlight intensity.

G(x1,x2) PV gain coefficient function with center-
of-gravity defuzzify.

Verr DC bus access point voltage deviation.

I. INTRODUCTION

With the gradual degradation of fossil fuels and the deepening
environmental crisis, renewable energy sources such as pho-
tovoltaic electricity (PV) are widely used in distributed DC
microgrid. In this case, energy storage units especially battery
electricity are used to maintain a balance between fluctuating
PV generation and load consumption. Balancing the PV and
battery power output and preventing the battery from being
deeply over-discharged or over-charged have become very
important objectives in the operational control of PV-Battery
hybrid DC microgrid [1], [2], [3]. For a PV-Battery hybrid
DC microgrid operating independently, a coordinated control
strategy needs to be well designed to keep the system work in
different operating conditions, which is used to ensure system
stably and reliably [4], [5], [6].

Reference [7], a coordinated control strategy for
PV-Battery systems is proposed to maximize the utilization
of the battery and keep the SoC within the desired range.
Simulation results show that the bus voltage has higher sta-
bility, and the lifetime of the Li-ion and lead-acid battery are
extended by 29.93% and 42.93% respectively. Reference [8],
a power distribution strategy for hybrid energy storage sys-
tems based on virtual resistance is proposed. The system
can achieve smooth switching within four operating modes
according to different operating conditions. According to the
test results, this strategy can effectively suppress the high-
frequency fluctuations caused by the source power fluctua-
tion, ensure the system power balance and maintain the DC
bus voltage stability. However, the stability of the centrally
controlled microgrid relies mainly on communication tech-
nology. If communication fails, the whole system is disabled.
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Without the need of remote communication and a central
controller, the voltage droop control method can connect
multiple different sources in parallel to the microgrid, and
achieve reasonable power distribution and voltage regulation
among multiple sources. Droop control has been widely used
in DC microgrid.

In the traditional droop control method, as the output cur-
rent of each distributed source increases, its reference voltage
decreases according to the fixed droop gain coefficient, which
indirectly achieves an automatic power distribution of each
distributed source. The disadvantage of this method is that
the droop gain coefficient is fixed, which is not conducive to
the expansion of the system or the optimal management of
energy in DC microgrid [9], [10], [11]. The unavoidable line
impedance will inevitably lead to the current sharing error
of each distributed source, and will also cause the unbalance
of energy storage between batteries. If a smaller droop gain
coefficient is selected, the voltage deviation is not large, but
the current sharing effect is poor under heavy load; if a larger
droop gain coefficient is selected, the current sharing effect
is good, but the bus voltage deviation is large under light
load. Unbalanced current distribution accuracy and exces-
sive voltage deviation will lead to some serious problems
such as unstable bus voltage, local converter overload, and
even power supply reliability failure. To solve the above
problems, many papers have proposed improved control
strategies [12], [13].

The secondary control method is used to compensate for
the contradiction between voltage deviation and current dis-
tribution accuracy which are extensions of the traditional
droop control method. The researches on the general com-
pensation method by correlating voltage or current deviation
are as follows. Reference [14] proposes a hierarchical control
method with a dynamic droop coefficient correction control
(DCCC) to achieve better power sharing in DC microgrid.
In the proposed hierarchical control method, the DCCC is
employed in the primary level, which corrects the droop coef-
ficient automatically and the proportional current has been
shared. This method has a clear idea but requires accurate
prediction of circuit parameters. Reference [15] proposes
a decentralized droop control method, which identifies the
nonlinear droop curve coefficient with the desired bus voltage
regulation and current sharing accuracy in a specified heavy
load range, while a linear droop function with a negative
droop resistance is used to tighten the bus voltage regulation
in the light load range. This method can achieve a good
light-load control effect by optimizing the droop gain coeftfi-
cient, but the voltage deviation under heavy-load conditions
needs to be further reduced. Reference [16] proposes a novel
current-limiting droop controller for paralleled DC-DC Boost
converters to guarantee closed-loop stability and power shar-
ing, but this method did not completely eliminate the influ-
ence of mismatched line impedance on current distribution.

The optimization compensation method is an extension
of the general compensation method, in which the droop
gain coefficient is changed through various optimization
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algorithms by relating the dynamic physical variables of the
system [17]. For example, [18] uses particle swarm optimiza-
tion to find the best droop coefficient. Reference [19] uses
adaptive fuzzy reasoning to dynamically adjust the droop
coefficient. By considering the worst points of stability as
constraints, an elitist non-dominated sorting genetic algo-
rithm is used to search the better turning points of the droop
control curves, [20] proposes a multi-objective optimization
segmented droop control for DC microgrid. Reference [21]
introduces Petri probabilistic wavelet fuzzy neural network
(PPWENN) algorithm to optimize droop control. However,
most of the above-mentioned optimization compensation
algorithms rely on the communication network between the
converters, and the computational load is large, which is
difficult to implement on hardware devices, and is limited in
practical applications.

In the isolated PV-Battery DC microgrid, it is necessary
to not only enhance the stability of the DC bus voltage, but
also ensure the power balance between the energy storage
units to avoid any energy storage units over-discharge or over-
charge. To solve this problem, in addition to changing the
parameters of the droop control curve by considering changes
of microgrid physical variables such as the related bus voltage
deviation, it is also necessary to consider the state of charge
(SoC) of the energy storage unit to improve the performance
of droop control method.

Therefore, [22] proposes an improved droop control
method based on SoC, but only discusses the SoC equilibrium
when the energy storage units are discharging, and does
not analyze the SoC equilibrium when them are charging.
Reference [23] proposes an adaptive droop control method
based on the fuzzy algorithm with the voltage deviation,
voltage unbalance coefficient, and SoC as input variables,
which are designed to obtain an optimized droop control coef-
ficient. Nevertheless, during a long period of discharge pro-
cess, the balance of the SoC cannot be determined accurately
due to the slow response speed of the energy storage units.
Reference [24] adopts an improved SoC-based power func-
tion droop control method. The droop coefficient is propor-
tional to SoC" when the battery is charging and inversely
proportional to SoC" when the battery is discharging. The
larger n is, the faster the SoC equalizes. However, the above-
mentioned methods have low averaging accuracy and large
voltage deviation. Reference [25] adopts a droop control
method based on SoC exponential function, the droop coefti-
cient kg4 is proportional to exp[p( SoC—Ag,¢)] during charg-
ing, and inversely proportional to exp[p( SoC—Ag,c)] during
discharging. The larger p is, the faster the SoC equalizes.
However, this method does not consider reducing the bus
voltage deviation generated by this process.

To sum up, most of the existing research methods do not
have a strong ability to ensure that the isolated PV-Battery
DC microgrid simultaneously satisfies high adaptability to
coordinate the distribution of loads, balance the power of
the energy storage units, and good coordination effect of
supporting DC bus voltage regulation.
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In particular, one of the main advantages of a fuzzy logic
controller is that different control objectives can be managed
simultaneously and harmoniously [26], [27]. Reference [28]
uses a fuzzy algorithm to optimize the droop gain coefficient.
In this case, the droop gain coefficient is adjusted according
to the output power of each source, while the fuzzy logic
output is the DC bus voltage reference value. The algorithm
can achieve the goals of DC bus voltage regulation, cur-
rent distribution, and power balancing in distributed energy
storage systems. However, once a new source is added to
the system, it is necessary to obtain the state information of
each source through low-speed communication to adjust the
membership function of the fuzzy control, which is relatively
time-consuming. An improved fuzzy control strategy for DC
microgrid droop control is proposed in [29]. It ensures stable
operation of the system without the need to change the fuzzy
logic system and without communication, and multiple con-
trol objectives can be achieved. The simulation results show
that this strategy contributes to the power balance among
sources and reduces the DC bus voltage deviation. How-
ever, the Mamdani-type fuzzy control used in this strategy
has a long time-consuming in defuzzification process, which
greatly reduces the efficiency of the system. In contrast, each
output rule of the T-S fuzzy model has an exact quantity
corresponding to input variables, which avoids the Mamdani-
type fuzzy defuzzification process and has higher calculation
efficiency [30], [31]. Reference [32] proposed an analytical
structure of the T-S fuzzy logic approach to realize a nonlinear
variable gain characteristic for traditional control method.
Since the characteristics of the variable gain control are
parameterized and controlled by the rules of proportionality,
the efficiency and the computational accuracy of the fuzzy
control are greatly improved.

In summary, the main contributions of this paper include:
(1) For the distributed PV and battery multi-source access
system, three different operation modes are designed accord-
ing to the type of distributed source that is responsible for
regulating the DC bus voltage. (2) Using the multivariable
T-S fuzzy decision approach, two voltage droop variable gain
coefficient functions based on nonlinear virtual resistance
for PV and battery droop controllers are designed respec-
tively, which take the bus voltage deviation of the access
point, the SoC of the battery, and the sunlight intensity as
input variables. (3) The nonlinear variable-gain cooperative
control strategy based on the T-S fuzzy decision approach
is conducive to the maximum utilization of PV power, and
the coordinated distribution of PV and battery power with
high adaptability, which further enhances the anti-disturbance
of the DC microgrid bus voltage. (4) The feasibility and
effectiveness of the proposed strategy are verified by multi-
scheme digital simulation.

The paper is organized as follows: Section II describes the
configuration and operation modes of the PV-Battery DC
microgrid, as well as the switch conditions among the multi-
operation state controllers. In Section III, two kinds of T-S
fuzzy-based variable gain droop controllers for battery and
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PV are designed respectively. In Section IV, four simulation
schemes are designed, and the feasibility and effectiveness
of the control approach proposed in this paper are verified by
the simulation results. Finally, the conclusions of the research
content of this paper and future research trends are introduced
in Section V.

Il. CONFIGURATION AND OPERATION OF

PV-BATTERY HYBRID DC MICROGRID

In general, a PV-Battery hybrid DC microgrid usually con-
sists of three components, including RES (Photovoltaics),
ESS (Batteries), and DC load, as shown in Figure 1.

RES units are used to supply power generation, and ESS
units are used to maintain the power balance between gener-
ation and load. In grid-connected operation, the power of the
DC microgrid can be balanced by the main grid. However,
when the microgrid is operated in islanding mode, only the
ESS can absorb the excess power or compensate for the
deficit power.

In Figure 1, Ppy; represents the output power of the ith PV
cell(i=1,2,...,m), Py L represents the consume power of
the DC load, and Py, represents the output power of the jth
battery G = 1,2, ..., n). Prgs is the output power of RES,
P1oaq is the total consume power of the DC load side, and
Pgss is the total power of ESS. Where m and n represent the
number of PV and battery respectively, i < m, j < n.

DC Bus
Part II:ESS
Battery
Part [.RES =
batt 1
PV Array <> DCDC
PPV 1 DC
DC g
P DC Pbattn
| DC
PPV m /
DC > ’
DC " Part III:Load
DC Pdc 1L,

FIGURE 1. Typical configuration of PV-Battery hybrid DC microgrid.

The power equations of the DC microgrid shown in
Figure 1 can be expressed as

m
Pres = ZPPVI'
i=1
Proad = PdcL
n
Piss = Y Poa ey
j=1

Normally, ESS can operate on charge state or discharge
state, which depends on the power demand condition between
the RES and the DC load. However, a prolonged power
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FIGURE 2. Operational model of the hybrid DC microgrid.
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FIGURE 3. Hybrid DC microgrid control circuit under multi-operation
modes switching.

unbalance between the RES and the DC load may cause the
ESS to over-discharge or over-charge. To extend the lifetime
of the ESS and to make full use of the RES, the paper designs
three different operation modes according to the types of dis-
tributed energy sources, which are responsible for regulating
the DC bus voltage, as shown in Figure 2.

The PV-Battery DC microgrid studied in the paper consists
of three components, including RES (a PV access), ESS (two
battery units’ access), and DC load (Rjoaq). Figure 3 shows
the control circuit of the DC microgrid under multi-operation
modes switching. The individual operation mode and the
conditions for control mode switching are illustrated in detail
in this section.

A. MODE I: PV — MPPT CONTROL AND BATTERY - DROOP
DISCHARGE CONTROL

When the output power of the PV fails to supply the load, the
battery can release energy to compensate for the lack of power
in the DC microgrid. The power equation is expressed as

Pratt = PLoad PPV (2)

In Mode I, the PV operates in MPPT control state, which
can be regarded as a constant power supply (CPS). At the
same time, the battery operates in voltage droop control
state, which is responsible for regulating the DC bus voltage.
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Normally, in Mode I, the battery SoC is kept between 50%
and 90%, and the battery discharges according to the power
generated by the PV and the load consumption.

B. MODE II: PV — MPPT CONTROL AND BATTERY -
DROOP CHARGE CONTROL

In Mode I, the PV operates in MPPT control state, and the PV
generation is greater than the load demand, while the battery
SoC is less than 50%. To make full use of renewable energy,
the excess power of the PV generation is stored in the battery
via droop charge control. The power equation is expressed as

Ppat = PpyProad (3)

C. MODE III: PV - DROOP CONTROL AND
BATTERY-CONSTANT VOLTAGE

CHARGE CONTROL

When the PV generates much more power than the load
consumption and the battery SoC is above 90%, the battery
adopts constant voltage charge control to prevent overcharge.
To keep the DC bus voltage stable, the PV needs to switch
from MPPT control state to voltage droop control state, while
the PV is responsible for DC bus voltage regulation. The
battery operates in the constant voltage charge state, so the
battery can be described as a constant power load (CPL).
The power equation is expressed as

Ppay = Proad (4)

D. SWITCHING BETWEEN MULTI-STATE CONTROLLERS
Since the current direction of the bi-directional DC-DC con-
verter is reversible, the droop control circuit of the battery
can realize both charge and discharge. When the battery is
operating in the charge state with droop control, its terminal
voltage reaches the switching voltage Vg and the charger
should keep the battery voltage constant to prevent it from
overcharge. When the battery voltage reaches the switching
voltage Vi, the battery operation state switches to constant
voltage charge. At this stage, the battery current gradually
decreases until near zero. Once below a certain preset thresh-
old, the battery is considered fully charged.

For the battery charge or discharge control, the switching
from voltage droop discharge control (State I) to voltage
droop charge control (State II) is determined by the require-
ment power of the microgrid system. When the output power
of the PV is more than the requirement of load, the battery
is switched from the discharge state to the charge state.
The switching from voltage droop charge control (State II)
to constant voltage charge control (State III) is determined
by whether the battery voltage Vp, reaches the switching
voltage threshold V. The switching from constant voltage
charge control (State III) to voltage droop discharge con-
trol (State I) is determined by the DC bus voltage lower-
threshold V1, and the DC bus voltage reference Vief(Vae < Vi,
VL. = 0.95Vier). Figure 4 shows the switching conditions
among the internal control states of the battery.
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FIGURE 4. Multi-State switching among the internal control states of the
battery.

Once any battery reaches the switching voltage thresh-
old Vg, the PV still running in MPPT control state until
the DC bus voltage Vg4, reaches the voltage upper-threshold
(Vg = 1.05V,e¢). Then, the PV internal control switches from
MPPT control to voltage droop control. At this point, the
microgrid operates in Mode III.

Ve > 1.05V ¢

State | E— State 11
MPPT <«——  Droop control
Vdc < 095 Vref

FIGURE 5. Multi-State switching between the internal control states of
the PV generation.

For the PV generation control, the switching from MPPT
control (State I) to voltage droop control (State II) and the
switching from voltage droop control (State II) to MPPT
(State I) are both determined by the DC bus voltage Vyc,
which meets to the conditions of Vg. > Vg or Vg < Vi,
respectively. Figure 5 shows the switching conditions for
the PV controller state. The following sections focus on the
design of the battery and the PV voltage droop controllers.

Ill. T-S FUZZY-BASED NONLINEAR VARIABLE

GAIN DROOP CONTROL

In this section, a T-S fuzzy-based nonlinear variable gain
decision approach for regulating the virtual resistance of
voltage droop control is designed. The main objective is to
ensure the power balance of the distributed sources, maxi-
mum utilization rate of PVs, and avoid deeply over-discharge
or over-charge of battery. In addition, reducing the DC bus
access point voltage deviation is another important control
objective. Considering that battery and PV adopt different
control states to adapt to various operation conditions of the
DC microgrid, two different T-S fuzzy droop controllers are
designed for battery and PV respectively.

A. BATTERY ACCESS SYSTEM T-S FUZZY DROOP
CONTROL FOR CHARGE AND DISCHARGE

When the DC microgrid operates in Mode I and Mode 1I,
the charge or discharge process of the battery is managed
by droop control. The traditional voltage-type droop control
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output expression is
Ve ref = Viet — dcRy (5)

where Ry is the virtual resistance of the battery droop control
circuit, which can also be defined as a droop gain coefficient
in the droop control expression; Vyc ref 1S the battery access
converter output voltage reference value, which is generated
by the battery droop control law; Vi is the DC bus access
point voltage reference value; ig. is the battery access con-
verter output current.

It can be seen from equation (5) that the smaller value
of R, the more current the battery injects or absorbs, so as to
maintain the DC microgrid power balance. To ensure energy
balance, the battery with the lowest SoC needs to charge
fastest than the other battery. In other words, the smaller the
battery SoC, the smaller the Ry allocation should be. During
discharge process, the battery with the highest SoC needs to
discharge fastest than the other battery. Similarly, the greater
the battery SoC, the greater the Ry allocation should be.

Figure 6 shows the equivalent circuit of the DC microgrid
in operation Mode I and Mode 1II.

FIGURE 6. DC microgrid equivalent circuit in operation Mode I and
Mode IL.

In Figure 6, the CPS is represented by a constant current
source and a resistance connected in parallel, and the battery
droop circuit is represented by a resistance Ry and a voltage
source connected in series. Where Rcps is the equivalent
resistance of the PV, Icps is the equivalent current of the PV,
and Rjpaq is the DC load resistance. By setting the DC bus
access point as the node, the DC bus access point voltage Vi
is expressed as

‘,%Cf + Icps
Ve = 7 (6)

1 1
Ry + Rcps Rioad

Rcps and Icps can be expressed respectively as

V2
Reps &~ —& (N
Pcps
Pcps
Icps ~ 2 (8)

Ve
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Substituting Equation (5), Equation (7), and Equation (8)
into Equation (6), it has

- i 2
Vot +\/(%) + 4Pcps (RL + ﬁ)

1 1
2 (E + Rload)

Once the range of Vy. has been determined, the range of
the virtual resistance R, can be obtained from Equation (9).

Assuming that the DC bus access point voltage devia-
tion Ve 18

Vie = &)

Verr = Viet — Ve (10)

According to Equation (5) and (10), in order to prevent
the DC bus access point voltage deviation from being too
large, when the absolute value of the deviation Vi is large,
it is necessary to assign a small R, value to the droop gain.
Conversely, when the absolute value of the deviation Vi is
small, a larger Ry value is provided to the droop gain.

The battery SoC can be estimated by the current integration
approach, and its expression is

.
SoC = SoC(0) — / foae(T) (11)

0 batt
where SoC(0) represents the initial SoC of the battery; Cpay 1S
the battery capacity; ipar 1S the battery terminal current.

The battery SoC variation ASoC can be expressed as

t .
ASoC = SoC — SoC(0) = —f @ ) (1)

0 Chatt
From the balance relationship between the input and output
power of the battery access converter, it has

ibattVbatt = idc Vdc (13)
Combining Equation (10), Equation (12), and
Equation (13), it has
13
ASoC = {/ Verr (T)dT (14)
0
Ve
Where ; = Rvaa(t]thall ’

From Equation (14), it can be seen that the battery SoC is
affected by variations of the virtual resistance Ry and the DC
bus access point voltage deviation V. Conversely, Ry is also
affected by variations of SoC and Veyy.

Figure 7 shows the battery access system control structure
in Mode I and Mode II, which the battery operates in droop
control state and the T-S fuzzy controller is used to adjust the
virtual resistance Ry.

The T-S fuzzy controller can deal with different control
objectives simultaneously and harmoniously. The control
objectives of the battery access converter are to coordinate
the power distribution of the microgrid, reduce the voltage
deviation of the DC bus access point, and prevent battery
from over-charge and over-discharge. According to these
objectives, the T-S fuzzy controller takes the battery SoC and
the DC bus access point voltage deviation Ve, as inputs and
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Battery #» .
T F
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Droop control Voltage Current P.ulse
control control signal

FIGURE 7. Battery access system fuzzy droop control for Mode | and
Mode IL.

the virtual resistance R, of the battery droop control circuit
as output.
The virtual resistance control law Ry is designed as

Ry = Ky, Verr + KsocSoC (15)

where Ky, and Ks,c are the gain coefficients of the battery
virtual resistance control law I~€V.

As shown in Figure 8, the DC bus access point voltage
deviation Ve and the battery SoC are both used as T-S
fuzzy input variables. The input variables are fuzzified by two
fuzzy sets Pos and Neg with the semi-trapezoidal distribution
membership function.

wx:)
JINED)] ()
Neg Pos
i3
FIGURE 8. Membership function.
where, i = 1, 2, define x; = Ve, x2 = SoC. L; are

the constant parameters of the membership functions. The
corresponding expressions for the membership functions are

0, X < —Ll'
X; + L

up(x;) = ZZTIZ —Li <x; < L; (16)
], X > L,‘
l, X < —L,’
—X; + L

UN(x) = # —Li<xi<l; (17)
0, Xi > Ll'

The fuzzy controller uses the following four simplified
linear T-S fuzzy control rules:

Rule 1 : If Ve is Pos and SoC is Pos, then
vi = Ki(a1 Verr + a250C)
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Rule 2 : If Vi is Pos and SoC is Neg, then vy = Kpv
Rule 3 : If Vi is Neg and SoC is Pos, then v3 = K3v;
Rule 4 : If Vi is Neg and SoC is Neg, then v4 = K4qv|
(18)
In the T-S fuzzy control rules, v; represent the outputs
of the controller, j = 1, 2, 3, 4. Using the generalized

defuzzification approach, the final output u of the T-S fuzzy
controller can be expressed as

EN

2 ()*vj

! = F(a, x1, ¥2) (a1 Verr + a250C)  (19)

()™

u =

IRagES n

~
Il

Ky (nf +p5 Ko +u§ K3+ Kq)
MYy TSty ’

Different defuzzification results can be obtained by using
different values of @ (0 < o < o0). The center-of-gravity
approach and the maximum mean approach are two special
defuzzification cases of « = 1 and « = o0, respectively.

It is obvious from Equation (19) that the T-S fuzzy con-
troller implements a highly nonlinear variable gain coeffi-
cient control approach. The characteristics of its variable gain
is determined by the nonlinear function F (¢, x1, x2), which is
determined by «, Kj, L;, and the dynamic real-time input x;.

The paper uses the center-of-gravity approach to defuzzify
with the selection of « = 1. The output of the T-S fuzzy
controller is expressed as

where F (o, x1, x3) =

4
L
u="—— = F(x1,%) (@1Verr + @250C)  (20)

j=1
Ki(ui+poKo+nsKz+inaKe)
Hm1tHpa+u3+ps :
By comparing Equation (15) and Equation (20), the coef-
ficients of the virtual resistance control law RV can be
expressed as

where F(x1, x2) =

Ky, (x1, x2) = a1F(x1, x2) 1)
Ksoc(x1,x2) = a2F (x1, x2) (22)

A stable fuzzy control system operates mostly in the region
around the balance point of the system (x1, x2) = (0, 0).
The T-S fuzzy-based variable gain droop controller is also
designed by optimizing the conventional droop controller at
the balance point (0, 0) of the system.

When x; = xp =0,

Ki1(0.5+0.5K> + 0.5K3 4+ 0.5K4)

05405+054+0.5
Ki(1+ K> + K3 +Ky)

4

To make the variable gain Ky, (0, 0) and Ks,c(0,0) of
the droop control law at the balance point coincide with the

F(,0) =
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conventional gain coefficient of the virtual resistance control
law Ky, and Kg,c, it has

Kv,,(0,0) = Ky, = a1F(0,0) (23)
Ksoc(0,0) = Ksoc = a2F(0, 0) (24)

The weighting coefficients K; shown in Equation (18)
for the fuzzy rules are selected according to the requirements
of the control objectives so that the coefficients a; and a; can
be uniquely determined. The desired battery nonlinear vari-
able gain droop control function F(x1, x2) can be well con-
structed by adjusting the parameters of membership functions
L; appropriately according to the actual physical meaning and
characteristics of the control system input variables.

Taking the Rule 1 and Rule 4 in Equation (18) as the lead-
ing factors, the weighting coefficients are taken as K1 = 1,
K> = K3 = 0 and K4 = 1/3 respectively. Then, a; = 3Ky,,,
and a» = 3K, can be obtained, and the surfaces of function
F(x1, x2) can be shown in Figure 9.

1

Sy 0.6 SoC
Verr/V

(a) Charge process

Verr/V 2 © S0C
(b) Discharge process

FIGURE 9. Battery fuzzy droop variable gain coefficient function F(x,, x;)
surface.

Figure 9 (a) and (b) show the processes of charge and
discharge of the battery respectively. In Figure 9 (a), the
battery operates in droop charge state, which shows that
the variable gain coefficient function F(xj, x) has a small
gain when the absolute value of Vg is large or the SoC is
small. Correspondingly, the variable gain coefficient function
F(x1, x2) has a large gain and is limited but not bounded,
when the absolute value of V. is small or the SoC is large.
In Figure 9 (b), the battery operates in discharge state, which
shows that the coefficient function F(x1, x2) has a small gain
when the SoC is large. When the battery starts to discharge
and the SoC gradually decreases, the variable gain coefficient
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function F(x1, xp) gradually increases and becomes stable.
When the membership function variable value of the voltage
deviation Vi is between O and 1, with the decrease of Vi,
F(x1, xp) gradually increases to 1 and does not cross the
boundary.

It can be seen that the adjustment rule of the F(xy, x7)
function conforms to the principle of assigning the virtual
resistance R, of the droop control loop according to the bat-
tery SoC and the DC bus access point voltage deviation Ver in
the process of battery charge and discharge droop control, and
effectively utilizes the DC bus access point voltage deviation
and prevents its value from being too large.

Figure 9 summarizes the inference rules based on the
T-S fuzzy system proposed in this section, and the variable
gain coefficient function F(xy, x2) is adjusted according to
the inference rules. From Equation (14) and Equation (15),
it can be seen that the virtual resistance R, of the droop
control circuit is decided according to the coefficient function
F(x1,x2), which are influenced by the battery SoC and the DC
bus access point voltage deviation V. It is clear that the DC
bus access point voltage deviation Ve plays an important role
in the dynamic adjustment process performance. That is why
the fuzzy control system tries to reduce the DC bus access
point voltage deviation but not to eliminate it.

The T-S fuzzy-based non-linear variable gain droop con-
trol block diagram for battery access system is shown
in Figure 10.

Vdc [ V
- T >k, e TS
> — Fuzzy R,
- droop =
SoC(0) o
—+ 5C e X contro
ASoC > 50C

FIGURE 10. Non-linear variable gain fuzzy droop control block diagram
for battery access system.

B. PV ACCESS SYSTEM T-S FUZZY DROOP CONTROL

FOR REGULATING VOLTAGE

When the microgrid system is operating in Mode III, PV is
responsible for regulating the DC bus voltage. In Mode 111,
PV operates in droop control state. The battery operates in
constant voltage charge control state, which can be repre-
sented as a constant power load (CPL). Figure 11 shows
the equivalent circuit for the DC microgrid system operating
in Mode II1.

The PV droop control aims to adjust the generated power
according to the load power demand to keep the DC bus
access point voltage stable. The traditional power-type droop
control output expression is

Vicref = Vref — KPqc (25)

where K is the PV droop control gain coefficient; Vg e 1S
the PV access converter output voltage reference value, which
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FIGURE 11. DC microgrid system equivalent circuit in operation Mode III.

is generated by the PV droop control law; Pqy is the output
power of the PV access converter. Figure 12 shows the PV
access system fuzzy droop control structure.

Assuming the sunlight intensity base value S* is 1000 Lux,

the standard value of sunlight intensity can be expressed as
~ S
S = 5 (26)

where S is the actual sunlight intensity, Se(,1).

PV ipy N%N‘ VD ide
> I N}
Q—o
i’ + -+
=Wy u =S =C I{dc R E
| |
[ I =
- - o
Eoosso=so==o=o |
Il I
Y pp——
Ve Vier I{dc lde
Light | sorfelst ~>£—>. PI {0
intensit - +< - i
S Y Vv Vdc ref P Ldc ref %
err ,_lK :dc % g de
ldc u
| T-S fuzzy controller |> ===
iz il Voltage Current Pulse
control control signal

FIGURE 12. PV access system fuzzy droop control for Mode Iil.

Similar to the design of the battery droop control method
in Section III.A, better voltage regulation and power distribu-
tion can be obtained by adjusting the droop gain coefficient K
of the PV access system, which is not presented in detail here
redundantly. The PV fuzzy droop variable gain coefficient
function G(x1, xp) surface is shown in Figure 13.

As shown in Figure 13, when the absolute value of Ve
is large, the variable gain coefficient function G(x1, x») has
relatively small gain. Conversely, when the absolute value of
Verr 1s small, the variable gain coefficient function G(x1, x7)
has relatively large gain. As the sunlight intensity gradually
increases and the output power of the PV increases accord-
ingly, the variable gain coefficient function G(x1, x3) needs
to have a smaller gain to maintain the DC bus access point
voltage stability. The PV droop gain coefficient K has been
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G(x1,x2)
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FIGURE 13. PV fuzzy droop variable gain coefficient function G(x,, x,)
surface.

adjusted accordingly to the variation of the variable gain
coefficient function G(x1, x3), the sunlight intensity S, and
the DC bus access point voltage deviation Ve to suppress
external disturbances and maintain the DC bus access point
voltage stability.

IV. SYSTEM SIMULATION AND ANALYSIS
The MATLAB/Simulink simulation platform is used to verify
the feasibility and effectiveness of the proposed control strat-
egy. The PV-Battery hybrid DC microgrid system includes a
PV, two battery units, and a DC load, whose parameters are
shown in Table 1. The rated voltage of the DC bus is 380V.
Four simulation schemes are designed in this section, con-
taining three operation modes of the hybrid DC microgrid
system. By changing variables such as sunlight intensity and
DC load, the anti-disturbance performance of the system in
Mode I, Mode II and Mode III are verified respectively.
In Modes I and I, the PV setting to suddenly break down and
disconnect from the microgrid access point in case of opera-
tion failure, while the battery independent power supply sim-
ulation schemes are performed to verify the complementarity
and stability of the PV-Battery hybrid DC microgrid. In order
to verify that the proposed strategy has over-charge protection
for the battery during the charging process, the battery output
power dynamic performance is simulated during the modes
switching process between Mode II and Mode III.

TABLE 1. DC microgrid model parameters.

Numerical Numerical
Parameter name Parameter name
values values
Battery rated voltage 200V PV short-circuit 18.68A
current
Battery rated capacity 6.5Ah PV maximum 200.18V
power voltage
Battery initial SoC(0) 80% PV maximum 15.43A
power current
PV open-circuit 250,43V PV maximum 3KW

voltage power

A. SCHEME 1: SIMULATION OF ANTI-DISTURBANCE
PERFORMANCE IN MODE | AND MODE 11

In this scheme, the PV operates in MPPT control state, while
the battery operates in droop control state and is responsible
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for regulating the DC bus voltage. This simulation scheme
analyzes the dynamic process of DC bus access point voltage
and PV-Battery power output, in the case of sunlight intensity
changes suddenly and DC load consume power fluctuates
greatly. The simulation results are shown in Figure 14.

3000 - ¥ y
=
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o
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0 0.5 1 1.5 2 2.5 3
t/s
(a) PV output power
4000 [ ‘ ! ‘
2000
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& 2000
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0 0.5 1 1.5 2 2.5 3
t/s
(b) Battery power
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t/s
(c) DC load power

FIGURE 14. Operating characteristics of the hybrid DC microgrid in
Scheme 1.

As shown in Figure 14, from time Os to 1s, with a sunlight
intensity of 700 Lux, the PV output power is approximately
2kW, which is close to the DC load consume power. And
the battery operation state is neither charge nor discharge.
At time 1s, the sunlight intensity changes from 700 Lux
to 1000 Lux suddenly, and the PV output power jumps to
3kW, which is greater than the DC load consume power, and
the battery operates in droop charge control state (Mode II).
At time 2s, the load power changes suddenly from 2kW
to SkW and the PV output power is insufficient to meet
the DC load consume power requirement. At this time, the
battery switches to droop discharge control state (Mode I)
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immediately, providing approximately 2kW of power to the
DC load to balance the system power and maintain the DC
bus access point voltage stability.

Figure 15 shows the dynamic adjustment process of the
DC bus access point voltage when the system is subjected to
external disturbances such as the suddenly change of PV out-
put power and the fluctuation of DC load consume power at
s and 2s, respectively. The simulation results show that when
the battery uses the proposed T-S fuzzy variable gain droop
control strategy, the DC bus access point voltage fluctuation
is small and the adjustment response speed is fast.

500 -

400 [\,
\'

300

Vde/V

200

100

0 0.5 1 1.5 2 2.5 3
t/s

FIGURE 15. DC Bus Voltage for Scheme 1.

B. SCHEME 2: SIMULATION OF BATTERY INDEPENDENT
OPERATION IN MODE | AND MODE II

In this scheme, the PV operates in MPPT control state, while
the battery operates in droop control state and is responsible
for regulating the DC bus voltage. This simulation scheme
analyzes the dynamic adjustment process and its stability
capability of the system when the PV breaks down and
disconnects from the microgrid access point suddenly. The
simulation results are shown in Figure 16.

As shown in Figure 16, the PV operates in MPPT control
state from time Os to 1s with an output power approxi-
mately 2.4 kW. As the DC load consume power is approx-
imately 1kW, the battery operates in droop charge control
state (Mode II) to absorb excess power. At time 1s, the PV
breaks down and disconnect from the microgrid access point
suddenly, which its output power drops to zero. The battery
changes from droop charge control state to droop discharge
control state (Mode I) swiftly to adjust the output power to
meet the demand of the DC load. To ensure the hybrid DC
microgrid operates normally and to maintain the DC bus
voltage stability, the battery output power at this point is
approximately 1kW.

In Figure 17, when the PV breaks down and disconnects
from the microgrid access point suddenly, the battery adjusts
the power quickly via T-S fuzzy-based nonlinear variable
gain droop control. The simulation results show that the DC
bus access point voltage fluctuation is small, the adjustment
response speed is fast, and the stability of the DC microgrid
is strong.
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FIGURE 16. Operating characteristics of the hybrid DC microgrid in
Scheme 2.

FIGURE 17. DC Bus Voltage for Scheme 2.

C. SCHEME 3: SIMULATION OF ANTI-DISTURBANCE
PERFORMANCE IN MODE Il

When the PV power generation is much greater than the DC
load power consume, and the battery SoC is above 90%,
the battery is operating in constant voltage charge control

89424

state to prevent overcharge. To maintain the DC bus access
point voltage stability, the PV operates in T-S fuzzy-based
nonlinear variable gain droop control state (Mode III) which
is responsible for regulating the DC bus voltage. The purpose
of this simulation scheme is to analyze the influence of DC
load power fluctuation for the system stability under this
condition. The simulation results are shown in Figure 18.
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FIGURE 18. Operating characteristics of the hybrid DC microgrid in
Scheme 3.

As shown in Figure 18, when the battery SoC reaches its
capacity limit at time Os to 1s, the battery is disconnected
from the microgrid access point, and the PV operates in
T-S fuzzy-based nonlinear variable gain droop control state
(Mode III) to regulate the DC bus voltage. At time 1s, the DC
load consume power changes suddenly and the PV adjusts
the generation power quickly to meet the demand of the
microgrid power balance.

It can be seen from Figure 19 that the switching between
the MPPT control state and the T-S fuzzy-based nonlinear
variable gain droop control state of the PV generation is ben-
eficial to the reliable operation of the hybrid DC microgrid
and the maintenance of DC bus access point voltage stability.

D. SCHEME 4: SIMULATION OF BATTERY PERFORMANCE
UNDER MODE Il AND MODE Iii

CONVERSION CONDITIONS

At the initial moment, the PV operates in the MPPT control
state, and the battery operates in the T-S fuzzy nonlinear
variable gain droop charge control state. At a certain moment,
when the battery SoC reaches 90% and the battery terminal
voltage Vpaye reaches the switching voltage threshold Viy,, the
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FIGURE 19. DC bus voltage of scheme 3.

245+ .

225 ! !
80 81 82 83
t/s
(a) Battery terminal voltage Vbatt
95 :

SoC

t/s
(b) Battery SoC

ibatt/A
A

80 81 82 83
t/s
(c) Battery terminal current ibatt

FIGURE 20. Battery characteristic curves on the switching from Mode II to
Mode Il

battery switches from the variable gain droop charge control
state (Mode 1II) to the constant voltage charge control state
(Mode III). This simulation scheme demonstrates the good
battery charge characteristics for this process.
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As shown in Figure 20 (a) and (b), at time 82s, the
battery SoC reaches 90% and the battery terminal voltage
Vbarr reaches the switching voltage threshold Vgy,. At this
point, the battery operating state switches from T-S fuzzy-
based nonlinear variable gain droop charge control state
(Mode II) to constant voltage charge control state (Mode III).
In Figure 20(c), it can be seen that, at time 82s, the battery
operates in the constant voltage charge state when the battery
charge current decreases slowly and approaches the full state
eventually. The switching of the battery control state is ben-
eficial to balance the energy storage and prolong the life of
the battery, thereby improving the reliability of the hybrid DC
microgrid system.

V. CONCLUSION

This paper proposes a multivariable coordinated nonlinear
gain droop control for PV-Battery hybrid DC microgrid
access system via a T-S fuzzy decision approach. According
to the types of distributed energy sources and the function
of regulating the DC bus voltage, three kinds of operation
modes are designed. Then, a multivariable T-S fuzzy decision
approach is used to construct a nonlinear virtual resistance-
based voltage droop gain coefficient function, which achieves
a highly adaptive coordinated distribution of PV-Battery
power. When the hybrid DC microgrid is subjected to external
disturbances, such as the rapidly power change of PV gener-
ation, the suddenly breakdown of PV system from operation
due to faults, and the greatly fluctuation of DC load power,
the distributed energy sources responsible for support the DC
bus access point voltage can adjust the output power quickly
to ensure the normal operation of the system and maintain
the access point DC bus voltage stability. The multi-scheme
simulation results show that the proposed control strategy is
beneficial to the efficient access utilization rate of PV energy,
effectively prevents the over-charge and over-discharge of
the battery, enhances the anti-disturbance dynamic regulation
characteristics of the DC bus access point voltage, and greatly
improves the access stability of the hybrid DC microgrid. For
future research, more robust controllers should be applied,
so that the voltage and current controllers have stronger anti-
interference ability and higher control accuracy.
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