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Optimal Operation of Energy Storage Units with
Efficiency Improvement and State of Charge
Balance

Xiangchen Zhu, Student Member, IEEE, Yanbo Wang, Senior Member, IEEE, Di Cao, Member, IEEE, *Yue
Zhang, Member, IEEE, Yunwei Li, Fellow, IEEE and Zhe Chen, Fellow, IEEE

Abstract -- This paper proposes an optimal energy storage
units (ESUs) operation strategy with efficiency improvement
and state of charge (SoC) balance by considering converter
characters and network loss. First, the optimal power-sharing
ratio considering minimized power loss of paralleled ESUs is
obtained with the Lagrange Multiplier Method. Second, the
optimal power-sharing ratio with SoC balance of ESUs is
obtained. On the basis of it, the optimal operation strategy of
paralleled ESUs with efficiency improvement and SoC balance
is proposed. The power-sharing ratio of ESUs changes actively
according to system operation status. Under the proposed
control strategy, the difference in the SoC of each paralleled
energy storage unit can be controlled within a desired range.
Meanwhile, the system efficiency can be improved. In that case,
the system's overall performance can be improved. The
effectiveness of the proposed strategy is verified through the
real-time simulation with RT-Lab. The proposed control
strategy can enhance ESU operation performance with
efficiency improvement and SoC balance.

Index Terms-- Energy storage unit, optimal operation,
efficiency improvement, SoC balance.

I.  INTRODUCTION

ITH d the rapid development of renewable energy

technologies, the energy storage units (ESUs) have

been intensively concerned. As an important
instrumental component in renewable energy systems, ESUs
are increasingly used for power regulation and power balance
[1]. Moreover, it can provide support to critical loads in
renewable energy-dominated system. Commonly, ESUs
can be connected in paralleled to increase system capacity
[2]. The unbalanced state of charge (SoC) of ESUs may
weaken reliability, thereby reducing system lifetime [3]. To
ensure the reliable operation of ESUs, state of charge (SoC)
balance issue is considered.

The existing SoC balance methods mainly concern design
of equalization circuits and control strategies [4]. An
integrated  cascade  bidirectional DC-DC  converter
architecture is proposed in [5]. It can realize the equalization
of cells with different voltage polarities, which improves
converter reliability. A decentralized SOC balancing method
for cascaded-type energy storage systems under two-time
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scale characteristics is proposed in [6]. A hierarchical SoC
balance method for a multi-input single-output converter is
proposed in [7], which can achieve SoC balance at either cell
level or module level. With the scale of microgrids
increasing, the line resistance between ESUs and bus cannot
be ignored. To increase the ESUs SoC balance effect in
large-scale microgrids, accurate power-sharing with SOC
balance considering cable resistance is proposed in [8], [9].
To increase the microgrid performance, a master-slave
coordinate control of battery energy storage systems is
proposed in [10]. The master units are used to support DC
bus voltage. Meanwhile, slave units are operated with SoC-
based droop control to avoid overcharging and over-
discharging. Adaptive droop control is widely used to
achieve SoC balance in ESUs [11]- [13], which can adjust
ESU output according to difference between SoC and SoC
average value by tuning droop coefficient. Adaptive droop
control to perform voltage regulation in DC microgrid
consisting of photovoltaic and battery is proposed in [14]. A
cooperative cyber network is used to enhance control
strategy. A dynamic consensus algorithm-based secondary
control with an autonomous current-sharing strategy is
proposed in [15] to balance SoC by adjusting virtual
resistance.

In addition to energy storage components such as batteries,
power converter is also an essential part of the ESU. The
efficiency priority operation of the paralleled converter is
well discussed in [16]-[18]. Due to different designs and
aging levels, the efficiency operating point of paralleled
power converters is not only allocated based on converter
capacity. The efficiency of paralleled converters changes
according to the power-sharing ratio [19]. Meanwhile, the
line resistance can also affect the efficiency of paralleled
converters [20]. The existing SoC balance methods are
conducted by changing power-sharing between ESUSs.
However, it changes the efficiency of paralleled converters in
this progress. Since the optimal power sharing ratio with SoC
balance and efficiency operation is hardly the same, the
paralleled ESUs operation with SoC balance may lead to a
decrease in system efficiency.

The existing ESUs operation strategies mainly focus on
control strategies of SoC balance, while neglecting operation
performance of converters in ESUs. The optimal control
strategy for ESUs with both efficiency improvement and
SOC balance is merely addressed. Therefore, this article
presents a decentralized optimal operation strategy to achieve
SoC balance in a desired range while improving the
efficiency for EUSs.

The rest of this paper is organized as follows. In Section
Il, the efficiency model of ESUs and the SoC model are
established. In Section Ill, optimal power sharing between
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The topology of paralleled ESUs is shown in Fig. 2.
According to Kirchhoff's law, the relation between converter

output voltage V,;, converter reference voltage V., bus

voltage V, converter droop coefficient Ry , line

us !
resistance R;,; , and converter output current ij; can be
represented as (11)-(12)

Vi =V — Rdiioi (11)
Vous =Voi = Riineiloi (12)
The converter power of i-th ESU can be represented as
V. -V,
Poi =Voi ref bus (13)
Rlinei +Rdi :

To perform SoC balance of ESUs, the ESUs should have the
same SoC as well as the same change rate of SoC. According
to the SOC mathematic model in (10), the SoC change rate
can be represented as

. Pbati
SoCy =——— (14)

CiVoi
Combined with (13), the power-sharing ratio with SoC
balance, considering the influence of cable resistance, is

given as

.'  C (R . +R,
S0C| - i - i ( linei di ) (15)
SOCJ’ POJ' Cj (Rlinej +Rdj )
The SoC balance operation point for individual ESU is
1 1

P = Py (16)
linei +Rdi ) C, (Rlinej +Rdj ) J

J

(R

B. ESUs Efficiency operation
The efficient operation of paralleled ESUs can be achieved

with minimal ESUs total loss. The system-level efficiency
operation can be represented as

mln[s =iplossij (17)

i=1

s.t. zn: Poi = Psys_load :
i=1

The Lagrange function is used to obtain the minimal
paralleled ESUs total power loss as

N N
L= z PIossi + A’(PLoad - z Poi) (18)
i-1 i1

where A is the Lagrange multiplier. The system efficiency
operation point can be obtained by solving the following
equation

BB g
oP, OP, OP,
0S
a = Zl: Poi — Psys_load =0.
By solving the (4), the efficiency operation point for

paralleled ESUs is
23R, +b =2a,P; +b; . (20)

io

(19)

C. The proposed ESUs optimal operation strategy with
efficiency improvement and SoC balance

According to the analysis above, the power-sharing with
SoC balance fails to achieve optimal operation of paralleled
ESUs. In that case, the exact SoC balance may not be suited
for long-term operation. The proposed optimal operation
strategy combines the system efficiency operation and SoC
balance operation.

To achieve the optimal operation for paralleled ESUs, the
coefficient is introduced as

1 0<|SoC, —SoC,, | < ASoC,;,
a = S0C, ~50C,,, AS0C,;, |SoC, —SoC,,| < ASOC,,,
ASoC,.,
0, |SoC, —SoC,,| > ASoC,,
(21)

where ASoC,;, is minimum SoC deviation, ASoC,,, is
maximum SoC deviation, and SoC,, is average value of
total battery SoC

SoC,,. = EZ:SOCi . (22)
N

The optimal power-sharing control with efficiency
improvement and SoC balance can be established as
Vi =Vt — Ryl (23)
where
R, =(1—r)ai( o ]+z‘(2aiioi +b) (24)
i inei

T= = . (25)

To achieve the optimal power-sharing effect while
controlling the bus voltage in the desired range, introduce
B as voltage regulation factor. The proposed optimal droop
control with bus voltage constraints is established as

Vi =V = BRy ioi (26)
where AV . is the max bus voltage deviation and the
voltage regulation factor is
AV

max

ioi rated 1 A H ,
|:E:It/[ Rlinei + leelj:| Ioi_rated + Ioi_rated RIinei

= bi
ﬂ . Ioi_rated < |:(1/ Ci Rlinei )— Zai :| (27)
AV

max
g TBI g T

2a.i’ R

i "0l _rate 0i _rate oi _rated * “linei

b.

ioi_rated > [(1/ Ci Rlinei )— 2ai :'
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implemented to validate the proposed optimal operation
strategy. The verification results show that the proposed
control strategy can improve system efficiency by 0.69% on
average. Meanwhile, the deviation of SoC is controlled in the
desired range between 1% and 3%. The performance of
paralleled ESUs is enhanced.

VI. REFERENCES

[1] Y. Li, Z. Yang, G. Li, D. Zhao and W. Tian, “Optimal scheduling of
an isolated microgrid with battery storage considering load and
renewable generation uncertainties,” IEEE Trans. Ind. Electron., vol.
66, no. 2, pp. 1565-1575, Feb. 2019.

[2] L.Jia, S. Pannala, G. Kandaperumal and A. Srivastava, “Coordinating
energy resources in an islanded microgrid for economic and resilient
operation,” IEEE Trans. Ind. Appl., vol. 58, no. 3, pp. 3054-3063,
May/Jun. 2022.

[3] S. Dutta and B. Johnson, “A practical digital implementation of
completely decentralized ripple minimization in parallel-connected
DC-DC converters,” IEEE Trans. Power Electron., vol. 37, no. 12, pp.
14422-14433, Dec. 2022.

[4] S. M. P., M. Das, and V. Agarwal, “Design and development of a
novel high voltage gain, high-efficiency bidirectional DC-DC
converter for storage interface,” IEEE Trans. Ind. Electron., vol. 66,
no. 6, pp. 4490-4501, Jun. 2019.

[5] X. Qi, Y. Wang, and M. Fang, “An integrated cascade structure-based
isolated bidirectional DC-DC converter for battery charge
equalization,” IEEE Trans. Power Electron., vol. 35, no. 11, pp.
12003-12021, Nov. 2020.

[6] G. Shi, H. Han, Y. Sun, Z. Liu, M. Zheng and X. Hou, “A
decentralized SOC balancing method for cascaded-type energy storage
systems,” IEEE Trans. Ind. Electron., vol. 68, no. 3, pp. 2321-2333,
Mar. 2021.

[7] Y.CaoandJ. A. Abu Qahoug, “Hierarchical SOC balancing controller
for battery energy storage system,” IEEE Trans. Ind. Electron., vol.
68, no. 10, pp. 9386-9397, Oct. 2021.

[8] K. D. Hoang and H. -H. Lee, “Accurate power sharing with balanced
battery state of charge in distributed DC microgrid,” IEEE Trans. Ind.
Electron., vol. 66, no. 3, pp. 1883-1893, Mar. 2019.

[91 Q. Wu, R. Guan, X. Sun, Y. Wang and X. Li, “SoC balancing strategy
for multiple energy storage units with different capacities in islanded
microgrids based on droop control,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 6, no. 4, pp. 1932-1941, Dec. 2018.

[10] J. Su, K. Li, Y. Li, C. Xing and J. Yu, “A novel state-of-charge-based
droop control for battery energy storage systems to support
coordinated operation of DC microgrids,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 11, no. 1, pp. 312-324, Feb. 2023.

[11] D. F. Frost and D. A. Howey, “Completely decentralized active
balancing battery management system,” IEEE Trans. Power Electron.,
vol. 33, no. 1, pp. 729-738, Jan. 2018.

[12] Q. Zhang, Y. Zeng, Y. Liu, X. Zhuang, H. Zhang, W. Hu, H. Guo, “An
improved distributed cooperative control strategy for multiple energy
storages parallel in islanded DC microgrid,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 10, no. 1, pp. 455-468, Feb. 2022.

[13] X. Lu, K. Sun, J. M. Guerrero, J. C. Vasquez and L. Huang, “State-of-
charge balance using adaptive droop control for distributed energy
storage systems in DC microgrid applications,” IEEE Trans. Ind.
Electron., vol. 61, no. 6, pp. 2804-2815, Jun. 2014.

[14] S. Sahoo, S. Mishra, S. Jha and B. Singh, “A cooperative adaptive
droop based energy management and optimal voltage regulation
scheme for DC microgrids,” IEEE Trans. Ind. Electron., vol. 67, no. 4,
pp. 2894-2904, Apr. 2020.

[15] Y. Guan, L. Meng, C. Li, J. C. Vasquez and J. M. Guerrero, “A
dynamic consensus algorithm to adjust virtual impedance loops for
discharge rate balancing of AC microgrid energy storage units,” IEEE
Trans. Smart Grid, vol. 9, no. 5, pp. 4847-4860, Sept. 2018.

[16] S. Wang, J. Liu, Z. Liu, T. Wu, and B. Liu, “Efficiency-based
optimization of steady-state operating points for parallel source
converters in stand-alone power system,” IEEE 8th Int. Power
Electron. Motion Control Conf. (IPEMC-ECCE Asia), China, 2016,
pp. 163-170.

[17] W. Yuan, Y. Wang, D. Liu, F. Deng, and Z. Chen, “Efficiency-
prioritized droop control strategy of AC microgrid,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 9, no. 3, pp. 2936-2950, Jun. 2021.

[18] X. Zhu, Y. Wang, Y. Tian, G. Zeng and Z. Chen, “Power sharing
strategy of paralleled converters considering efficiency and operation
cost in islanded DC microgrids,” 2023 11th International Conference

on Power Electronics and ECCE Asia (ICPE 2023 - ECCE Asia),
Korea, 2023, pp. 2449-2454.

[19] X. Yu, A. M. Khambadkone, H. Wang, and S. T. S. Terence, “Control
of parallel-connected power converters for low-voltage microgrid—
part I: a hybrid control architecture,” IEEE Trans. Power Electron.,
vol. 25, no. 12, pp. 2962-2970, Dec. 2010.

[20] L. Meng, T. Dragicevic, J. C. Vasquez, and J. M. Guerrero, “Tertiary
and secondary control levels for efficiency optimization and system
damping in droop controlled DC-DC converters,” IEEE Trans. Smart
Grid, vol. 6, no. 6, pp. 2615-2626, Nov. 2015.

VIlI. BIOGRAPHIES

Xiangchen Zhu (Student Member, IEEE) received the B.S. degree in
electrical engineering and automation from the Shanghai University of
Engineering Science, in 2017. He received the master’s degree in
mechanical electronics with joint supervision of Shanghai University of
Electrical Power and Shanghai University of Engineering Science in 2021.
He is currently pursuing the Ph. D. degree from the energy department,
Aalborg University. His research interests include the microgrid optimal
operation, power electronic power system reliability enhancement, and data-
based intelligent power electronic control.

Yanbo Wang (Senior Member, IEEE) received the Ph.D. degree in electrical
engineering from the Department of Energy Technology, Aalborg
University, Aalborg, Denmark, in 2017. Since 2017, he has been with the
Department of Energy Technology, Aalborg University, as a Postdoctoral
Fellow, Assistant Professor, and Associate Professor. From June to October
2016, he was a Visiting Scholar with the Power System Research Group,
Department of Electrical and Computer Engineering, University of
Manitoba, Winnipeg, MB, Canada. His research interests include distributed
power generation system, wind power system, microgrid, power electronic-
dominated power system.

Di Cao (Member IEEE) received the Ph.D. degree in control science and
engineering from the University of Electronic Science and Technology of
China (UESTC), Chengdu, China. He is currently a Postdoctoral Research
Fellow with the School of Mechanical and Electrical Engineering,
University of Electronic Science and Technology of China. His research
interest includes optimization of distribution network and applications of
machine learning in power systems.

Yue Zhang (Member, IEEE) received the B.Sc. and M.Sc. degrees from
Nanjing University of Aeronautics and Astronautics, Nanjing, China, in
2012 and 2015, respectively, and the Ph.D. degree from Southeast
University, Nanjing, China, in 2020, all in electrical engineering. From 2017
to 2019, he was a Visiting Ph.D. with the University of Alberta, Edmonton,
AB, Canada, where he is currently a Postdoctoral Fellow. His research
interests include dc/dc converters and magnetic design.

Yunwei Li (Fellow, IEEE) received the B.Sc. in Engineering degree in
electrical engineering from Tianjin University, Tianjin, China, in 2002, and
the Ph.D. degree in electrical engineering from Nanyang Technological
University, Singapore, in 2006. In 2005, he was a Visiting Scholar with
Aalborg University, Aalborg, Denmark. From 2006 to 2007, he was a
Postdoctoral Research Fellow with Ryerson University, Toronto, ON,
Canada. In 2007, he was also with Rockwell Automation Canada, Edmonton,
AB, USA, before he joined University of Alberta, Edmonton, AB, Canada,
in the same year. Since then, he has been with University of Alberta, where
he is currently a Professor. His research interests include distributed
generation, microgrid, renewable energy, high power converters, and electric
motor drives.

Zhe Chen (Fellow, IEEE) received the B.Eng. and M.Sc. degrees from the
Northeast China Institute of Electric Power Engineering, Jilin, China, in
1982 and 1986, respectively, and the Ph.D. degree from University of
Durham, Durham, U.K., in 1997. He is currently a Full Professor with the
Department of Energy Technology, Aalborg University, Aalborg, Denmark.
He is the Leader of Wind Power System Research Program, Department of
Energy Technology, Aalborg University and the Danish Principle
Investigator for Wind Energy of SinoDanish Centre for Education and
Research. He has led many research projects and has more than 400
publications in his technical field. His research areas include power systems,
power electronics, and electric machines; and his main current research
interests are wind energy and modern power systems.



> FOR CIYCEE 2023 PAPER <



