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Parallel Coordination Control of  Multi-Port 
DC-DC Converter for Stand-Alone

Photovoltaic-Energy Storage Systems
Yuxin Liang, Hui Zhang, Mingqiao Du, and Kai Sun

Abstract—Aiming at the low inertia DC micro-grid poor bus 
voltage quality and the energy storage SOC balanced problem, 
considering the urgent demand of high up/down ratio, electrical 
isolation and high-efficiency converter for distributed micro-source. 
An improved virtual capacitor (IVC) parallel coordination control 
strategy based on multi-port isolated DC-DC converter is proposed. 
First, MPIC is used to replace the traditional Buck/Boost circuit to 
achieve the electrical isolation from the micro sources of the energy 
storage system. Secondly, by analogy of IVC control, design the 
control frame of single voltage outside circle and multiple currents 
inside the ring, IVC control suitable for Four-port isolated DC-DC 
converter(FPIC) is obtained. Then, the parallel and coordinated 
control strategy under the control of IVC for multiple energy 
storage interface converters is established.  

Index Terms—DC micro-grid, improved virtual capacitor control, 
inertia, multi-port converter.  

I. Introduction

MULTI-PORT isolation typed DC-DC converter (MPIC) has 
many advantages, such as electrical isolation, promotion/

step-down ratio, two-way power flow and simple soft switch 
control [1], [2]. It is cascaded by CLLC resonant converter and 
staggered Buck/Boost converter and is widely used in distributed 
generation systems [3], [4], electric vehicles and other emerging 
energy conversion systems [5],[6]. With the increase of DC 
micro-sources and DC loads, the DC micro-grid starts to rise. 
However, the DC micro-grid itself has low inertia, and its bus 
voltage is vulnerable to power fluctuations caused by intermittent 
renewable energy and local load changes [7]-[9]. Especially in 
off-grid mode, the DC micro-grid can only rely on the energy 
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storage system to adjust the voltage and power balance of the 
DC bus, which puts forward higher requirements on the capacity, 
output characteristics and cost of the energy storage equipment 
[10], [11]. Therefore, this is not conducive to the promotion and 
maintenance of the micro-grid. At the same time, it is necessary 
to propose a virtual inertia control strategy for isolated DC-DC 
converters in view of the urgent demand of distributed micro-
sources for high lift/drop ratio, electrical isolation, and efficient 
converters. At present, the research on virtual inertia control of 
DC micro-grid mainly focuses on AC/DC field.

For example, the control of virtual synchronous generator  
of AC micro-grid is introduced into bus voltage control of DC 
micro-grid by analogy [12] and proposed a corresponding 
virtual capacitor control (VC) strategy to Enhance the inertia 
and stability of the DC micro-grid. But its virtual capacitance 
value is fixed, so it is difficult to adapt to the speed of voltage 
change under different load disturbance. 

Therefore, Research [13] establishes the relationship between 
the virtual capacitor and the bus voltage changed rate, and 
proposes a flexible virtual inertia Flexible Virtual Inertia (FVI) 
controlled strategy to realize the virtual capacitor follows the 
voltage adaptive change. Still, the constraints on the critical 
parameters in the article condition is independent of each 
other, and no stable operating boundary has been established. 
Research [14] based on reference [13], by building an index 
set that satisfies the Stable operation of VSC with multiple 
constraints, within the multiple constraints range, the flexible 
adjustment of the virtual capacitance can be used as much as 
possible to provide inertial support for the DC micro-grid . 

It should be pointed out that although the FVI control used 
in Research [13] and [14] slows the speed of deviation from 
the rated value when the bus voltage is disturbed, it brings new 
problems that the voltage recovery time is too long, which 
will inevitably bring security and stability to the micro-grid 
Negative Effects. 

The energy storage converters in the above documents are all 
Buck/Boost non-isolated circuits, which have the advantages 
of low cost, lightweight, and simple structure [15], [16] mainly 
used in low voltage, high current applications. However, the 
non-isolated circuit has a narrow buck-boost range, which 
is not suitable for high-voltage gain occasions. And without 
electrical isolation, the safety of the distributed power system is  
difficult to be guaranteed.

Therefore, the use of MPIC to replace the traditional Buck/
Boost circuit can protect the operator and the post-level 
equipment from electrical damage, and reduce the voltage 
level of the energy storage device [17]. Moreover, due to the 
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extensibility of multiple ports, it is necessary to consider Soc 
balance and power distribution when multiple energy storage 
systems are connected in parallel [12], [18]-[20]. In summary, 
it is of considerable significance to study the VC control 
applied and the parallel coordination control strategy to isolated 
DC-DC converters. 

Given the above problems, this paper proposes a parallel 
coordinated control strategy based on virtual capacitor control in 
the Four-port isolated DC-DC converter (FPIC), which realize 
the distribution of the output power of the energy storage unit 
according to the remaining capacity and ensure that the charged 
state of each energy storage system is balanced. 

II. DC Micro-Grid System Structure

The optical storage DC micro-grid system shown in Fig. 1 
is constructed. Its components are as follows: 1) The photo-
voltaic unit and two energy storage devices are connected to a 
400 V DC bus through a two-stage isolated bidirectional DC-
DC converter, and form a three-port DC converter with a DC 
load; 2) The CLLC resonant circuit is used as the front stage 
of the two-stage converter, and the interleaved Buck/Boost 
circuit is used as the rear stage. At cost considerations, the post-
stage of the photo-voltaic interface converter is replaced with 
an interleaved boost circuit. In Fig. 1, udc is the DC bus voltage, 
idc is the DC output current; nT is the transformer turns ratio; Lm 
and Lr are the resonance inductance and resonance inductance 
of the resonator; C1 and C2 are the resonance capacitance; 
Cin, CM and Co are the input of FPIC respectively Capacitor, 
intermediate stage capacitor and output capacitor. The specific 
control method is as follows. 

1) For the front-end CLLC resonant circuit, the high-side 
full bridge, and the two low-side full bridges apply a duty cycle 
of 50 percent to the switch tubes S1, S4, S5i, S8i (i = 1,2). Its 
switching frequency is the control signal of resonant frequency 
(in-phase). The other switching tube applies a complementary 
control signal. It should be pointed out that under ideal 
conditions, the working state of each resonant cavity is no 
different from the three-port DC converter.
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Fig. 1.  DC micro-grid structure diagram of photo-voltaic energy storage with 
FPIC.

 2) For the post-stage interleaved Buck/Boost circuit, it is 
assumed that the photo-voltaic converter has been working 
in the MPPT state and the energy storage converter (ESC) 
operates in IVC mode. To the lower arm switch tubes S22 and 
S42, a driving signal with a phase difference between 180° 
and the same duty ratio is applied, and the driving signals of 
the upper and lower arm switch tubes are controlled to be 
complementary.

III. Improved Virtual Capacitance Control and 
Parallel Coordination Control of DC Micro-Grid

A. The Virtual Capacitor Design Principles

In the DC micro-grid, the disturbances such as changes in 
the output of renewable energy and load switching will cause 
frequent fluctuations in the DC bus voltage and deteriorate the 
power quality. Concerning the frequency modulation control 
of the virtual synchronous generator, the charge and discharge 
characteristics and damping characteristics of the real capacitor 
are simulated in the droop control of the ESC. The disturbance 
suppression ability of the DC bus voltage is enhanced. The 
virtual capacitance equation of the ESC is as follows[15], [16]:

(1)

Where Cvir is the virtual capacitance, Db is the voltage 
damping coefficient, Iset is the DC output current reference, Pset 
and Po are the DC output power reference and actual value, udc

* 
and Un are the reference and rating of DC bus voltage.

When the DC micro-grid is running in a steady state can be 
obtained:

              (2)

Where Uref is the no-load output voltage on the DC side, and 
n is the droop coefficient.

For isolated DC micro-grids containing FPIC, when the load 
is disturbed, Cvir is expected to be more significant to reduce 
the rate of change of the bus voltage; after the disturbance, the 
bus voltage will be restored quickly. VC control is a kind of 
constant virtual capacitance control with certain limitations, 
which cannot meet the above requirements at the same time. 
Therefore, the control principle of IVC control under FPIC is 
shown in Fig. 2.

Where Cv0 is the initial virtual capacitance, ku is the voltage 
tracking coefficient. It can be seen from the above figure that 
the IVC control is determined by the difference between the DC 
bus voltage change rate dudc

*/dt, the difference between the DC 
bus given voltage udc

* and its rated voltage Un. To enable the 
ESC to adjust Cvir according to the voltage change dynamically, 
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Cvir is written here as a function of the voltage change rate dudc
*/

dt and the voltage change amount |Δudc|, |Δudc| > K.

          (3)

Where K is the limited value of the voltage change, set according 
to the allowable bus voltage fluctuation range of the micro-grid.

To improve the engineering practicality of the algorithm 
and simplify its parameter selection process, IVC control was 
further optimized to obtain its switching action principle, as 
shown in Fig. 3.

In Fig. 3, Δ1 = |Δudc|, Δ2 = sgn (dudc
*/dt) Δudc, S1 and S2 are 

all on/off state values. Here, the disturbance caused by load 
impact is simply analyzed. The relationship between the first 
compared Δ1 and K. If Δ1 ≤ K, S1 = 0, Cvir = Cv0; If Δ1 > K, S1 = 1, 
Cvir by Δudc and dudc

*/dt product decision, and dudc
*/dt symbols 

times Δudc are equal to Δ2; if Δ1 > K, Δ2 > 0, then S2 = Δ2, Cvir = 
Cv0 + kuS2; if Δ1 > K, Δ2 ≤ 0, then S2 = 0, Cvir = Cv0.

In conclusion, the final expression of virtual capacitance 
corresponding to IVC control as follows.

S              (4)

B. The DC Micro-Grid Parallel Coordination Control Strategy

The energy storage devices widely used in DC micro-grids 
include lead-acid cells and lithium batteries. As one of the 
indicators to measure the capacity of such batteries, the state of 
charge (SOC) plays an integral part in the power distribution of 
energy storage units.
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Fig. 2.  Improved virtual capacitor control principle.

Fig. 3.  Principle of switch action under IVC control.
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To effectively manage and efficiently use energy storage 
devices in FPIC, Fig. 4 shows the principle block diagram of 
multiple energy storage and coordinated control, which mainly 
includes IVC control, voltage and current dual-loop control 
and output current feed-forward control. G0(s) is the output 
current feed-forward function utilized to eliminate the bus 
voltage overshoot caused by sudden load changes. The voltage 
and current double-loop control are composed of the DC bus 
voltage outer loop and the input current inner loop.

Then, it creates a modulated wave and generates a duty cycle 
through PWM control. Among them, idc,b

* is the reference value 
of the total output current transmitted by the energy storage 
unit to the DC side, idc,bi

* is the reference value of the output 
current transmitted by each energy storage unit to the DC side, 
and ib,i

* is the inductance of each energy storage unit Reference 
value of current (i = 1,2).

Fig. 4 makes corresponding adjustments to the output 
current feed-forward function, and adds the energy storage 
unit power distribution coefficient qi and current conversion 
coefficient ki to the voltage and current dual-loop control, 
aiming to accurately and reasonably allocate the output power 
of each energy storage unit (i = 1,2). It is not hard to find that 
the outer loop voltage reference value of Fig. 2 is produced by 
IVC control, and the voltage and current loop is composed of a 
voltage outer loop and multiple current inner loops. The output 
power of the energy storage unit is allocated by configuring 
the currents idc,b

*. Finally, the PWM module generates control 
signals for each energy storage interface converter.

The power distribution of the energy storage unit is given 
by the proportion of the remaining capacity of each energy 
storage unit to the total remaining capacity. The expression of 
the power distribution coefficient qi can be obtained as follows.

                              (5)

Where Pmax
bat,i is the maximum charge and discharge power 

of the energy storage unit, and SOCi is the remaining state of 
charge of the energy storage unit (i = 1,2).

Ignoring the energy loss of FPIC, the input and output power 
balance can be obtained.

                                   (6)
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Fig. 4.  FPIC multiple energy storage parallel and coordinated control block 
diagram.
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Write the state variable in (6) as the sum of the steady-
state quantity and the small disturbance quantity, and perform 
linearization processing to obtain (7).

              (7)

Ignoring Δub (s) and Δudc (s) in (6), the transfer function 
between Δidc,b (s) and Δib (s) can be obtained as shown in (8).

                                   (8)

It can be seen from (8) that the value of the transfer function 
Gii (s) is the ratio of the DC bus voltage effective value Udc and 
the energy storage unit voltage effective value Ub, taking into 
account the difference in the voltage of each energy storage 
unit port, to accurately control the storage The expression of 
the current conversion coefficient ki of the output power of the 
energy unit is as follows.

                                      (9)

Where Ub,i is the effective value of the output voltage of 
each energy storage unit.

In this section, the output current feed-forward transfer 
function is adapted accordingly. As can be observed in Fig. 1, 
the output power of the photo-voltaic unit and the output power 
of the energy storage unit are collected to the high-voltage 
side of the full-bridge through multiple ports. The same can be 
obtained from the input and output power balance principle.

                              (10)

                               (11)

According to the principle of input and output power 
balance, (12) can be obtained. The expression of the transfer 
function G0(s) is as follows.

                              (12)

        (13)

Where, Pref = Un
2Idc/Udc, is the reference value of load power, 

Ppv is photo-voltaic output power, Pbat is photovoltaic output 
power, idc_p and idc_b represent the output current transferred 
from PV and energy storage unit to the HVDC side.

It should be noted that the transmission of energy storage 
power distribution signals depends on the Serial Communication 
Interface (SCI) technology. This section mainly studies the 
energy storage power distribution strategy of FPIC under IVC 
control, and does not address the communication technology.

IV. Simulation Verification

To verify the validity of the above mentioned FPIC multiple 
energy storage parallel and coordinated control strategy and the 
correctness of theoretical analysis, an optical storage DC micro-
grid system with FPIC was built-in the Simulink simulation 
environment. The simulation parameters are shown in Table I.

A. The Power Distribution of the Same Capacity

When the capacity of the energy storage unit is the same, the 
operating status of the FPIC under load disturbance is shown in 
Table II. Fig. 5 is the power simulation waveform of each unit 
of FPIC system.

The photo-voltaic unit kept the productive 3 kW output 
unchanged during the full simulation process. When the load 
of 0.2 s suddenly increased to 5.4 kW, the output power of the 
photo-voltaic group was insufficient, and the energy storage 
unit began to produce electricity. The output power of the 
energy storage unit No. 1 and No. 2 were 1.2 kW.

TABLE II
FPIC Operation Status Table Under Load Disturbance (Ppv = 3kW)

Time Operating status

0 s 0.2 s With a load of 3 kW, only the photo-voltaic unit works.

0.2 s 0.4 s

Suddenly increase the 2.4 kW load, the energy storage device

switches to discharge mode to meet the power required by the

load.

0.4 s 0.6 s
The load is restored to 3 kW, and the energy storage device

stops working.

0.6 s 0.8 s

Suddenly reduce the 2.4 kW load, the energy storage device

switches to the charging mode, and absorbs the excess power of

the micro-grid.

TABLE I
Simulation Parameters of FPIC

Symbol Parameter name Numerical value 

nT Transformer ratio 4 

Lr/μH Resonant inductance 437.5 
C1/nF Resonant capacitor 10 
C2/nF Resonant capacitor 160 
Cin CM/μF Input capacitance 141 
Co/μF Output capacitance 300 
Lm/μH Excitation inductance 562.5 
L1-4 /μH Staggered inductance 80 
Po/kW Maximum output power 4 
Cv0/mF Virtual capacitance 1 
Db Damping coefficient 0.25 
fCLLC/kHz Switching frequency 100 
fBoost/kHz Switching frequency 100 

Udc/V DC bus voltage 400 
ubat/V Energy storage output voltage 48 
upv/V PV output voltage 55 
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When the 0.6 s load suddenly drops to 600 W, the output 
power of the photo-voltaic unit overflows, and the energy 
storage unit immediately changes to the charging mode. At 
this time, the output power of both energy storage devices is 
-1.2 kW. The simulation results demonstrate that under the 
same energy storage capacity, the proposed control strategy 
successfully achieves the productive power output of the two 
energy storage units.

Fig. 6 displays the simulated waveform of DC bus voltage, 
inductor current of the energy storage converter, and energy 
storage load SOC under IVC control. It can be viewed in 
conjunction with Fig. 5 that the trend of the DC bus voltage 
change fully complies with the expected target of the IVC 
control strategy. The absolute value of the inductor current 
of the two energy storage converters is 20 A, which matches 
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Fig. 6.  FPIC simulation waveform under the same energy storage capacity. the charge and discharge power of the energy storage unit. In 
the simulation process, the SOC of two energy storage units 
with the same capacity is always consistent, indicating that 
the proposed control strategy successfully achieving the SOC 
balance of the energy storage unit.

B. The Power Distribution of Different Capacities and Photo-
Voltaic Fluctuations

As shown in Fig. 7 and 8, at 0-0.2 s, the load is 3 kW, the 
radiation intensity is 1000 W/m2 and only the photo-voltaic cell 
is working. At 0.2 s, the radiation intensity increases to 1500 
W/m2 and the photo-voltaic cell charges the energy storage 
unit while supplying power to the load. At 0.4 s, the radiation 
intensity returned to 1000 W/m2 and the energy storage unit 
stopped working. At 0.6 s, the radiation intensity was suddenly 
reduced to 500 W/m2, the output of the photovoltaic cell was 
reduced by half and the energy storage device was switched to 
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discharge mode. At 0.8 s, the radiation intensity was restored 
to 1000 W/m2 and the energy storage unit stopped working. 
It can be seen that the energy storage unit adaptively adjusts 
the output power with the change of photo-voltaic output in 
the whole process. This is in line with the intended control 
objectives.

Fig. 9 shows the simulation waveform of virtual capacitor 
control of the PV unit MPPT control parallel energy storage 
device when the output power of the PV unit is suddenly 
changed. It can be seen that the virtual capacitor control can 
actively respond to the photo-voltaic cell output change and 
effectively deal with the bus voltage mutation caused by the 
photo-voltaic output change.

The above result shows that under different energy storage 
capacity conditions, the proposed control strategy successfully 
realized the two energy storage units to distribute productive 
power according to their remaining capacities. The effectiveness 
and correctness of the proposed control strategy are checked.

V. Conclusion

This paper takes FPIC control as the research object. To 
realize the balance of energy storage SOC and the proportional 
relation of output power, a parallel and coordinated control 
strategy suitable for FPIC is proposed. Simulink simulation 
is used to compare different energy storage capacities. The 
bus voltage transient waveform, power waveform, and SOC 
waveform, the conclusion is as follows. 

For each micro-source sharing a full high-voltage bridge, 
a control framework with a voltage outer loop and multiple 
current inner loops is used to construct a power distribution 
loop on the current inner loop. The energy storage system 
can accurately distribute the output power according to the 
proportion of the remaining capacity of each energy storage 
unit to the total remaining capacity to ensure the safe and 
reliable operation of the optical storage DC micro-grid system. 

Considering the good scalability of the FPIC topology, an 
optical storage system structure based on a multi-port optical 
storage unit is proposed to provide a feasible solution for the 
popularization and application of large-capacity optical storage 
systems in DC micro-grid. 
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