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Abstract: In a PV-dominant DC microgrid, the traditional energy distribution method
based on the droop control method has problems such as output voltage drop, insufficient
power distribution accuracy, etc. Meanwhile, different battery energy storage units usually
have different parameters when the system is running. Therefore, this paper proposes
an improved control method that introduces a reference current correction factor, and a
weighted calculation method for load power distribution based on the parameters of battery
energy storage units is proposed to achieve weighted allocation of load power. In addition,
considering the variation of bus voltage at the time of load mutation, voltage secondary
control is added to realize dynamic adjustment of DC bus voltage fluctuation. The proposed
method can achieve balance and stable operation of energy storage units. The simulation
results verified the effectiveness and stability of the proposed control strategy.

Key words: current correction coeflicient, load distribution, PV DC microgrid, secondary
control, weighted calculation

1. Introduction

Compared to traditional AC microgrids, DC microgrids feature higher stability without con-
sidering reactive power, frequency, and phase. Since no reactive power flow exists in the system,
the voltage becomes the only indicator of the power balance of the DC microgrid system [1, 2].
Meanwhile, with the increase of new energy devices, which use DC power as their energy sources,
the energy conversion process from AC/DC to DC/DC in AC microgrids not only increases the
complexity of the system but also makes it difficult to control. The loss in the transformation
process also involves energy waste, so DC microgrids have received more and more attention [3].
In a DC microgrid, photovoltaic power generation has become a research hotspot at home and
abroad because of its clean and flexible installation. In PV-dominated DC microgrids, due to
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the intermittent and fluctuation of PV generation, it is necessary to use a connection method
combined with energy storage to realize the system energy supply.

Considering the load power demand and guaranteeing the safe and stable system operation, a
number of energy storage units are generally used in PV DC microgrids. Since the differences of
parameters such as the state-of-charge (SOC), capacity and maximum input/output power of the
battery storage units during system operation, the load power distribution should also be different.
The common load distribution methods include centralized control [4] and decentralized control
[5, 6]. In the decentralized control, the droop control is dominant. However, although the droop
control structure is simple, there are problems such as insufficient power distribution accuracy and
output voltage drop [6, 8, 9]. For centralized control, although there are higher communication
requirements, with the maturity of related technologies, the superiority of using centralized
control is gradually emerging.

In [7], an improved droop control strategy is proposed. However, droop control will cause
a certain degree of voltage drop, the solution to this problem is not mentioned in the paper.
In order to solve the problem of droop control accuracy, an active identification method for
line resistance is proposed in [8]. In [9], a droop control method is proposed to solve the
problem of current distribution accuracy and voltage deviation in traditional droop control.
A modified strategy for load power sharing accuracy enhancement in a droop-controlled DC
microgrid is proposed in [10]. A hybrid energy storage control method of the DC microgrid
is proposed [11]. However, the cost of the super-capacitor is relatively high for a DC micro-
grid that utilizes super-capacitors as energy storage. Meanwhile, super-capacitors only play a
role when disturbance occurs. In [12], an accurate power sharing method to balance the state
of charge (SOC) among the distributed battery energy units (BEUs) in a DC microgrid is pro-
posed. In [13], a load power distribution method based on the state of charge (SOC) of the
battery energy storage unit is proposed. However, regarding the distribution of load power,
only the discharging process is considered, and the control of the charging process is not men-
tioned.

This paper takes the PV-dominated DC microgrids as the research object.

1. Aiming at the problems of voltage drop and low power distribution accuracy caused by
the defects of a traditional droop control method, the control method of current correction
coefficient is proposed. This method does not have the problem of voltage drop and degraded
control accuracy, and improves system stability.

2. Considering, that the control method of energy storage in the existing literature does not
take into account the effects of various parameters of energy storage unit. In this paper, a
weighted calculation method of load power distribution based on battery SOC, capacity
and maximum input (output) power is proposed, and the accurate distribution of load power
can be further realized.

3. For problems such as low utilization rate and poor economic efficiency of hybrid energy
storage control methods adopted in some control methods. In this paper, the secondary
voltage regulation method can automatically adjust the bus voltage value according to the
fluctuation of voltage, and automatically ‘fail’ in stable operation, realizing the dynamic
elimination of bus voltage fluctuation.

The effectiveness of the proposed strategy is verified based on the MATLAB/Simulink sim-

ulation results.
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2. Load distribution calculation in PV-dominated DC microgrids

A PV-dominated DC microgrid system structure shown in Fig. 1:

| PV | | Battery I | | Battery II |
DC DC DC
¢ DC 1 DC 1 DC
DC BUS ) ¢ ) # ) ¢
| v | [ e | | |

Fig. 1. PV DC microgrid system structure

PV DC microgrids include photovoltaic power generation units, energy storage units, energy
converters, and loads. The PV generation unit is generally operated in a maximum power point
tracking (MPPT) mode, and a boost converter is used to connect the DC bus. The energy storage
unit uses a DC-DC bidirectional converter to connect the DC bus. When the system runs steadily,
the following equation is established [14]:

P; — Py = Pp, (D

where P; represents the total power of the load in the DC microgrid, Py represents the total
output power of the photovoltaic power generation unit, and Pp represents the total output power
of all energy storage units.

Microgrid can adopt different operation strategies, such as operation strategy based on preset
fixed logic rules and operation strategy based on economic dispatch. When priority is given
to using microgrid internal renewable energy to generate electricity, the following operation
strategies can be used:

1. When the PV output is greater than the load demand, the excess power is preferentially
charged to the battery, and the remaining power that the battery cannot absorb is sent to the
grid (if permitted),

2. When the PV output cannot meet the load demand, in order to reduce the purchase of
electricity from an external grid, the battery is preferentially discharged, and the SOC state
of the battery is detected,

3. When the total output power of the PV and battery cannot meet the load demand, then the
power is purchased from the grid to meet the load demand.

The load distribution method described herein is based on a stable operating environment in
which photovoltaic power is directly supplied to the load and stored energy. Deeper microgrid
economic dispatch is beyond the scope of this article.

In this paper, the PV-dominated DC microgrid containing two energy storage units is taken as
an example, and a weighted calculation method for load power distribution based on the parameters
of the battery energy storage unit is proposed. According to the impact degree of each parameter
on the output power distribution of the battery to rationally assign their weight coefficient, the
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battery’s three parameters are used for weighted calculation. These three parameters are SOC of
the battery, the maximum output power of the energy storage unit, and battery storage capacity.
The specific calculation method is as follows:

PM1 PM2

Pl=—, = —.
Py + Py Pyiy + Py

2)

In Equation (2), Py and Pypp are the maximum input (output) power of energy storage units
I and II, respectively, and Py and P, are the proportions of energy storage units I and II in the
total maximum input (output) power of the energy storage system.

. SOC, - 100 — SOC; 3)
1'750C, +S0C,° 1™ (100 = SOC)) + (100 — SOC,)’
SOC, , 100 — SOC,
2= 55 = . 4
SOC, + SOC, (100 — SOCy) + (100 — SOC»)

In Equation (3) and Equation (4), SOC; and SOC; are the SOC of energy storage units I and
IL, respectively. s; and s, are the proportions of energy storage units I and II in the total SOC of
an energy storage system during the discharging process, sl1 and sl2 are the proportions of energy
storage units I and II in the total counting SOC of the energy storage system during the charging
process.
_ A _ A
_A1+A2’ az_A1+A2.

In Equation (5), A; and A, are the battery capacities of energy storage units I and II, respec-
tively. a; and a; are the proportions of energy storage units I and II in the total counting capacity
of the energy storage system.

®)

ai

Ap1 =ka] + kgsy + kqay, A;ﬂ =ka1 +kssi+ka(1—a1), (6)

Apy = kppz + kysy + kqay, A;Z = ka2 + kssé + k(1 —ay). 7

In Equation (6) and Equation (7), k,,, ks and k, represent respectively the weights assigned
by the three parameters of the maximum output power of the energy storage unit, the SOC and
the capacity of the battery storage unit according to their influence on the battery load power
distribution. Ay and Ap; respectively represent the load power distribution parameters calculated
according to the parameters of energy storage units I and II during discharging process, A, and
Ay, represent the load power distribution parameters calculated according to the parameters of
energy storage units I and II respectively during charging process. Since the charge and discharge
capacity of the battery is determined by its maximum output power. Therefore, a uniform setting
is used for this parameter during the charging and discharging process.

For the selection of kj, kg, and k. Since the main goal is to reasonably allocate the output
power of the battery storage unit and prevent the over-charge and over-discharge of the battery
unit, k, is relatively large. Since in the same DC microgrid, the battery capacity among different
energy storage units is substantially the same, k, is relatively small. The relationship between the
size of the three weights is ks > k, > k.

The calculation method of the reference value of the load distribution power of energy storage
unit I is as follows, and the calculation method of energy storage unit II is the same.
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The distribution power for energy storage unit I during discharging is as follows:

Ppy = —Pp. ®)

The distribution power during the charging process is as follows:

A/

Py =—2L—p 9)
Bl B -

Ap Ay,

The switching of the charging and discharging process control method can be realized by
judging the direction of the inductor current in the bidirectional voltage converter of the battery
in the energy storage unit.

The load power distribution method proposed in this paper is based on the traditional double-
loop control method, which is achieved by dynamically adjusting the reference value of inductor
current of bi-directional energy storage converter in the inner current loop. The specific structure

is shown in Fig. 2:

Ude ref +

0

. .
_ Ld ref DC BUS
Discharge

Use —!

Charge | .~
Ude_ref + ; § iLe ref
U

Charge and : |
Load powery; Secondary discharge control Battery -
distribution control

mode switching 0

—C,

Fig. 2. Energy storage unit and its control structure

Here is an example of the discharging process of energy storage unit I.
For the load power distribution link, the calculation of control parameters is based on the load
distribution powers of Equations (8) and (9). The expression is:

Ppy

ke = kjp ————,
¢ lLPBl+PBZ

(10)
where k;p is the parameter related to the inductor current correction coefficient, and the value
here is 2. This can make the sum of the reference current correction coefficients of two energy
storage batteries equal 2.

3. Reference current secondary control based on the voltage deviation

Considering the situation that when the load changes, the power balance in the DC microgrid is
violated and eventually the bus voltage changes. When the voltage change is too large, it will lead
to a fault for the system. In this paper, a secondary control method based on bus voltage deviation
is proposed to realize the secondary dynamic adjustment of the reference current according to
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the bus voltage when the bus voltage deviation is large. The specific control method is shown in
Fig. 2, in which the structural expression of the secondary link is:

ky = eAul, (11)

where Au is the deviation between the actual value of the bus voltage and the reference value,
and u is a parameter related to the degree of influence of the voltage fluctuation on the reference
current. The value of yu in different energy storage units is determined by the reference load
distribution power of the different energy storage units calculated above, and there are positive
and negative differences. Its positive and negative values are selected as shown in Fig. 3:

negative

Fig. 3. The value judgment flow chart of

Specific conditions are as follows:

1. If the bus voltage drops momentarily after the disturbance occurs and the battery unit
is operating in the charging state during the disturbance, then the value of u should be
negative.

2. If the bus voltage drops momentarily after the disturbance occurs and the battery unit is

operating in the discharge state during the disturbance, the value of u should be positive.
3. If the bus voltage rises momentarily after the disturbance occurs and the battery unit is

operating in the charge state during the disturbance, the value of i should be positive.
4. If the bus voltage rises momentarily after the disturbance occurs and the battery unit is

operating in the discharge state during the disturbance, the value of u should be negative
at this time.

Since the value of y is relatively small, it can be seen from Equation (11) that the value of
Equation (11) is 1 when the system is operating stably. That is, the secondary dynamic adjustment
of the reference current during steady operation does not affect the power distribution. When the
bus voltage fluctuates, the current control parameters are dynamically adjusted according to the
voltage fluctuations to achieve a stable system.

4. Stability analysis
For the secondary control of the system, since the value of u is very small, the secondary

control link can be equivalent to:
eMM 1 + kyAu. (12)
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Therefore, the system small signal model is shown in Fig. 4 can be obtained.

Ucl«’ ref +

ala
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J %
@ - - ? {G: (S)} {Gﬂ, (,\')} [G”(S)} U,
(]
() J

J

Fig. 4. System small-signal model

In Fig. 4, k. represents the current correction coefficient calculated at the load power distri-
bution section, and n represents the stable output from this section. G (s), G2(s) are the transfer
functions of the voltage loop and the current loop, respectively. G;4(s), Gy;(s) are the transfer
functions of the converter duty ratio d to the inductor current iy, the inductor current iy, to the
output voltage Uy, respectively [15]. k; and k, are the feedback coefficients of i;, and Uy, re-
spectively, and the values here all equal 1. From this the open-loop small-signal transfer function
of the system can be derived:

G2(5)Gia(5)Gy;
a0 = (10t + ) GO w
In the formula:
Gi(s) = kp1 + ki /s, (14)
Go(s) = kpo + kin/s. (15)

Bringing in the system parameters can give a Bode plot of an open-loop system as shown in
Fig. 5. It can be seen from the figure that the phase margin of the system is y > 90°, so it can be
considered that the system is stable.
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Fig. 5. Bode diagram of the open loop system
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5. Simulation results

In order to verify the effectiveness of the proposed control strategy, a PV-dominated DC

microgrid system as shown in Fig. 1 is built in Simulink.

Its basic operating condition is:

1. The maximum output power of the photovoltaic power generation unit is 10 kW, and it
works in MPPT mode.

2. Energy storage unit I selects a battery with a maximum output of 10 kW, a capacity of 2 Ah
and an initial SOC of 80%. Energy storage unit II selects a battery with a maximum output
of 5 kW, a capacity of 2 Ah, and an initial SOC of 50%. Meanwhile, the SOC of energy
storage unit I and energy storage unit II are kept at 10%-90% during operation.

3. The initial load of the DC microgrid system is L with a resistance of 25 Q, load L, with a
resistance of 50 Q is added at 0.5 s, and load L3 with a resistance of 100 Q is added at 1 s.
The simulation time is 1.5 s, for k,,, kg and k, from the above analysis, here are set to 0.3,
0.5, and 0.2, respectively.

The simulation experiment results are run in the following three work conditions:

1. The control method of the energy storage unit in operating condition I is the traditional
double-loop control (voltage outer loop, current inner loop).

2. The control method of the energy storage unit in operating condition II is a double-loop
control including a current correction coefficient control link.

3. The control method of the energy storage unit in condition Il includes the current correction
coefficient control and the reference current secondary control.

The specific simulation results are as follows:

Fig. 6 shows the bus voltage curve of the DC microgrid.

The data in Fig. 6 shown in Table 1.

Table 1. Bus voltage variation under different operating conditions

Operating condition First disturbance Second disturbance
Condition I 48V 26V
Condition II 48V 25V
Condition III 29V 19V

It can be seen from Table 1 that the bus voltage changes in operating condition II is almost
the same as the change of bus voltage in operating condition I. Compared to operating conditions
IIT and II, the voltage fluctuation amplitude is significantly reduced.

Fig. 7 shows the SOC curve of energy storage units I and Il under different operating conditions.

The data from Fig. 7 is shown in Table 2.

From the above data, it can be seen that the SOC variation of energy storage units I and II is
almost the same in condition I. In the charging process of operating condition II and operating
condition III, the variation of SOC of energy storage unit I is smaller than the variation of SOC of
energy storage unit II. The variation of SOC of energy storage unit I during discharging is greater
than the variation of SOC of energy storage unit II.
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Table 2. The SOC variation under different conditions

Operating condition Period Storage unit I Storage unit I1 Ratio
0s~05s 0.10673% 0.10579% 1.0089

Condition I 05s~1s 0.00908% 0.00866% 1.0485
1s~15s ~0.0454% —0.04531% 1.020

0s~05s 0.09359% 0.11813% 0.7923

Condition IT 05s~1s 0.00841% 0.01015% 0.8285
Is~15s —0.05563% —0.03473% 1.6017

0s~05s 0.09435% 0.11859% 0.7956

Condition IIT 05s~1s 0.00835% 0.00968% 0.8626
1s~15s —0.05564% —0.03517% 1.5820

Fig. 8 shows the input/output power curves of energy storage units I and II.
The data in Fig. 8 shown in Table 3.

From the above data, it can be seen that the data are in accordance with the variation of the

SOC.
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Fig. 7. SOC of energy storage unit I and II in different conditions: unit I in condition I (a); unit Il in condition
1 (b); unit I in condition II (c); unit IT in condition II (d); unit I in condition III (e); unit II in condition III (f)

The following example illustrates the role of the secondary control.

Fig. 9 shows the power change of energy storage unit I in operating conditions II and III:

The curves Pbatls and Pbatl; in Fig. 9 respectively represent the power variation curves of
energy storage unit [ in operating conditions III and II. It can be seen from the figures that during a
period of time after 0.5 s, the charge power of energy storage unit I in condition III is significantly
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Fig. 8. Input/output power curves of energy storage units I and II in different operating conditions: unit I
in condition I (a); unit II in condition I (b); unit I in condition II (c); unit I in condition II (d); unit I in
condition III (e); unit II in condition III (f)

less than the charge power in condition II. During a period of time after 1 s, the discharge power
of energy storage unit I in operating condition III is obviously greater than the discharge power
in operating condition II. These two conditions correspond to the value of u above. The system
introducing the secondary control can automatically change the charging and discharging power
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Table 3. Power variation under different operating conditions

Operating condition Period Storage unit I Storage unit I1
0s~05s 1.7 kW 1.7 kW

Condition I 05s~1s 0.13 kW 0.13 kW
Is~15s 0.67 kW 0.67 kW
0s~05s 1.5 kW 1.9 kW

Condition II 05s~1s 0.12 kW 0.14 kW
Is~15s 0.8 kW 0.5 kW
0s~0.s 1.5 kW 1.9 kW

Condition I 05s~1s 0.12 kW 0.14 kW
Is~15s 0.8 kW 0.5 kW

500 T T T 2000 T T T T

— Phatl 5 (,2)
1500 L -- Dbatl 5 (:,2)| |

=500 1000

-1000 F 500 F

-1500 k.o

1 | 1 |
0.495 0.5 0.505 0.51 0.515 0.52 0.99 1 1.01 1.02 1.03 1.04

-2000
(a) (b)

Fig. 9. Power variation of energy storage unit I in operating conditions II and III:
after 0.5 s (a); after 1.0 s (b)

according to the voltage deviation during the charging and discharging process. In addition, it
can be seen in the figure that the power change of energy storage unit I in operating conditions II
and III is almost the same when the system tends to operate stably. It shows that the secondary
control introduced will not affect the system when the system is stable, and it is in line with the
analysis above, and it has achieved the effect of the automatic adjustment.

Fig. 10 shows the current correction coefficient.

It can be seen from the data in the Fig. 10 that the ratio of the correction coeflicients of the
two controllers is 0.8 before 1 s, and the ratio after 1 s is about 1.6. Compared to the data of Fig. 7
and Fig. 8, it can be seen that the change of the correction coefficient corresponds to the change of
the SOC and the charge and discharge power of the energy storage unit in the system. It is shown
that the proposed method can realize automatic switching of control parameters in the charge and
discharge process, so that the system can realize reasonable distribution of load power.
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Fig. 10. Current correction coefficients of energy storage unit I and II: unit I (a); unit II (b)

6. Conclusions

This paper proposes an improved dynamic load distribution method for PV-dominated DC

microgrids. With simulation analysis, the following conclusions are listed as follows:

1. After the secondary control is activated, the amplitude of bus voltage fluctuation is signifi-
cantly reduced.

2. Compared to traditional control method, the improved control method presented in this

paper does not adversely affect the bus voltage and power of the original system.

3. The control method proposed in this paper can achieve a reasonable distribution of load

power, and it can automatically adjust the control parameters according to the switching of
charging and discharging process.
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