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Abstract: DC microgrid systems that integrate energy distribution, energy storage, and load units
can be viewed as examples of reliable and efficient power systems. However, the isolated operation
of DC microgrids, in the case of a power-grid failure, is a key factor limiting their development.
In this paper, we analyze the six typical operation modes of an off-grid DC microgrid based on a
photovoltaic energy storage system (PV-ESS), as well as the operational characteristics of the different
units that comprise the microgrid, from the perspective of power balance. We also analyze the key
distributed control techniques for mode transformation, based on the demands of the different modes
of operation. Possible reasons for the failure of PV systems under the control of a voltage stabilizer are
also explored, according to the characteristics of the PV output. Based on this information, we propose
a novel control scheme for the seamless transition of the PV generation units between the maximum
PV power tracking and steady voltage control processes, to avoid power and voltage oscillations.
Adaptive drooping and stabilization control of the state of charge of the energy storage units are also
considered, for the protection of the ESS and for reducing the possibilities of overcharging and/or
over-discharging. Finally, various operation conditions are simulated using MATLAB/Simulink,
to validate the performance of the proposed control strategy.

Keywords: PV-ESS; microgird; operation mode; PV system; seamless transfer

1. Introduction

Microgrid structures consisting of multiple intelligently coordinated heterogeneous networks
have greatly improved the operation of power grids [1]. These structures have been widely studied as
basic units that can be integrated into a larger overall network [2-5]. DC microgrids, as an alternative
option, have been attracting increasing interest in the recent years, owing to their advantages of high
system power quality and easy control with neither reactive power nor AC harmonic concerns.

However, the power quality of microgrids is influenced by the fluctuation and intermittence of
renewable distributed micro-power. A potential solution is utilizing energy storage systems (ESSs) in
order to alleviate the problem in microgrids. Hence, research on control and management technologies
relevant to DC microgrids has become increasingly prevalent.

Most of the DC microgrid research conducted so far has focused on the control, operation
and power sharing of DGs in an DC microgrid during and subsequent to islanding. A control
strategy was developed for autonomous DC microgrids, applicable to low-voltage applications such
as remote telecommunication power systems; experimental tests on changing the mode conditions
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showed seamless transitions between system-level modes [2]. The control technique proposed in [3]
enabled maximum utilization of photovoltaic (PV) power during the different operating conditions
of the microgrid and provided a seamless transfer between the grid-connected and islanded modes.
PV energy storage DC microgrids comprising distributed PV generation units, energy storage batteries,
power electronic conversion devices, and load devices, typically have two stable modes of operation,
the grid-connected mode and the off-grid mode [6-8]. System control for dc microgrids with variable
generations and energy storage is proposed in this paper in [9], an autonomous control strategy
based on the DC voltage variations in a DC microgrid with various sources and loads was proposed.
In this strategy, the system control was divided into three levels according to the DC voltage variation.
The operational modes and control strategies for distributed generators (DGs) and ESSs were analyzed,
and the flexibility and reliability of the control strategy for a hybrid microgrid was verified. A modified
distributed control method for mesh and radial configurations was proposed and analyzed in [10],
in which a low-bandwidth communication controller was used to exchange voltage and current
information between different converters in the DC microgrid. The influence of communication
delay on the stability was also analyzed, and it was demonstrated that the designed controller had
a plug-and-play function. A set of feasible energy management and control strategies for the stable
operation of DC/AC microgrids was proposed, based on the typical topologies of microgrids of
renewable energy sources. The ESS was utilized to maintain the power balance between the PV power
supply and load demand in the off-grid mode [11]. In [12], a master—slave-based control strategy for
a PV energy storage microgrid system was studied. An improved low-bandwidth communication
(LBC)-based droop control method and a load current sharing control strategy for parallel DC/DC
converters was proposed, to solve the current sharing control problem during the interconnected
communication between power generators in a DC microgrid in [13,14].

The operating modes of DC microgrid are generally divided into grid-connected and off-grid
mode. PV power sources are expected to work in maximum power tracking technology (MPPT) and
deliver the maximum available power to the grid in grid-connected mode. However, under the off-grid
mode, in order to increase energy utilization efficiency of the DC microgrid, PV power is required
to operate in MPPT mode as well, such as supplying power to both the load and the energy storage
system. According to the characteristic voltage—-power (U-P) curves of a typical generator, the output of
a PV module is nonlinear. Reference [15] illustrated the intermittency of PV output, caused by changes
in the PV module environment. To exploit this, the maximum power tracking technology (MPPT) was
introduced, to increase the output of the PV modules. In [16,17], an improved perturb and observe
(P&O) scheme based on the traditional MPPT algorithm was proposed, to improve the efficiency of
tracking in the dynamic and steady states. The development of artificial intelligence technologies
made the application of artificial neural networks (ANN) and nonlinear control technologies to the
maximum power tracking process possible, as described in [18-20].

To overcome the influence of the intermittency and volatility of PV power, and better balance the
power relationship between PV modules, grids, and loads, ESSs have been widely applied in PV-based
DC microgrids, to ensure reliable and stable operation. Multiple studies have been conducted on
the control strategies, power allocation modes, optimization, and economic operation of ESSs for
microgrids. For example, a cascade PI controller based on the Lyapunov criterion was detailed in [21],
where power allocation between different ESSs proceeded on the premise of ensuring the stability of
the controllers. In [22], a fast-response integral droop (ID) that effectively distributed transient power
in a hybrid ESS controller was designed. The use of a two-quadrant energy storage controller for
power allocation among multiple batteries, to increase their lifespans, was discussed in [23,24].

So far, very few studies have focused on operation mode characterization, mode transformation
control technologies, and independent PV distribution under ESS protection, for DC microgrids in
the off-grid mode. This paper aims to solve the above limitations by considering the independent
operation mode of DC microgrids. First, we define the typical structure of a PV energy storage DC
microgrid in the off-grid operation, as shown in Figure 1. The characteristics of the operation modes
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and transformation boundaries for the PV generation units, ESSs, and loads are then analyzed. Based
on these modes of operation, we discuss the key control technologies for each unit of a PV-ESS DC
microgrid. The failure of PV power generation in stabilizing voltage control is also analyzed. Using this
information, we propose a seamless transfer controller for PV generator units, for the transfer between
MPPT and voltage regulation. Finally, we build a PV energy storage DC microgrid model, for the
simulation and verification of the proposed mode conversion and control methods.

DC Microgrid Structure Operation Mode

= PV [
;ZV ‘;‘ _|Converten |
PVhrm— 4 PV
#1° Convertel|
s

Figure 1. Diagram of a PV-ESS DC microgrid system.

The remainder of this paper is organized as follows. In Section 2, the structure, operating modes,
and modal transitions of a PV energy storage DC microgrid are discussed. The key control problems
of the PV-ESS in DC microgrids are studied in Section 3, based on the operational mode analysis.
This includes an analysis of the output characteristics of a PV system, the “failure mechanism” of PV
voltage stabilization, and the feasibility of multi-unit energy storage and voltage stabilization in a
controller for the seamless transfer between MPPT and voltage regulation. We also consider a droop
stabilizing controller for stabilizing the state of charge (SOC) of the energy storage units. Section 4
details the simulations performed to verify the effectiveness of the proposed method under various
working conditions. The conclusions of this paper are summarized in Section 5.

2. Structure and Operation Modes of DC Microgrid Systems

2.1. Composition of a DC Microgrid

DC microgrids typically consist of DGs, ESSs, and loads, connected by DC buses. Two operating
modes, grid-connected mode and off-grid mode, can be defined for these systems, according to whether
they are connected to large power grids or not. The structure of a typical PV-ESS DC microgrid in
off-grid operation is shown in Figure 2.
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Figure 2. Structure of a DC microgrid in off-grid operation.

From Figure 2, it can be seen that the power generators, which are the PV modules in this case,
are connected to the DC bus through a one-way DC/DC converter (the image details a buck-boost
conversion scheme) and DC circuit breaker. As PV power generation is intermittent and volatile,
the fluctuation of the PV output should be stabilized, to reduce the impact of this uncertainty on the
grid. Thus, it is necessary to configure energy storage devices in a PV-ESS DC microgrid, to maintain a
steady voltage and ensure that the power between the source and load is balanced.

The intermittency of PV power, the residual energy states of the ESSs, the load units, and
the disturbances from faults affect the power balance and energy flow in a PV-ESS DC microgrid,
and thus determine the control mode of the power electronic converter in a DC microgrid. Hence, it is
particularly important to research the operation modes, modal boundaries, and modal transformations
of DC microgrids in the off-grid operation.

2.2. Operation Modes of a DC Microgrid

The operating conditions of PV-ESS DC microgrids can be categorized into six modes, according
to the structure illustrated in Figure 2. The operation modes and the conditions for transition between
these are summarized in Figure 3.

Mode Il Mode V
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Figure 3. Operation modes of an off-grid DC microgrid.
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The maximum PV power, denoted as P, in Figure 3, depends on the power required for
storing energy at a particular SOC, the PV output, and the load. The PV-ESS DC microgrid operates in
one of six modes, according to the control strategy, ESS state, and load conditions. That is: the control
strategy for the PV generation unit can be MPPT or a voltage regulation. The ESSs can be operated in
the voltage regulation or charge/discharge states, or in the shutdown state. Finally, the load can be
increased, decreased, or in special cases, removed. The six different modes are described below:

Mode I: In this condition, Py is less than the load power, and the SOC of the ESS is lower than
the preset minimum. The storage system is in the SOC protection state, and the bidirectional DC/DC
converter turns off the ESS, to prevent over-discharge and maintain the life of the ESS. To maintain the
power balance of the DC microgrid and ensure voltage stability, a partial load is removed.

Mode II: The microgrid system transitions to this condition from Mode I. Here, P,y is greater
than the load power and the PV unit is controlled in the MPPT mode. In the ESS, the DC bus voltage is
stabilized by the bidirectional DC/DC converter. The PV module supplies power to the load, and the
residual power is used to charge the ESS, the SOC of which is still below the preset minimum.

Mode III: During the transition from Mode II to Mode III, the ESS is charged continuously, and
the SOC rises. The working conditions are as in the case of Mode II: the PV output power is larger
than the load, the PV unit is controlled in the MPPT mode, and the ESS maintains the DC bus voltage
through the two-way DC/DC converter. However, the SOC of the ESS will be in the normal range,
between SOCp3x and SOC i, unlike in Mode I1.

Mode IV: The operational conditions of Mode IV are similar to those of Mode III. However, in
this case, the load is increased (or the irradiance on the PV module is decreased). Hence, Py is
less than the load power. Although the generation unit is still controlled using an MPPT strategy, the
energy storage converter controls the DC voltage and the ESS will be in the discharge state. The SOC
of the ESS declines, as a result.

Mode V: In this state, as in Mode III, P"®,y is larger than the load power. The energy storage
battery is charged beyond the upper limit, SOCpax. In this situation, to protect the battery life and
avoid overcharging the batteries, the energy storage converter is stopped from operating. The PV
module supplies power to the load independently, and the PV control strategy is changed from MPPT
to voltage regulation.

Mode VI: If the load is increased or the irradiance is decreased when the microgrid system is in
Mode V, the magnitude of P™®,, will be insufficient to meet the load demand. The control strategy
for the PV module thus switches from voltage regulation to MPPT, to ensure that maximum power is
generated. The remaining power required by the load is supplied by the energy storage unit, to make
up for the shortfall; and the energy storage converter switches from the standby state to an operational
state, to maintain the stability of the DC bus voltage.

From the above analyses, it can be concluded that the modal boundary definitions are based on
the maximum possible output power of a PV module, the charge state of the energy storage unit,
and the power required by the load. The two primary reasons for defining the operational modes
in this manner are to stabilize the voltage of the DC bus for ensuring reliable operation of the grid
while supplying load power and to extend the life of the energy storage units while maximizing the
potential generation of PV energy. The key control techniques for maintaining internal mode evolution
or transition to different modes depend on the maximum PV power output algorithm, stable PV DC
bus voltage, and performance of the technology controlling the stable DC bus voltage, in consideration
of the protection of the energy storage units.

3. Characteristics of PV Modules and Energy Storage Units Used for Controller Design

The analysis presented in Section 2 demonstrates that switching between the different modes of
operation corresponds to modifying the electronic power converter modes in the PV modules and ESS
units. Hence, studying control strategies for switching between the different modes of operation of the
PV converter and the energy storage unit converter is very important.
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3.1. Analysis of Output Characteristics and Failure Mechanism of PV Modules

There have been numerous studies on maximum power tracking algorithms for PV systems, the
findings of which have been widely used in the design of microgrid systems. In this study, we consider
a traditional P&O algorithm. Based on PV nonlinear output characteristics, we discuss the feasibility
of stabilizing the DC bus voltage of the PV modules in a PV-ESS grid in Mode V of off-grid operation,
detailed in Figure 3, using the analysis process illustrated in Figure 4. At the maximum power point C,
the power is given by Pmax, while the output voltage is Um. Also depicted are four different working
points, A, B, D, and E, where the output voltages are UA, UB, UD, and UE, respectively.

=
=
fan
P3 ‘I
Pmax P3 :
| i
P2 i |
bperating: 1
point i
Py — |
Iduty |
:cycle :
| |
! !
0 Ue Up Unm UgUa Uge Up/V

Figure 4. Illustration of working points of a PV power generation system. The inset depicts a circuit
diagram of the system and a block diagram of the controller.

For analyzing the failure of PV voltage regulation, the characteristic output curve in Figure 4 is
segmented by three load lines. To illustrate the causes for the failure of the constant voltage control
mechanism in the PV power generation unit, we discuss two load conversion scenarios.

(1) Scenario 1: load power is increased from P1 to P2.

There are two points on the U-P curve illustrated in Figure 4, which correspond to an output
power of P1, A and E. Regulation at these points is discussed below.

(1.1) In this sub-scenario, we assume that the power generation system is at point A. The DC bus
voltage falls temporarily as the power demand increases from P1 to P2. Owing to the steady
voltage control algorithm, an increase in the load power results in an increase in the output
PV current. The positive error signal, obtained by subtracting the output voltage of the DC
bus from the required voltage, is sent to the double loop controller, and the duty cycle of the
converter is subsequently increased. A steady-state condition is reached at point B, and DC
bus voltage stability is achieved.

(1.2) In this sub-scenario, the power generation system is at point E. As before, the DC bus voltage
falls temporarily as the load is increased, and the processing of the positive error signal
by the double loop controller causes the duty ratio to increase, to keep the DC bus voltage
constant. Increasing the duty cycle and output PV current shifts the operating point of the
generation system to the left. However, as point E is located to the left of the maximum
power point, reducing the voltage of the PV system will reduce the output PV power, leading
to an increase in the positive error. This, in return, aggravates the left shift of the working
point, forming a direct connection in the switching transistor. The working point eventually
slides to point 0, and the PV system will fall into a short-circuit state, causing the voltage
stabilization technique to fail.

(2) Scenario 2: load power is increased from P1 to P3

In this scenario, the generation system is at point A. As before, increasing the power demand
(from P1 to P3) leads to a transient drop in the DC bus voltage. The positive error signal resulting from
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this change in voltage is sent to the double loop controller, which causes the duty cycle to increase.
Because of regulation, the power generation system will eventually reach point C, where the maximum
power is generated. However, as P3 is greater than C, the DC bus voltage will still be lower than the
required value and the double loop controller will continue working. Therefore, the working point will
pass point C, and the increase in the duty cycle will reduce the output power. Further regulation will
move the working point to the left, leading to the direct connection of the switching transistor, and the
PV module falls into a short-circuit state, causing a regulation failure. Similarly, if the initial working
point of the generation system is E, the voltage regulation system will cause the final working point to
move to point 0, forming a PV short circuit, leading to the failure of the voltage stabilization control.

From the above analyses, we observe that there are two feasible points of operation, on the left
and right sides of the maximum power point on the U-P curve, when Pjy,4 < Pmax. When the load is
increased, the working point of the generation system inevitably slides to the left. If the initial working
point is on the left side of the maximum power point, this slide to the left will eventually result in
a regulation failure. Therefore, under voltage stabilization control, the initial working point of the
voltage regulator should be located on the right side of the maximum power point of the U-P curve,
so that the PV module can support the load to complete the stabilization process. If the load power
is increased to a value that is greater than the maximum power output of the PV module, a part of
the load must be allocated to the completion of the stabilization process. Hence, if the PV power is
guaranteed to be larger than the load power, and the PV working range is limited to the right side of
the maximum power point, the strategy of independent PV voltage stabilization will be feasible.

Based on the monotonic variation of the output PV current with respect to voltage, as depicted
in the U-I curve in Figure 5, and the idea of dual loop control, we propose an anti-dead zone control
method to limit the amplitude of the nominal value of the inner current loop. This method restricts the
voltage and output power of the PV to the right side of the maximum power point, to avoid regulation
failure, as illustrated in Figure 5.
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(a) U-P curve (b) U-I curve

Figure 5. Stable PV module operating regions for constant voltage control, at different irradiances.

Since the output characteristics of the PV unit depend primarily on the irradiance intensity and
temperature, we use the maximum power point current iy, at the test conditions provided by the
manufacturers of the PV panel, to define the amplitude limit for the inner current loop, to ensure that
stabilization can be achieved at different irradiance and temperature conditions. The method limits
the reference value of the inner current loop to prevent the PV operating point from entering the left
side of the MPP curve during regulation. At the same time, considering the changes in irradiance
and temperature adaptively changes the inner loop reference value. In accordance with the PV array
characteristics (Figure 5b), the MPP locus, i.e., MPPs at different radiation levels, can be approximated
by a cubic function. It is worth noting that, in order to keep the working point on the right side of the
maximum power point, as much as possible, the limiting amplitude should be set to a value slightly
less than i,.
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3.2. Seamless Transfer Controller

Based on analysis of the feasibility of independent DC bus voltage stabilization and the operation
mode of PV-ESS DC microgrids, it is found that there are two different sets of requirements for PV
output control during the transitions from Mode III to V and Mode V to VI. A block diagram of the
control system is shown in Figure 6.

Seamless Transfer
Controller 2

Constant Voltage
Controller

Current
loop

MPPT controller Seamless Transfer
Controller 1

Figure 6. Controller for seamless transfer between voltage stabilization and MPPT operation of a PV
generation unit.

A comparison of the voltage regulator and the MPPT controller depicted in Figure 6 reveals that
they both use a dual loop control structure. The difference lies in the output of the outer ring—although
the nominal value of the inner current ring is different, a common inner current loop can simplify the
design of the controller and is convenient for limiting the dead zone. However, direct transfer between
two modes of operation can cause a jump in the required output of the inner current loop, resulting in
violent fluctuations of the DC bus voltage or PV output that adversely affect the load and DC microgrid.
Thus, during the mode transfer process, the fluctuations should be reduced. This can be realized by
providing additional compensation using a compensator with transfer function F(s) (Figure 6). As this
compensation aims at reducing the effect of voltage and power fluctuations, we propose a seamless
transfer controller, the operational principle of which is as follows.

In Mode V, the PV generation system is in a voltage stabilization working condition, and the
switch is placed in position 1. At this point, the MPPT control loop is idle and the nominal value of the
inner current loop is given by the regulator, i.e.,

Z.ref = Z'refl‘ D

If there is no seamless switching controller, the output values of the two control loops are unlikely
to be equal, i.e., iref 1 * 1y 2. This inequality causes a jump in the nominal value i,,s when the position
of the switch is modified from 1 to 2, which leads to a jump in the output duty cycle d and causes
transient output voltage instability.

During PV voltage stabilization control, the nominal value of i, in the inner loop of the idle
control loop is,

hepa(s) = TIL - [eals) = (iegals) — inp($)) - F(s)] + Ky -ea(s). @

By transposing the above equation, we obtain:

K
S

Kip

eals) (T4 Kp) 4 2L g (5) - F(s) = irepa(s) - (14 72 F(s)). ©
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Dividing both sides of (3) by 1 + XiL . F(s) gives

Kij +Kp-s Kin-E(s) . B
s+ K B 29T i K B () = e @

lim <=>s=0. 5)

t—c0

According to the classical control theory, s = 0 when tlim <=> s = 0. Substituting this into (4)
— 00

results in the following:
e2(0)
F(0)

+ iref(o) = iref2<0)' (6)

Assuming F(s) = - [25], when Ka is small enough,

e(0) . _
Ka0 F(0) 1<1;I—I>10Ka e(0) =0, @

then, i,,7,1(0) = ief,2(0), and seamless transition can be realized between PV voltage regulation and
MPPT control. It is worth noting that, in practical applications, only Ka should be set small enough to
meet the precise control requirements. To remove the jump, the controller output u should be as close
as possible to u;,;, the manually designated controller output.

3.3. Ess Control and Output

ESSs are important parts of a PV-ESS microgrid system, as they make up the power shortfall
when the DGs are unable to meet the load demand. In off-grid operation, the bus voltage loses the
support of a larger grid. The energy storage converter usually needs to use droop control to maintain
the voltage and power balance of the DC microgrid. The reference voltage of the storage converter,
VEss_ref, 1s expressed as,

VESS_ref = Vref — ko, (8)

where V. is the nominal voltage of the microgrid, i, is the output current, and k is the droop coefficient.

A block diagram of a traditional droop controller is shown in Figure 7. The difference between
and the output voltage is sent to the closed voltage—current double control loop to generate the duty
cycle dggg for the control of the bidirectional DC/DC converter.

Conventional droop
controller

Figure 7. Block diagram of a traditional droop controller.

The capacity of the ESS is closely related to the SOC. Using the charging characteristics of
lithium-ion batteries, as an example, as shown in Figure 8a, we note that, to maximize the life of
the ESS, overcharging and over-discharging should be avoided. Therefore, upper and lower SOC
limits are defined for the ESS, termed SOCmax and SOCy,n, respectively, in this paper. Based on
Figure 8a, charging should be stopped when SOCpay is reached. Similarly, discharging should be
stopped at SOCpin. The effect of operating beyond these limits is depicted in Figure 8b, where region
A is the over-discharging range (ODR), region B is the overcharging range (OCR), and the intermediate
region is the normal operation range (NOR). In regions A and B, there are nonlinear variations in the
voltage of the energy storage battery with decrease or increase in the SOC. In contrast, in the NOR
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region, the relationship between the SOC and the change in the voltage of the energy storage battery is

linear [26,27].

Figure 8. Conditions for stable ESS control. (a) Operating regions; (b) Characteristic curve of a
lithium-ion battery with respect to SOC; (¢) Schematic diagram for designing an SOC-based droop

control strategy.
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In this paper, we adopt an energy storage control scheme that considers SOC. Vpax, Vief, and V pnin,
highlighted in Figure 8c, are the maximum, nominal, and minimum values, respectively, of the voltage
of the microgrid in the permitted operation state. When the SOC is relatively high, the output voltage
is raised correspondingly. Otherwise, when the SOC is relatively low, the reference value for the output

voltage is reduced.
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During normal grid voltage and SOC operation, the value of the output voltage is increased
when the SOC is high. If the ESS is in a charge state, under the control of the proposed scheme,
the charging voltage will be smaller than the nominal voltage. Conversely, if the ESS is in a discharge
state, the discharge voltage will be larger than the nominal voltage. Thus, by considering SOC,,
the ESS will be in a “more discharge and less charge” mode. In contrast, when the SOC is low, the droop
controller will decrease its output voltage. If the ESS is in a charging state, the charging voltage will be
larger than the nominal voltage, while in the discharge state, the discharge voltage is smaller than the
nominal voltage. Hence, by considering SOC,, the ESS will be in a “more charge and less discharge”
operation mode.

Unlike the traditional droop control method, the SOC-based droop control strategy maintains
the different energy storage units in a “both chargeable and dischargeable” state, as much as possible,
by ensuring that the SOC approaches SOC,,+. Hence, this strategy avoids the microgrid power
imbalance phenomenon, caused by the overcharging or over-discharging of the ESS. The SOC, . and
droop control coefficient mpsg of the ESS can be defined as in (9) and (10):

SOCrer = 5 * (SOCmax — SOCin), )

1
2
Vinax — Vimin
SOCmax — SOCmin '

A block diagram of the ESS control strategy is shown in Figure 9, where V), is the output voltage
of the bidirectional DC/DC converter, ij, is the current of the inductor in the converter, and is given by

MEss = (10)

VEssref = Viep — (SOCye —SOC) - mss. an

,é (o] ‘E :’ iL \:

T | Oess
’%)—{ m I I PI F—‘—.—v—~, "
SOCef = % Ve TS Ky

SS_iref | » J
________ | ——
Voltage Loop Current Ioop

Vref

SOC droop controller

Figure 9. SOC-based energy storage droop controller.
4. Simulation Validation

In this section, we consider simulations of the proposed control strategies, using models built in the
MATLAB/Simulink environment (R2016b, Mathworks, Natick, MA, USA). We divide the simulation
scenarios into two parts. Section 4.1 discusses the effects of transferring the PV unit controller between
MPPT and voltage stabilization using the seamless transfer control strategy avoiding the dead zone.
Section 4.2 presents the construction of a PV-ESS DC microgrid model, which includes the transfer
strategy discussed in Section 4.1, to verify the effect of the proposed control technology on the
transitions between the different modes of PV-ESS DC microgrid operation. Detailed simulation
parameters are listed in Table 1, while details of the working conditions simulated are listed in
Tables 2—4.
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Table 1. Parameters of the PV modules and ESS used in simulation.

Parameter Value
Voen (PV open-circuit voltage) 500 V
Isen (PV short-circuit current) 48 A
Vmpp (MPP voltage) 465V
PV Ivipp (MPP current) 45 A
Vmpp (MPP power) 20.9 kW
PV input capacitance 330 pF
PV output capacitance 730 pF
PV inductance 3mH
Battery input capacitance 330 uF
Battery output capacitor 630 uF
ESS Battery inductor 1 mH
SOCmax 0.8
SOChnin 0.2
Kp (PV boost convert) 0.31
Control parameter Ki (PV boost convert) 12.2
Kp (Bi-DC-DC convert) 5.72
Ki (Bi-DC-DC convert) 0.325
Ka 0.001

Table 2. Simulated PV working conditions.

. . PV Control Strategy
Incident Time (s) Mode and Load Resistance

1 0-0.3 11T MPPT, R; =120 Q)

2 0.3-0.5 A% MPPT-Uy,, R; =120 Q)

3 0.5-1.0 VI—=IV—III U;,—MPPT, R; =120 O

4 1.0-1.2 \% MPPT—-Uy,, R; =350

Table 3. Description of simulated working condition 1.

Incident Time (s) Mode Working Condition
1 0-0.2 \Y% S=1kW/m2 R; =120 Q
2 0.2-0.5 VI S=1kW/m? R; =350
3 0.5-0.8 v S=0.7kW/m? R; =350

Table 4. Description of simulated working condition 2.

Incident Time (s) Mode Working Condition
1 0-0.3 III S=1kW/m? R; =120 Q
2 0.3-0.5 v S=1kW/m? R;=35Q
3 0.5-0.8 Y S=0.7kW/m? R;=35Q

4.1. Simulation of PV Controller

To verify the seamless transfer and anti-dead zone control strategy proposed in this paper,
we built a model of a PV power generation unit with an independent load without ESS for simulation.
The simulation conditions were set as in Table 2. The reference for the voltage stabilizer was 1000 V,
and the irradiance intensity was maintained at 1000 W/m?. A P&O algorithm was used for MPPT
control, and the simulation time was 1.2 s.

The results of these simulations are summarized in Figure 10. Figure 10a shows the output power,
current, and voltage of the PV panels, while Figure 10b shows the load voltage, current, and power.
To verify the proposed control strategy, we compare its performance with that of a normal control
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strategy. The results of the seamless transfer and anti-dead zone control strategy are depicted using the
red line in Figure 10, while the blue line illustrates the results of the normal control strategy. Below is a
summary of the performance of the two strategies at different stages of operation.

1.  From 0-0.3 s: At this time, the PV grid is in Mode III and the controller is maintained in an
MPPT state. The performance of the proposed transfer strategy is thus identical to that of the
conventional method. At this point, the output power is 20 kW.

2. From 0.3-0.5 s: At this point, the PV grid is in Mode V. The performance of both strategies is
again identical, as under the MPPT control in the previous state. The bus voltage is higher than
the reference value (1000 V). Meanwhile, the forward conduction diode in series with the output
side of the boost circuit prevents energy reflux. Hence, the switching transistor of the boost circuit
is in the off state, and the DC side energy is absorbed by the load until the voltage is restored
to 1000 V. The voltage regulator plays a role in maintaining the voltage and power balance of
the system.

3. From 0.5-1.0 s: At this time, the simulation considers the transition of the PV modules from
the voltage regulation to MPPT operation. As no seamless transfer control is included in the
conventional method, the bus voltage and power fluctuate, which affects the load and stability of
the DC microgrid. In contrast, with the proposed control strategy, there is a seamless transition
of the output power from the rated value in the voltage stabilization state, to 20 kW, the value
for the MPPT state, with no obvious buffeting during transition. The increased simulation
time is to ensure that the transition from Mode VI to Mode IV, and then to Mode III, can be
modelled. In order to illustrate the effect of the seamless transfer algorithm, the simulation
adopts an independent carrier mode, without energy storage control. With a constant load,
the maximum power point is greater than the regulated power. Therefore, under MPPT control,
the bus voltage increases.

4. From 1.0-1.2 s: At this point, the PV control is switched from MPPT to voltage stabilization,
similar to the process that occurs between 0.3 and 0.5 s. However, in this stage, the load is
decreased to 35 (), and the load power at the reference voltage exceeds the maximum allowable
PV power under voltage stabilization control. The PV units are thus unable to maintain the load
capacity at 1000 V. Using a voltage stabilization algorithm without anti-dead zone control, in this
condition, would inevitably lead to PV failure, as mentioned in Section 2. The working point
will slip to the left of the PV U-I curve, the switching transistor of the boost circuit will be in
an open state, the PV unit will be in a short-circuit state with zero output power and zero load
current, and the system will become unstable. If the proposed anti-dead zone control algorithm
is adopted, the system will not slide to the left of the U-P curve, as the initial working point of
the PV system will be on the right side of the maximum power point. The output power will be
clamped and the output voltage can be reduced without it being equal to the reference voltage.
The stability of the microgrid can thus be maintained to a certain extent. This state is consistent
with Mode V.

4.2. Simulation of PV-ESS Microgrid

In this section, we verify the operation of the proposed PV control and energy storage control
algorithms using simulations. To compare the different ESS control strategies, we built a PV DC
microgrid model with two energy storage batteries. The control strategy proposed in this paper was
adopted in the first battery (ESS 1), while the conventional control strategy was adopted in ESS 2.
The operation of the DC microgrid under different simulation conditions is summarized below.

Simulation condition 1: In this condition, a P&O algorithm was adopted for MPPT control. For the
voltage stabilization control strategy, the reference voltage was set to 1000 V. The SOC of ESS 1 and
2 were set to 0.8, which corresponded to SOCpax. At this point, only the discharge of the ESS was
permitted. The duration of the simulation was 0.8 s. The different operational modes and working
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conditions considered in this simulation are summarized in Table 3. The results of this simulation are
shown in Figure 11.

’0: Modelll | ModeV | ModeVi-~Mode IV--Modelll| ModeV. | ! Modell | ModeV | ModeVi-~ModeIV--Modelll| ModeV !
— A0y T t T t T T T - |
E | | | o 30
Z 20} e Z 20 : e
S b fi % Power E \ /< power |1
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(a) Output power, current, and voltage of the PV panels (b) Load voltage, current, and power.

Figure 10. Results of seamless transfer and anti-dead zone control simulation.

The PV microgrid operation in Mode V was simulated from 0-0.2 s. From Figure 11, it can be
observed that, when the ESS was fully charged and the load power was less than the maximum power
of the PV system, the PV module was able to supply the load independently. At this stage, the PV
system was able to stabilize the bus voltage at 1000 V, and the ESS was inactive. The output power was
maintained at 8.33 kW, which was less than the maximum power point, which validated the anti-dead
zone control method.

Mode VI of PV microgrid operation was simulated from 0.2-0.5 s. Here, the load decreased
sharply to 35 () while the irradiance was kept constant. As a result, the PV system was not able to
maintain the power balance of the microgrid independently, and the ESS had to be involved in the
voltage regulation. The control strategy for the PV system was switched from voltage stabilization
to MPPT, to achieve the maximum output power of 20 kW. The effects of adopting a droop control
strategy focused on SOC protection in ESS 1 can be seen in Figure 11c. We note that, at a high SOC, the
discharge rate of ESS 1 is higher than that of ESS 2, which lacks SOC protection.

From 0.5-0.8 s, the load was kept constant, while the irradiance was suddenly reduced from
1000 W/m? to 700 W/m?2. The maximum power point of PV system was decreased accordingly.
To maintain the power balance, the ESSs increased their output powers. At this point, the output of
ESS 1 increased faster than that of ESS 2, so that overcharging was avoided in the case of a high SOC.

The results of this simulation show that, when the proposed control systems are included in
PV-ESS DC microgrids, the PV modules can stabilize the DC bus voltage, and the transfer between the
voltage stabilization and MPPT modes of operation is smooth. Moreover, the droop control strategy,
which considers the SOC of the energy storage units, can increase the output power of the ESS in
a manner wherein overcharging is avoided when the SOC is high, in contrast to the conventional
control, where the SOC is not considered. Hence, adopting this SOC-based droop control strategy can
be effective in protecting the storage batteries.

Simulation condition 2: In this condition, a P&O algorithm was adopted for MPPT control and
the reference for the voltage stabilization control strategy was 1000 V. The SOC of ESS 1 and 2 were set
to 0.35, and the duration of the simulation was 0.8 s. The different operational modes and working
conditions considered in this simulation are summarized in Table 4, and the results of the simulation
are shown in Figure 12.
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Figure 12. Results of PV-ESS DC microgrid simulation for condition 2.

The PV microgrid operation in Mode Il was simulated from 0-0.3 s. At this stage, while the SOC
of the ESSs was below SOCax, the PV modules supplied the load and were operated in the MPPT
mode. The residual PV output was used to charge the ESSs and the SOC of both ESS 1 and 2 increased.
The output power at this point was 20 kW. Since an SOC-based droop control strategy was adopted in
ESS 1, it had a faster charging rate at a low SOC than ESS 2, which used a conventional control strategy.

Mode IV was simulated from 0.3-0.5 s. At this stage, the irradiance was constant, while the load
was reduced to 35 (). The PV modules were unable to maintain the load power, and the ESS regulated
the DC voltage by discharging. As ESS 1 adopted an SOC-based droop control strategy, at low SOCs,
its discharge rate was slower than that of ESS 2, which did not adopt the proposed strategy, to avoid
entering an over-discharging state. This slower discharge can be seen by comparing the decrease in
SOC using Figure 12c.
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The microgrid operation in Mode IV was again simulated from 0.5-0.8 s. However, in this
case, the load was kept constant, while the irradiance was reduced from 1000 W/ m? to 700 W/m?.
The maximum power of the PV modules was consequently decreased. To maintain the power balance
of the microgrid, the output powers of the ESSs were increased. Because of this mandated increase
in the output power, the SOC of ESS 2 dropped even faster, as seen in Figure 12c. In contrast, at low
SOCs, ESS 1, which adopted the SOC-based droop control strategy, maintained a slower discharge
rate, to avoid premature encounter of the lower SOC limit and over-discharging.

The results of this simulation show that an ESS that adopts the SOC-based droop control strategy
will be able to maintain a higher charging rate and lower discharge rate, as appropriate, at lower SOCs,
than one controlled using a conventional strategy. This SOC-based control is effective in preventing
the ESS from reaching the lower SOC limit prematurely, and entering the over-discharge condition,
thus protecting the PV-ESS system.

5. Conclusions

In this paper, we analyzed the independent operation of PV energy storage DC microgrids.
Six typical operation modes including boundary conditions were defined, from the perspective of
power balance of a PV-ESS DC microgrid in off-grid operation. The boundary conditions defined in
this paper were functions of the maximum power of the PV modules, the load power at the current DC
bus voltage, and the state of the ESS. By combining the characteristics of the PV modules and energy
storage units, we analyzed the key control technologies for the transition between the different modes
of operation, for designing improved control strategies.

Our analysis revealed that the voltage regulation mode of a PV system in the off-grid operation
was prone to failure, because of the closed double controller traditionally used in this mode.
By adaptively limiting the amplitude of the current of the inner loop, we established a voltage
stabilization process in which the PV modules were operated in the region to the right of the maximum
power point only, as defined by the U-P curve of the generation units, preventing the system from
entering the dead zone. We also designed a control strategy for the seamless transfer of the PV
generation units between MPPT operation and DC bus voltage stabilization. Through simulations,
the method was proven to be effective in reducing the output voltage and power fluctuations caused
by PV mode switching.

Finally, we compared the performance of a traditional droop control process with that of an
SOC-based droop voltage stabilization strategy. Our experiments indicated that the second strategy
was able to prevent lifetime damage of the energy storage units, caused by excessive charging and
discharging. As this method is simple to implement, it is suitable for use in PV-ESS DC power
generation systems.

Constrained by computational capabilities of simulation platform in the laboratory, it is
unfortunate that the paper could not include larger time horizon simulation. Moreover, in this study,
since the simulations include many switching devices (boost and bidirectional DC-DC converters),
in order to improve the simulation accuracy as much as possible, we used a very small simulation step
size (5 x 1077 s), which required a lot of computational memory. Hence, a simulation time of over
several seconds could not be examined by using this type of simulation.

Notwithstanding these limitations, the study suggests that the method is effective in reducing
the output voltage and power fluctuations caused by PV mode switching. Further research can be
conducted to determine the effectiveness of the proposed method under other types of simulation
studies, such as real-time simulations, which can be used to perform longer simulations.
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