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Abstract: In DC microgrids, distributed energy storage plays a key role in stabilizing the DC bus
voltage. The bidirectional DC/DC converter in the distributed energy storage system should be
designed according to the voltage level and electromagnetic isolation requirements, and multiple
energy storage units should be coordinated for load current distribution according to the state of
charge (SOC). This paper proposes a SOC power index droop control strategy by communication
lines to coordinate the fast and high-precision distribution of load current among multiple energy
storage units, and the SOC between energy storage units quickly converges to a consistent state.
Considering that communication lines are susceptible to interference, this paper further proposes an
improved SOC power index droop control to overcome the effects of communication line failures.
Considering the high cost of the energy storage unit, it should be connected to the DC microgrid in
layers to achieve a reasonable allocation of resources in practical applications. In order to provide
high-quality power to a large power grid, the quantification standards of the DC bus fluctuation
range and the working range of each converter are further discussed to maximize the stability of the
DC bus voltage and grid-connected power fluctuation.

Keywords: bidirectional DC/DC converter; DC microgrid; distributed energy storage; SOC (state of
charge) droop control

1. Introduction

Distributed energy storage is the key issue to solve the issue of grid-connected renewable energy
generation. For example, it can improve the ability of the grid to accept wind and photovoltaic
(PV) power [1-3]. A typical DC microgrid structure is mainly composed of a distributed generation
unit, an energy storage unit, a load cell, and a grid-connected converter [4-6], as shown in Figure 1.
DC microgrid research focuses on stabilizing the DC bus voltage to ensure the power balance of the
system. To stabilize bus voltage fluctuations and solve energy supply volatility issues, adding energy
storage devices can improve the device’s voltage sag and the inrush issues caused by load-switching,
changes in natural conditions, and instantaneous faults in DC microgrid systems; this improves
the reliability and scheduling flexibility of the distributed generation grid connection. Using low
bandwidth communication control reduces the long-distance stability and DC microgrid distribution of
the system due to network delay packet loss and other issues. To avoid the risk caused by long-distance
communication control, each unit is divided into three control layers according to the normalized
voltage of DC bus and coordinated control of various units [7]. Compared with the two-level converter,
the three-level converter has only half of the switches to change state peer cycle, and the voltage stress
on the switch is only half of the bus voltage [8,9].
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Figure 1. Typical configuration of a DC microgrid.

As a key device connecting the energy storage unit and the DC bus, the bidirectional DC/DC
converter requires a high-voltage and high-power bidirectional DC/DC converter topology. However,
the traditional two-level bidirectional DC/DC converter topology is not suitable for high-voltage
and high-power applications, requires a multi-level topology, and has the characteristics of simple
structure, high efficiency, reliability, and easy modular expansion. The three-level bidirectional DC/DC
converters suitable for accessing the DC microgrid are mainly isolated [10-13] and non-isolated [14-16].
For energy storage side modular bidirectional DC/DC converter, when using input parallel, output
parallel (IPOP), the current sharing issue between modules needs to be considered; when using input
series, output series (ISOS), the voltage equalization issue needs to be considered; when using input
parallel, output series (IPOS) or input side series connection, output side parallel (ISOP), both current
sharing and voltage equalization issues need to be considered [17,18].

The DC voltage represents the state of power balance. When the renewable energy generation is
greater than the load demand, the DC line-of-sight voltage rises. When the renewable energy generation
is less than the load demand, the DC line-of-sight voltage decreases. The energy storage medium is
inconsistent with the state of charge (SOC) of the energy storage unit due to the process and external
environmental factors and exhibits randomness. Considering the randomness and slow change of
the state of charge of the energy storage unit in the distributed energy storage system, an improved
SOC power exponential control strategy is adopted in the charging and discharging process of the
energy storage unit to find the optimal droop curve to make the system fast [19-25] and then converge
to equilibrium. When distributed energy storage is suitable for low-bandwidth communication,
SOC power exponential droop control should be adopted to achieve fast and accurate distribution
of load current. In the case of communication failure or unsuitable conditions for communication,
switch to emergency state to continue operation.

If the energy storage system is connected to the DC microgrid to participate in the constant
regulation of the bus voltage, the energy storage unit quickly reaches the maximum allowable number
of charge-discharge cycles and shortens the service life. It is necessary to quantify and analyze the best
solution through voltage fluctuation level and power fluctuation level quantification and compensation
scheme, to achieve the lowest voltage fluctuation and power fluctuation in the DC microgrid, and to
provide high quality electric energy for a large grid [26-29]. Pre-adjusting the SOC to the optimal state
during the first layer control is to prepare for the full play of the second-layer control function of the
energy storage unit.
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2. Three-Level Bidirectional DC/DC Converter

The bidirectional DC/DC converter is used as an interface between the energy storage units and
the DC bus and needs to meet the requirement that the energy can flow in both directions. If the
renewable energy generation is higher than the energy required of the system, the excess energy is
charged to the energy storage unit by the bidirectional DC/DC converter. Once the generated energy
is insufficient, the energy storage provide energy to the system and maintain the power balance
of the system. The bidirectional DC/DC converters can be divided into two types: isolated and
non-isolated converters.

2.1. Isolated Three-Level Biditioanl DC/DC Converter (TL-BDC)

Compared with the two-level converter, the three-level converter operates only half of the switches
in one cycle, which can effectively reduce the voltage stress of the switch [8,9]. The main functions of
the high-frequency transformer are (1) to achieve electrical isolation of the DC bus and energy storage
components, to reduce electromagnetic interference (EMI); (2) to adjust the voltage conversion level;
(3) to adjust transformer leakage inductance and switches’ parasitic capacitance resonance, so with
IGBT/MOSEET it is easier to achieve soft switching then improve converter efficiency. The isolated
three-level bidirectional DC/DC topology modulation is divided into fixed-frequency pulse width
modulation (PWM) mode and frequency modulation (PFM) mode. The variable frequency modulation
increases the design difficulty of the magnetic component, the driving circuit, and the filtering circuit,
and the gain is greatly affected by the load when the switching frequency deviates from the resonant
frequency. Fixed-frequency PWM modulation simplifies the design of the resonant parameters. When
the switching frequency is equal to the resonant frequency, the gain is not affected by the load.
Achieving soft switching requires sufficient switching current and dead time, but the dead time is
too large to increase voltage and current fluctuations, and the dead time needs to be limited to a
reasonable range.

The topology of a series of isolated three-level bidirectional DC/DC converters (TL-BDCs) is shown
in Figure 2. In [10], the high-voltage side MOSFETs adopt pulse width and amplitude modulation,
and the resonant tank voltage amplitudes [-V1, V1], [-0.5V1, V1], [-0.5V1, 0.5V1], are respectively
modulated, as shown in Figure 2a. High gain mode, medium gain mode, and low gain mode are
used to meet the requirements of wide range input of energy storage component voltage. In the
forward power transmission, the high-voltage side circuit adopts three-level modulation, and the
low-voltage side circuit is in an uncontrolled rectification state. When the reverse power is transmitted,
the high-voltage side circuit adopts three-level modulation, and the low-voltage side circuit is in a
fixed-frequency modulation state. When the topology is pulse width and amplitude modulation
(PWAM), some MOSFETs can implement zero voltage switching (ZVS) or zero current switching (ZCS).
In [11], the high-voltage side MOSFETs form a three-level structure, and the low-voltage side MOSFETs
adopt a buck/boost circuit parallel structure, as shown in Figure 2b. In the traditional pulse width
phase shift modulation (PPS), the transformer leakage current control is added, and the peak current
and voltage and loss are reduced. All MOSFETs implement ZVS switches. Due to the Direct Current
Slew Rate (DCSR) control technology, the transformer loss is significantly reduced, and the overall
efficiency is improved. When running in the opposite direction, the three-level half-bridge works
in the inverting state. After passing through the transformer, the energy is passed through the two
half-bridge circuits with the help of the support capacitor V. to achieve buck operation. In [12], the
phase shift control is adopted in the double active bridge (DAB) with capacitor inductance series
resonance (CLLC), as shown in Figure 2c. In bidirectional operation, the active bridge works in the
inverter state, and the passive bridge works in the rectified state. Some MOSFETs can realize the ZVS
switch and analyze the phase conditions required to realize the ZVS switch. In [13], the bus capacitor
voltage equalization control is added on the basis of the three-level DAB circuit, and the parameter
design and control scheme are optimized, as shown in Figure 2d.
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Figure 2. Isolated three-level bidirectional DC/DC converter (TL-BDC).

A common feature of isolated TL-BDCs to achieve zero voltage turn-on is shown in Figure 3.
Before the driving voltage Ugs arrives, the switch is turned on, that is, Ugs has dropped to 0. The essence
is that before the switching signal arrives, the current flows through the diode iys < 0, which releases
the charge of the parasitic capacitance between drain and source (DS), realizes ZVS-ON. The parasitic
parameters of the switches, the leakage inductance on both sides of the transformer, the resonance
parameters, the inconsistent printed circuit board (PCB), and the resonant frequency of the circuit
deviates from the design frequency. Therefore, the topology and the modulation strategy are required
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to have certain redundancy to the actual parameters of the circuit. The phenomenon of sampling
data loss and modulation wave loss often occurs during the actual operation of the circuit. Therefore,
the control algorithm also needs to have certain fault tolerance. Since the isolated converter uses a
transformer, the switching frequency usually operates in a high frequency switching state in order to
ensure a high energy density of the converter. When the converter is in light load or heavy load state,
it is easy to lose the advantage of soft switch, resulting in the switches being in a hard switch state, and
the power loss is serious. It is necessary to monitor the temperature of the switches in real time to
provide temperature protection measures for the circuit.

ZVS

00V & 500V B200us  326.000ms|@ 304V <10 Hel16:13:13

(a) Ugs and Uy

. 4

Uds |

ZVS
00y lzonps 5 .amanns|gm 168 v <0He[152812

(b) Uds and ids

Figure 3. Features of MOSFET to achieve zero voltage turn-on. ZVS, zero voltage switching.

2.2. Non-Isolated TL-BDC

A group of non-isolated TL-BDCs is shown in Figure 4. Reference [14] uses a DC bus capacitor to
provide a three-level state (buck/boost synchronous PWM modulation). The dv/dt and the current
spike can be reduced by soft switching. In forward power mode, S2, S3, and 54 can realize ZVS turn-on;
when reverse power flows, S1 can realize ZVS turn-on. When the integrated capacitive buck/boost
converter is integrated with a switched capacitor network and a buck/boost circuit, the voltage gain is
2/D; when the buck/boost circuit is integrated with n-1 switched capacitor networks, the voltage gain
is up to n/D. When the converter is running at high gain, the S1 is subjected to large current stress,
which exacerbates switching losses. So, it is suitable for low-voltage, low-power energy storage and
photovoltaic systems.

In [15], a two-level buck/boost converter is cascaded to form a three-level bidirectional DC/DC
converter. Interleaved PWM modulation is used. S1 and S2 are complementarily turned on, S3 and 5S4
are complementarily turned on, S2 and S3 are interleaved 180° turned on, S1 and S4 are interlaced 180°
turned on, and switches can realize ZVS turn-on. There are three kinds of switching modes when the
duty ratio is D < 0.5, three kinds of switching modes when D > 0.5, and only two kinds of switching
modes when D = 0.5 (S1 and 54 turn on or S2 and S3 turn on). According to the volt-second balance
principle, the converter voltage boost is 1/D, and the voltage stress of the switches in each mode is 1/2
of the high voltage side. However, the modulation method easily causes the duty ratios of the upper
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and lower half bridges to be inconsistent, thereby affecting the voltage equalization effect of the DC
bus and requires an additional voltage equalization control loop at boost mode, which increases the
complexity of the control structure.

Reference [16] uses three-level PWM modulation, switches S1 and S4 are complementary turned
on, S2 and S3 are complementary turned on, S3 and 54 are interleaved 180° turned on. There are three
switching modes when the duty ratio D < 0.5, and three kinds when D > 0.5 at the boost/buck mode
and the dov/dt of the switch is small. When the duty ratio D = 0.5, there are only two switching modes
(S1 and S3 are on or S2 and 54 are on). According to the volt-second balance principle, the converter
voltage gain 1/D is derived. Although the converter proposed in [16] does not have the high voltage
gain characteristics of the converter proposed in [14], the voltage and current stress are relatively
uniform, and the flying capacitor voltage is easily stabilized to 1/2 of the high voltage side. The flying
capacitor three-level DC/DC is easy to expand into a multi-level bidirectional DC/DC converter by
increasing the flying capacitor network, further reducing the voltage stress of the switches. So, it is
suitable for higher voltage levels. In [3], the integrated half bridge CLLC (IHBCLLC TL-BDC) can
achieve of soft switching by fixed frequency PWM.
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Figure 4. Non-isolated TL-BDC. IHBCLLC, integrated half bridge capacitor inductance series resonance.

In Figure 5, the switched capacitor type converter realizes high voltage gain by adding a switched
capacitor network. When the voltage variation range is wide, some switching tubes can realize ZVS
turn-on, however, S1 has a large current stress. In Figure 6, the flying-capacitor converter is adapted to
higher voltage level applications by adding a flying capacitor network. The symmetrical structure
and modulation strategy of the topology make the voltage and current stress of the switches relatively
average, and it is easy to expand to multi-level bidirectional DC/DC converter. Compared with
the isolated three-level bidirectional DC/DC converter, the non-isolated type has no high-frequency



Electronics 2020, 9, 225 7 of 20

transformer isolation, and the dynamic response speed is faster when the power flow direction is
switching. When the isolated converter is connected to the DC bus, the circuit is mostly in resonance.
The working state, charging mode, and discharging mode switching have a certain time delay. Due to
the constraints of power electronics, the three-level bidirectional DC/DC converter cannot be operated
independently in high-voltage and high-power applications, and further modular operation is required.
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Figure 5. Experimental verification of the switch capacitor TL-BDC.
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Figure 6. Experimental verification of the fly capacitor TL-BDC.
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Due to the low voltage level of the lithium battery side, the current is large at the rated power,
and the modules need to be used in parallel; the voltage level is high on the DC bus side and the
modules need to be used in series. When the low-voltage side is connected in parallel, the difference
in impedance between modules is easy to cause the current sharing issue; when the high-voltage
side is connected in series, there is an issue of inconsistent output voltage caused by factors such as
modulation strategy between modules, and a corresponding control strategy is needed to solve the
issue. In addition, high-voltage DC bus transmission requires a bidirectional DC/DC converter with
a larger power class and voltage level. Two sets of multi-level modulation converters (MMCs) are
connected through a high-frequency transformer to a DC bus more than 10 times voltage.

In Figure 7, the integrated CLLC converter can achieve high voltage gain by increasing the CLLC
resonant network. Figure 7a—d are a set of tests when the voltage and load are dynamically changed
during bidirectional operation, and Figure 7e—f are partial details of the bureau during bidirectional
operation. The states of ZVS and ZCS can be observed. For applications with wide voltage variation
range, some switches can realize ZVS and ZCS turn-on, and S1 has high current stress.
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In [18], the master-slave modulation strategy is adopted between parallel modules to reduce the
influence of current difference between modules and improve efficiency. However, once the master
module has a malfunction, the slave will stop working. The comparison of TL-BDCs topology is shown
in Table 1.

Table 1. Comparison of TL-BDCs.

Case Paper Topology Type Switches Modulation Soft Switching
[10] 3L bridge + LLC + 2L bridge 12 PWAM ZVS and ZCS
Isolated [11] 3L bridge + T + 2L bridge 10 PPS VA%
solate [2] 3L bridge + CLLC + 3L bridge 24 PPS VA
[13] 3L bridge + T + 3L bridge 24 PPS VA'R)
[14] Switch capacitor 4 Synchronize PWM VA%
Non-isolated [15] Double buck/boost 4 Interleaving PWM NO
onrisolate [16] Flying capacitor 4 Interleaving PWM NO
[3] Integrated half bridge CLLC 4 Synchronize PWM ZVS and ZCS

3. Distributed SOC Droop Control

Distributed droop control with low bandwidth communication has high reliability,
high redundancy, and meets the demand of distributed generation. Therefore, it has been widely
used and tested in recent years [19]. In [20], authors use voltage droop control to obtain the current
reference value of each converter based on the reference power divided by voltage, thus achieving
power allocation between converters. Average current control is added to the droop control to realize
the average load distribution [21]. In [22], the authors consider voltage fluctuations and power-sharing
while a converter is removed in the system. Papers [23-25] propose droop control power by state of
charge (SOC) distribution; thus relating the droop coefficient with the storage module SOC. When
discharging the droop coefficient 71, it is proportional to 1/soc". When charging the droop coefficient
myp, it is proportional to soc"; thus, the larger n, the higher the SOC equilibrium velocity and the lower
the average precision. In [26], the equivalent capacity storage unit adopts a two-layer control strategy.
The energy storage unit of SOC tends to average Asoc at discharging mode. The droop coefficient
kq is proportional to exp[-p(soc-Asoc)] at charging mode, the droop coefficient k4 is proportional
to exp[p(soc-Asoc)]. Therefore, as p increases, the average speed will increase, and the accuracy of
equalization will reduce. Consequently, the estimation accuracy of SOC will impact the accuracy of
load distribution. The energy storage unit is mainly connected to the DC microgrid during the control
of the second layer. The energy storage unit allocates the output power rationally, according to the
SOC information, so that the energy storage unit can reach a consistent state rapidly and accurately.
Due to the adoption of low bandwidth communication control, the communication failure conditions
must be considered as that will affect the system stability.

To solve the SOC equilibrium speed and the accuracy of the energy storage unit, we propose to
improve the SOC power exponential droop coefficient. The method can transmit the load quickly
by only transmitting the SOC and ug4.. Without the impedance information of the line, the output
voltage can be stabilized by restoring the average output voltage of the port. Experimental results
show that the proposed SOC power exponential droop control can improve the SOC balancing speed
and accuracy of the energy storage unit.

Distributed storage systems require an energy storage unit with a high SOC to emit more power
when discharging, but to have less power absorption when charging. This can be realized by fast
equalization of the SOC and has no effect on the stability of the system; thus, it can take the effect of line
impedance because the SOC information is realized by indefinite integration and the rate of change is
low. Thus, the response coefficient is not sensitive enough according to the SOC coefficient, which
affects the equipartition effect. In this paper, an improved SOC power exponent droop is proposed to
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improve the SOC resolution, and the steady DC link voltage is stabilized by the SOC power exponential
droop control, so that the system converges to the SOC equilibrium state quickly.

Ude = Udcref — R(Soc)idc (1)

where, R(soc) — { kp exp[p(soc” — Asoc")],i,%c <0
kp exp[—p(soc™ — Asoc™)], iz > 0

Droop control can cause a drop in the DC bus voltage, so we should select a normal droop
coefficient in a suitable range of the DC bus voltage drop. When the virtual droop coefficient R(soc) is
large enough and satisfies requirement (2), the line impedance can be ignored. Equation (1) shows that
soc" tends to the average value of Asoc™ and R(soc) is equal to kp; thus, to overcome the line impedance,
the kp>r condition needs to be satisfied. While the energy storage unit is charging, ig.< 0, the SOC is
above its average value, R(soc) > kp, and the energy storage units absorb less electricity. When the SOC
is below the average value, R(soc) < kp and the energy storage units absorb more electricity. When
the energy storage unit discharges, ig. > 0, the SOC is above the average value, R(soc) < kp, and the
energy storage units absorb less electricity. When the SOC under the average value, R(soc) > kp and
the energy storage units absorb more electricity. In the whole process of charge and discharge, it meets
R(soc) + Ry padq >> v and should overcome the line impedance effect of r in terms of the load distribution.
The parameters of R(soc) have great influence on the droop coefficient, which is shown in Figure 8.

B2 0 10 Op &> 0 10 Op
(8) Acoc=0.8,1=2 (B) Asoc=0.5,n=2

— T

2> 0 10
(©) Ase=0.1,1=2
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&5 o 10 O

Figure 8. kp = 2.5, soc = 0.1~0.95, p = —=10~10, mesh of R(soc).

Figure 8 shows that the R(soc) surface is relatively flat, which is conducive to the design parameters.
If soc™ is different exactly from average Asoc", mainly affected by p and . The output current differences
Aig. and the remaining battery difference Asoc have a relation:

2exp(pAszOC )+ Rk

D
load

Aig 1
u = R B Asoc” (2)
dcref load kD 4 ZRloadCOS h(pT)
Asoc = Asocy — u‘éf f Nig.dt 3)
UpatLpat

The change curve of the output current difference Aig.(Asoc) can be obtained by Equation (2).
The n is fixed, the larger the p is, the faster the output current difference changes. However, when Asoc
approaches 0, the current’s difference is not obvious; thus, the output current’s regulation is weak,
which will affect the equilibrium rate of the SOC and needs to regulate R(soc) with # fit. The output
current difference Aig. can be adjusted quickly in the whole range of SOC change. At the same time,
considering the actual use of the lithium iron phosphate battery, the probability of Asoc > 0.5 is low
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when |Asoc] is close to 1. The output current difference of convergence is a constant when |Asoc| = 0, ig.
tends to 0, and the variation curve of the output current difference Aigq. is relatively flat.

The energy storage medium of the distributed energy storage system is a lithium battery, which has
the characteristics of high density and high energy density, and thus has a long charge-discharge
cycle. In order to study the SOC equalization speed, precision, and voltage drop of the DC bus with
the change of parameters in distributed droop control, lithium battery capacity 0.5 Ah, rated voltage
200 V, and charge-discharge cycle 20 C were set. MATLAB/Simulink comparative analysis of SOC
droop control and bus voltage secondary regulation was done to find a suitable strategy for distributed
energy storage control in the DC microgrid. The system structure consisting of two energy storage
units, load, and adjustable power supply is shown in Figure 9.
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Figure 9. The diagram of distributed energy storage systems.

Simulation results of the effect of droop on parameter changes are shown in Figure 10. Figure 10a—d
include Asoc™, which indicates that the SOC power exponential droop control needs to be created
by low bandwidth communications. When #n = 1, the average load current sharing rate is slower
(Aigemax = 5.2 A), and the SOC convergence accuracy is lower (Asoc =2 ~ 5% at 100 s). Whenn =2,
the load current sharing rate is faster (Aigemax = 8 A), and the SOC convergence precision is high (Asoc
=2% at 70 s and Asoc = 1% at 100 s). Increasing kp increases the SOC equalization but also increases
the DC bus voltage drop.

Figure 10e—f, excluding the Asoc™ terms, suggests a communication loss. After the communication
is lost, Figure 10e kp remains the same. When discharging, the R(soc) is very small, and it is too weak
to adjust the load of the current. When charging, R(soc) is larger (beyond the allowable range) and
turns into the traditional U-I droop control. After the communication is lost, Figure 10f kp is changed
according to the charge-discharge mode (kp = 10 at discharging and kp = 0.1 at charging). The systems
can still work stably, however, the SOC equilibrating time is longer and the accuracy is lower. As seen
in Figure 10g-h, the SOC equalization accuracy and speed can be adjusted by n. However, the SOC
equalization accuracy and speed are lower than Figure 10a—d and the DC bus voltage drops further.
Droop control leads to voltage drops at the access point, reducing the DC bus voltage quality. To realize
rapid and accurate distribution of the load current and compensate a bus voltage drop at the same
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time, the DC bus voltage is adjusted for a second time and the output characteristic curve is translated
to achieve the rated value to enhance the stability of the bus voltage. If the up is used as the feedback
value at the common point, the DC bus voltage deviation is within 1 V, as shown in Figure 10k.
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Figure 10. The result of state of charge (SOC) droop control by MATLAB/Simulink. The first and
second lithium battery pack capacity 0.5 Ah, linear zone capacity 0.4 Ah, non-linear zone capacity
0.1 Ah, linear zone rated voltage 200 V, full capacity voltage 220 V, rated current 10 A (20 C). The DC bus
voltage 400 V, rated power 5 kW, Ry pad = 30 (2, adjustable power supply upys =450 V, and rpyoep =2 (2
series, cyclical access to the DC bus to simulate the new energy output power changes.

If the average value of the outlet voltage of the energy storage converter (ugc + u4c2)/2 is
used as the feedback value, the DC bus voltage deviation is within 10 V, as shown in Figure 101.
The bus voltage secondary control is added based on the droop control of the SOC power exponent.
As the discharge-current of the energy storage unit increases, the charging current of the energy
storage unit decreases, which has little effect on the SOC convergence accuracy or the load current
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distribution accuracy. Comprehensive analysis of Figure 10k in the fast and accurate distribution of
load current DC bus voltage shows that the deviation is smaller; once the communication line fails,
it automatically switches to Figure 10f mode to continue running. Simulation analysis can achieve the
design requirements, but also needs further experimental verification.

The experimental comparison verification of SOC droop control is shown in Figure 11. The soc™
droop control experiment is shown in Figure 11a-b. The droop rate is faster at the start time and
the voltage shift is larger, which is consistent with the simulation Figure 10h. The disadvantage is
that when soc approaches 0, the voltage drops by a larger amount. The exp[p (soc™-Asoc")] droop
control experiment is shown in Figure 11c—d, SOC can quickly and effectively adjust the load current
distribution in the [0 1] interval and the voltage offset is small, which is convenient for the DC bus

voltage secondary recovery control.
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Figure 11. Experimental verification of SOC droop control.

4. Hierarchical Coordinated Control Strategy

Considering the high cost of the energy storage unit, it should be connected to the DC microgrid
in layers to achieve a reasonable allocation of resources in practical applications. In order to provide
high-quality power to the large power grid, the quantification standards of the DC bus fluctuation
range and the working range of each converter are further discussed to maximize the stability of the
DC bus voltage and grid-connected power fluctuation. The hierarchical coordination control structure
of the DC microgrid is shown in Figures 12 and 13. In the first layer, the bus voltage is controlled by the
grid-connected inverter, and the grid-connected inverter is equivalent to a resistive load. In the second
layer, the energy storage unit stabilizes the bus voltage, and the grid-connected inverter is equivalent
to a constant power load. The DC bus voltage fluctuation is positively correlated with power variation.

In Figure 12, the first layer [AUg.| < 0.02, corresponds to the network-free mode, the second layer
0.02 <| AUy | £ 0.05 corresponds to the network current limiting mode, and the third layer 0.05 <|
AlUg. | 0.1 corresponds to the current limiting or islanding mode. The first layer bus voltage | AUy |
< 0.02 corresponds to the microgrid-free mode. As the permanent magnet synchronous motor (PMSG)
runs in maximum power point tracking (MPPT) mode, the grid inverter is used to stabilize the DC bus
voltage. The energy storage unit is SOC-preconditioned and is ready to stabilize the DC link voltage
in the second layer. After the power expended from the interaction between the large grid and the
microgrid has reached a maximum and the bus voltage exceeds the range of layer 1, it enters layer 2 or
3. This can also occur if the output power of the PMSG or load suddenly changes.
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Figure 12. Hierarchical coordinated control strategy.

The DC bus voltage 0.02 <| AUy, | < 0.05 corresponds to a current limiting mode. As the PMSG
runs in MPPT mode, the energy storage unit stabilizes the DC bus voltage and the grid inverter loses
its ability to stabilize the bus voltage. When large grid and microgrid interactions reach the maximum
power and the grid converter enters the current limiting mode, the energy storage unit switches from
layer 1 to layer 2 to stabilize the DC bus voltage, and each energy storage unit performs load current
distribution according to the SOC droop. The SOC droop ensures an efficient return to layer 1. If the
DC bus voltage has not reached a new stabilization point under layer 2, the DC microgrid enters layer
3 and needs to reduce fan output power or enable load shedding.

The distributed energy storage unit is mainly connected to the DC bus at the second layer to
keep the bus voltage stable and balance the bus power fluctuation. At present, the price of the energy
storage system is relatively high, the maintenance cost is high in the later stage, and the number of
charge and discharge cycles is limited. If the time difference is used, the energy storage system will be
frequently charged and discharged, and the service life of the energy storage system will be reduced.
If the adjustment is too slow, the wind power fluctuation will not be stabilized, and the system will be
safely and stably operated.

In Figure 13, this paper proposes three kinds of compensation schemes, based on the average
power. Case 1, the output of the wind power is higher than the average power, the energy storage
unit absorbs the wind power output. When the power is lower than the average power, the energy
storage unit compensates for the wind power output. Case 2, the wind turbine output is more than two
times the average power, the energy storage unit absorbs the wind power output. When the power
is lower than the average power, the energy storage unit compensates for the wind power output.
Case 3, the wind power output is more than three times the average power, the energy storage unit
absorbs the wind power output. When the power is lower than the average power, the energy storage
unit compensates. The wind power output is insufficient, and the system returns to the first layer
control state under the control of the second layer energy storage unit. This section combines the actual
operating data of four DC buses in the same area to compare and analyze the energy storage unit
access schemes, assuming that the energy storage unit SOC has sufficient adjustment capability when
controlling the second layer.
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Figure 13. Hierarchical coordinated control strategy.
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4.1. Case 1

If the wind power output is higher than the average power, the energy storage unit is charged;
when the wind power output is lower than the average power, the energy storage unit is discharged.
A comparison of the simulation results is shown in Figure 14. After the compensation, the standard
deviations of the four buses are 13.67 x 10* kWh, 12.52 x 10* kWh, 12.75 x 10* kWh, and 12.99 x 10* kWh,
which are 9.58 x 10* kWh, 9.04 x 10* kWh, 5.64 x 10* kWh, and 7.99 x 10* kWh, respectively, before
the compensation. The average outputs after compensation are 38.92 x 10* kWh, 31.47 x 10* kWh,
26.19 x 10* kWh, and 29.32 x 10* kWh, up 12.74 x 10* kWh, 7.08 x 10* kWh, 3.94 x 10* kWh,
and 6.06 x 10* kWh, respectively, before compensation.
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Figure 14. Pr> Avg (PR) battery charging, Pr< Avg (PR) battery discharging.
4.2. Case 2

If the wind power output is more than two times the average power, the energy storage unit
is charged; when the wind power output is lower than the average power, the energy storage unit
is discharged. A comparison of the simulation results is shown in Figure 15. After compensating,
the standard deviations of the four buses are 8.03 x 10* kWh, 7.35 x 10* kWh, 6.82 x 10* kWh,
and 7.69 x 10* kWh, which are reduced by 15.22 x 10* kWh, 14.21 x 10* kWh, 11.57 x 10* kWh,
and 12.99 x 10* kWh, respectively, before compensation. The average outputs after compensation are
38.92 x 10* kWh, 36.17 x 10* kWh, 32.49 x 10* kWh, and 34.5900 x 10* kWh, up 12.74 x 10* kWh,
11.78 x 10* kWh, 10.24 x 10* kWh, and 11.33 x 10* kWh, respectively, before compensation. The
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compensation effect of Case 2 is better than Case 1, and the energy storage unit is connected to the DC
microgrid for moderate adjustment frequency.

Compensatiém vg=38.92, Std=8.03

Prefcompensatiof Avg=26.18, Std=23.2]
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= VWL Ak
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Figure 15. Pr> 2Avg (PR) battery charging, Pr< Avg (PR) battery discharging.
4.3. Case 3

If the wind power output is more than three times the average power, the energy storage unit is
charged; when the wind power output is lower than the average power, the energy storage unit is
discharged. A comparison of the simulation results is shown in Figure 16. After the compensation,
the standard deviations of the four buses are 11.67 x 10* kWh, 11.55 x 10* kWh, 9.82 x 10* kWh,
and 11.19 x 10* kWh, which are lower than the compensation by 11.58 x 10* kWh, 10.01 x 10* kWh,
8.57 x 10* kWh, and 9.79 x 10* kWh, respectively. The average outputs after compensation are 41.79
x10* kWh, 39.39 x 10* kWh, 34.67 x 10* kWh, and 37.05 x 10* kWh, respectively 15.61 x 10* kWh,
15 x 10* kWh, 12.42 x 10* kWh, 13.79 x 10* kWh before compensation. The compensation effect of
Case 3 is worse than that of Case 2, and the energy storage unit is moderately active.
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Figure 16. Pr> 3Avg (PR) battery charging, Pr< Avg (PR) battery discharging.

Comprehensive comparison of the results of Table 2: Case 1 can ensure that the SOC state of the
energy storage unit is higher, but the energy storage unit frequently operates; Case 2 can ensure that the
system power fluctuation is minimal and the energy storage unit action frequency is moderate; Power
fluctuations are large. Comprehensive comparison shows that the second option is optimal. In order to
give full play to the adjustment effect of the distributed energy storage unit on the microgrid, it is also
necessary to adjust the SOC of the energy storage unit in advance in conjunction with the wind power
forecast data to cope with the fluctuation of the bus voltage. In order to prevent off-site wind power
accidents, the forecast and actual operational data should be uploaded to provide a decision-making
basis for the superior supervisory unit.

The distributed energy storage unit is mainly connected to the DC bus at the second layer to keep
the bus voltage stable and to suppress the bus line power fluctuation. If the time difference is used,
the energy storage system will be frequently charged and discharged to reduce the service life of the
energy storage system. If the adjustment is too slow, the wind power fluctuation will not be stabilized,
and the system will be safely and stably operated.
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Table 2. Comparison of three cases (10* kWh).

Case Bus Pre-Compensation Average  Compensation Average  Pre-Compensation Variance = Compensation Variance
1 26.18 38.92 23.25 13.67
1 2 24.39 3147 21.56 12.52
3 22.25 26.19 18.39 12.75
4 23.26 29.32 20.98 12.99
1 26.18 38.92 23.25 8.03
5 2 24.39 36.17 21.56 7.35
3 22.25 32.49 18.39 6.82
4 23.26 34.59 20.98 7.69
1 26.18 41.79 23.25 11.67
3 2 24.39 39.39 21.56 11.55
3 2225 34.67 18.39 9.82
4 23.26 37.05 20.98 11.19

5. Conclusions

This paper has presented a distributed drooping control of SOC power exponents and considers
the emergency state when communication faults occur. The application of SOC power exponent
drooping control in hierarchical control is discussed in this paper. The test results show that the SOC
power exponential function droop control works best with Case 2 at layer 2, and the energy storage
unit is out of operation and the SOC is self-adjusting at other levels. Finally, the DC microgrid operates
in a layered protocol mode. The experimental and simulation results have verified the effectiveness.
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