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Abstract. Large-capacity energy storage systems can meet the demands of micro-grid and the smart 
grid. But the traditional control method is difficult to realize plug and play and seamless switching 
between different operation modes, it has limited the roles of large-capacity energy storage system. 
Virtual synchronous generator (VSG) has became a hot topic in recent years because of its 
synchronous generator external characteristics, such as inertia, frequency voltage regulation and 
automatic phase lock. A novel control strategy based on VSG is proposed for large-capacity energy 
storage systems. Firstly, the topological structure characteristics of large-capacity energy storage 
systems and the basic principle of the novel control strategy based on VSG are introduced, then 
setting method of the control strategy parameters is given. Finally, the proposed control strategy is 
verified by simulation and experiment. The results of simulation and experiment show that 
large-capacity energy storage systems based on this novel control strategy can automatically adjust 
the active power output according to the grid frequency changes and realize seamless switching 
between connected-grid and off-grid mode.  

Keywords: Virtual synchronous generator, energy storage systems, seamless switching, frequency 
and voltage regulation.  

1. Introduction 

With the rapid development of micro-grid and smart grid, the penetration rate of new energy such as 
wind power and photovoltaic (PV), which output is volatile and intermittent, is higher and higher in 
power grid. Energy storage system can improve the distributed power performance, ensure the 
reliability and quality of power supply and maintain the economic stability of power grid[1]. 
Therefore, energy storage technology research for the development and application of smart grid and 
micro-grid is of great significance.   

Traditional energy storage systems usually adopt two-level or three-level circuit topology, but the 
single-machine capacity rarely achieves MW level, which greatly limits its roles of energy storage 
system. In recent years, large-capacity energy storage systems with cascade topology receive a lot of 
attention because of its topological structure characteristics[2, 3], the single-machine capacity can 
easily achieve MW even hundred MW level. However, the control methods of large-capacity energy 
storage systems are still traditional PQ and V/f control. Traditional control strategy cannot realize 
plug and play and real meaning seamless switching. Inspired by traditional synchronous generator, 
literature [4, 5, 6] proposed virtual synchronous generator technologies or similar concepts. Through 
reasonable design, this control method can make the electronic power converters have the excellent 
characteristics of synchronous generator. And this method enables large-capacity energy storage 
system connect to the grid in a similar way of synchronous generator[7], expands the application 
range of large-capacity storage systems. 

The topology structure of the large-capacity energy storage systems and the principle of the novel 
control strategy based on VSG are given in this paper firstly, then the setting method of this control 
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strategy parameters is given. In this way, the large-capacity energy storage systems realize active 
power output regulation automatically and seamless switching between connected-grid and off-grid 
mode. Finally, simulation and experiment results demonstrate the feasibility and effectiveness of the 
proposed control strategy.  

2. Control Strategy Based on VSG for Large-Capacity Energy Storage Systems 

2.1 Electrical Topology of Large-Capacity Energy Storage Systems.  
A 3-phase large-capacity energy storage system with N power converter units per phase, which 
supplies electrical power to grid through inductors (La, Lb and Lc ) is shown in Fig. 1. Here, each unit 
is a single-phase power converter which is electrically fed with an isolated battery pack. The addition 
of each unit output voltage in a phase produces the total output voltage[8, 9], which can reach 10KV 
even 35KV without transformer. The total capacity of this system is the sum of each battery pack 
capacity in three-phase, which can achieve MW even hundred MW level.  
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Fig. 1 The electrical topology of large-capacity energy storage systems  

The electrical topology of each power converter unit is shown in Fig. 2.  

VAC

+

-

VDC

Unit Controller

PWMPower 
Converter Unit

Main 
Controller 

 
Fig. 2 The electrical topology of power converter units 

As shown in Fig. 2, the core part of the power converter unit is a single phase H-bridge circuit [10], 
where VDC is input of the H-bridge circuit, VAC is output. Each power converter unit has an unit 
controller, which communicates with the main controller and performs control commands from the 
main controller. And the control algorithm based on VSG is running in the main controller. 
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2.2 Basic Principle of  the VSG. 
VSG technology is put forward by the university of Leuven firstly [11]. Professor Qingchang Zhong 
perfected the VSG model, in addition to have frequency and voltage regulating function, but also 
reflect the electromagnetic transient process of synchronous generator [4]. The basic principle is as 
follows. 

The induction electromotive force e of synchronous generator can be represented as  
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where Mf is mutual inductance, if is excitation current, ω is the angular frequency, θ is rotor angle. 
Define the generated active power P and reactive power Q as 
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where ia, ib and ic are output current in ABC three phase.  
Thus the electromagnetic torque of synchronous generator can be represented as  
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 (3) 
The mechanical equation of synchronous generator is given by 

m e pJ T T Dω ω= − −

                                                           (4) 
where J is the moment of inertia of all the parts rotating with the rotor, Tm is the mechanical torque, Te 
is the electromagnetic torque, and Dp is a damping factor, which represents the mechanical-friction 
coefficient plus the frequency-drooping coefficient.   

Thus the electromagnetic mechanical digital model of synchronous generator is shown in Fig. 3.   
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Fig. 3 The electromagnetic mechanical digital model of synchronous generator 

This electromagnetic mechanical digital model is the core of VSG technology, which is 
implemented in digital signal processor (DSP). In this way, the power electronic converters have the 
similar external characteristic of synchronous generators.  
2.3 The Novel Control Strategy Based on VSG.  
Based on VSG, this paper proposes a novel control strategy for large-capacity energy storage systems, 
the control block diagram is shown in Fig. 4. As shown in this figure, Pset and Qset are the given 
reference active and reactive power values, ω0=2πf0 (f0=50Hz) represents the fixed angular 
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frequency, P and Q are actual measured values, Ψ represents a integral gain, Dq is voltage-reactive 
power droop coefficient, E0 is the fixed voltage amplitude, Eout is the real output voltage amplitude, E 
is the calculated reference voltage amplitude.  
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Fig. 4 Control block diagram of the novel control strategy based on VSG 

Through the proposed control algorithm based on VSG, we get three elements of the reference 
voltage waveform, that is, amplitude E, frequency ω and phase θ. Then the waveform generator 
generates reference voltage e. Because the reference voltage e is a single-phase signal, therefore, the 
second-order generalized integrator (SOGI) is needed to get a pair of orthogonal signals uα and uβ 
[12].  After αβ/dq coordinate transformation, ud

* and uq
* are obtained. The three-phase reference 

voltage uabc
* of the large-capacity energy storage system are obtained by traditional voltage and 

current double loop controller, and then divided into N equal parts uan
*, ubn

* and ucn
* (n=1~N), which 

are assigned to the unit controllers in each power conversion unit.  
The setting principle of major parameters is given as follows  

,

,
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where TD  is the variation of electromagnetic torque (imaginary), ωD  is the allowed vary range of 
grid angular frequency, ΔP is the vary range of active power output, ΔQ is the vary range of reactive 
power output,  ΔU is the allowed vary rang of grid voltage, τf is an inertial time constant, and τv is also 
a time constant, both of the two time constant should be selected small values. 
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Fig. 5 Block diagram of synchronization control 

The proposed control strategy makes large-capacity energy storage system always act as 
voltage-source model regardless of connected-grid or off-grid. Therefore, once the grid power-off, 
the proposed control strategy can automatically adjust output to match local load, there will be no 
over-voltage or over-current fault. However, when large-capacity energy storage system runs in 
off-grid model a period of time, the amplitude and phase of its output voltage may be different with 
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grid voltage. There will be large impulse current, if system connects to the grid directly in this case. In 
order to realize seamless switching, the proposed control strategy designs presynchronization control, 
as shown the dashed areas in Fig. 5. In this figure, θg is the phase of grid voltage obtained by PLL, Eg 
is the measured amplitude of grid voltage, Δωsyn is the compensation of phase deviation, and  ΔEsyn is 
the compensation of amplitude deviation. When receives the connecting grid command, the system 
cut-in the presynchronous control until the phase and amplitude are synchronous with grid voltage 
completely.  

3. Simulation and Experiment Results 
Under the MATLAB/Simulink, this paper set up simulation system to demonstrate the effectiveness 
of the proposed control strategy. Experiments based on hardware platform with the same parameters 
were carried out to test and verify this control strategy also, and a programmable power supply was 
used to replace the grid. The parameters of the system used in the simulation are given in Table I. 

The simulations and experiments can be divided into two major parts. The first one is the active 
power-frequency droop characteristic validation, the second one is demonstrating the seamless 
switching between connected-grid and off-grid mode. 

Table 1 Parameters of the simulation system 
Parameters Values Parameters Values 

rated voltage  10 KV converter units number 20 /phase  
rated power 2 MW La, Lb, Lc 2 mH 

f0 50 Hz Dp 1267 
DC voltage 720 V Dq 7885 

τv 0.004 s τf 0.004 s 
Fig. 6 is the demonstration of active power-frequency droop characteristic, the given power output 

of this simulation system was 1MW, normal frequency was 50Hz, and decreased to 49.5Hz at 0.2s, 
raised to 50.2Hz at 0.35s. As shown in this figure, this system adjust active power output following 
the frequency changes automatically. The experiment results also confirmed this feature.  

 
Fig. 6 Waveforms of active power-frequency droop, left is simulation result, right is experiment  
Fig.7 shows the seamless switching of this proposed control strategy, the grid power-off at 0.25s 

and restore power supply at 0.35s, when the grid power-off, the energy storage system supply power 
to the local load. As shown in this figure, the upper waveform is the output current of this system, the  
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Fig. 7 Seamless switching demonstration, left is simulation result, right is experiment result 

lower one is current fed into grid. There is no obvious impact current regardless of off-grid or 
connected-grid. In the experiment, a solid-state switch was used to simulate grid power-off and 
interconnection to the grid, which was off at 0.4s and on at 0.7s. Experiment results show no current 
peak regardless of off-grid or connected-grid also. 

4. Conclusions 
In this paper, the idea of operating large-capacity energy storage systems as SGs has been proposed 
and proved to be feasible after establishing a control strategy based on VSG. The implementation and 
operation of such an large-capacity energy storage system, including power regulation and seamless 
switching, have been developed and described in detail. Both simulation and experimental results are 
provided. 
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