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Abstract— The increasing demand for clean energy 

necessitates a large-scale integration of renewable energy 
sources (RESs), which has dramatically changed the 
paradigm of modern power systems. Conventionally, 
synchronous generators with rotating reserves are 
responsible for system frequency regulation. As the 
penetration of RESs grows, the task of frequency 
regulation is supposed to be gradually taken over by 
virtual synchronous generators (VSGs), which are 
essentially grid-interfaced power converters behaving 
similarly to synchronous generators. Nonetheless, unlike 
synchronous generators, VSGs do not possess spinning 
reserves, and hence, energy storage systems (ESSs) are 
required in VSGs. However, the implementation and 
coordination control of ESSs in VSGs have not been 
investigated. To fill this research gap, this paper proposes 
a hybrid ESS (HESS) consisting of a battery and an 
ultracapacitor to achieve the power management of VSGs. 
During load disturbances, the ultracapacitor tackles the 
fast-varying power introduced by inertia emulation while 
the battery implements the remaining parts of VSGs and 
only compensates for relative long-term power fluctuations 
with slow dynamics. In this way, the proposed HESS 
allows reduction of the battery power fluctuations along 
with its changing rate. Finally, experimental results are 
presented to illustrate the effectiveness of the proposed 
concept.  

Keywords—Energy storage system (ESS); frequency regulation; 
renewable energy source (RES); virtual synchronous generator 
(VSG) 

I.  INTRODUCTION 

The increasing penetration of renewable energy sources 
(RESs) has changed the paradigm of modern power systems 
[1]. Nowadays, synchronous generators are responsible for 
frequency regulation. When frequency events occur, they 
perform inertial response, which can slow down the frequency 
dynamics by absorbing or delivering the kinetic energy stored 
in the rotors of synchronous generators and turbines [2]. In the 
future, the task of frequency regulation will be taken over by 

grid-connected power converters. At present, most of the grid-
connected power converters are operated to extract the 
maximum power from RESs without providing any frequency 
regulation capability [3, 4].   

An emerging concept for power converters to implement 
frequency regulation is known as virtual synchronous 
generators (VSGs) or virtual synchronous machines (VSMs) 
[5−7]. The basic idea behind this concept lies in the emulation 
of synchronous generators. However, previous research works 
only concentrate on VSG control and rarely discuss the 
practical implementation of VSGs. In [8−10], the VSG is 
simply implemented as an inverter fed by an ideal DC power 
supply. All the control loops in the VSG, e.g. inertia and speed 
governor, are realized by the ideal DC voltage source, which is 
obviously not the real case. In fact, energy storage systems 
(ESSs) must be involved in VSGs to achieve frequency 
regulation, and the implementation and coordination control of 
ESSs in VSGs have not been investigated in the literature. 

For selection of energy storage units in an ESS, it would be 
desirable that high energy density units and high power density 
units are used together so as to increase the system operating 
efficiency and/or lifetime as well as reduce system costs. One 
example is the hybrid ESS (HESS) composed of a battery and 
an ultracapacitor, where the battery is used for compensation of 
low frequency power fluctuations and the ultracapacitor is used 
for compensation of high frequency power fluctuations 
[11−15]. To fully exploit the advantages of different energy 
storage units, low/high pass filters are normally employed to 
extract low/high frequency power fluctuations in the system. 
However, there is no guideline on how to design the cut-off 
frequency of such filters and it is typically determined through 
trial and error [13-15]. 

In view of the aforementioned issues, a 
battery/ultracapacitor HESS applied to VSGs is proposed in 
this paper. Specifically, the ultracapacitor is used to emulate 
the inertia of a VSG, as this part of the VSG is designed to 
cope with high frequency power fluctuations. The remaining 
parts of the VSG, e.g. droop control and turbine model, are 
emulated by the battery, as they are tasked at compensating for 
relatively long-term power fluctuations with slow dynamics. In 
this way, one can fully utilize the advantages of the 
ultracapacitor and battery to realize a practical VSG system. 
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The power references of the ultracapacitor and battery are 
respectively derived from the virtual inertia emulation and the 
remaining parts of the VSG control rather than conventional 
low/high pass filters. Moreover, since the HESS is used to 
emulate frequency regulation implemented by conventional 
frequency regulators, the control parameters for the HESS can 
easily be designed based on the VSG model. 

II. SYSTEM DESCRIPTION 

Conventionally, the VSG system is simply implemented by 
an ideal DC voltage source connected to an inverter. By 
controlling the inverter to mimic the operation of synchronous 
generators, the objective of frequency regulation can be 
achieved [8−10]. However, the ESS included in the VSG 
system is always neglected. In contrast, Fig. 1 illustrates the 
schematic diagram of the proposed system, where fg denotes 
the system frequency, fo, ωo, and θo represent the output 
frequency, angular frequency, and phase-angle, and the PLL 
stands for the abbreviation of the phase-locked-loop. In Fig. 1, 
frequency regulation is implemented by a battery/ultracapacitor 
HESS. This HESS can be implemented with various 
architectures, as it can be visualized from Fig. 2. Fig. 2(a) 
presents the simplest architecture, where the two units are 
directly connected in parallel. In this case, the independent 
power control cannot be achieved. As compared with Fig. 2(b), 
Fig. 2(c) allows to reduce the voltage rating of the battery. 
Although Figs. 2(d) and (e) enable flexible power controls, an 
additional DC/DC power converter is required. Considering the 
system controllability and simplicity, the architecture shown in 
Fig. 2(c) is eventually employed in this paper. In this case, the 
battery is connected to the ultracapacitor through a DC/DC 
converter, and an LC-filtered three-phase inverter is employed 
as the interface between the ultracapacitor and AC load. 

In Fig. 1, the voltage controller is dictated to follow the 
voltage references given by the frequency controller. Fig. 3 
shows the control block diagrams of the voltage controller, 
where the subscripts ref and pu stand for the reference value 
and per-unit value and Δ denotes the change of relevant 
parameters. Note that the voltage controller consists of two 
separate parts for regulating the DC/DC converter and inverter, 
respectively. The DC/DC voltage controller performs the 
regulation of the DC-link voltage vdc while the three-phase AC 
output voltages vci (i = a, b, c) are regulated in the synchronous 
dq frame by the inverter voltage controller. Both controllers are 
constructed following the standard cascaded control structure, 
which includes an inner current-loop and an outer voltage-loop 
[16]. 

The detailed control block diagram of the frequency 
controller is illustrated in Fig. 4, where Pin_pu stands for the 
input power of the VSG, Pl_pu signifies the frequency-
independent load power, Rd denotes the droop-coefficient, D 
represents the damping factor of the frequency-dependent 
loads, and H designates the combined inertia coefficient, which 
is defined as the ratio of the rotational kinetic energy stored in 
the rotors of synchronous generators to the system base power. 
This frequency controller functions similarly to the standard 
frequency regulator of synchronous generators, which can be 

found from page 598 to page 601 in [2]. The dynamics of the 
speed governor and reheat turbine are also included in Fig. 4. 

 The most important feature of the proposed controllers is 
highlighted in Fig. 3(a). As observed, the DC-link voltage 
reference Δvcdc_ref_pu is dynamically adjusted according to the 
system frequency deviation Δfg_pu through a gain Kf. With this 
method, the power allocation between the battery and 
ultracapacitor can be achieved and will be explained in the next 
section. 

 
Fig. 1. Schematic diagram of the VSG system. 

       
  (a) Parallel               (b) UC + DC/DC                       (c) Battery + DC/DC 

       
                   (d) Paralleled DC/DC                        (e) Series DC/DC 

Fig. 2. Architectures of the HESS. 

1408



III. POWER MANAGEMENT SCHEME 

Since frequency regulation is mainly determined by active 
power, the control blocks concerning reactive power are 
ignored here. From Fig. 4, the following well-known swing 
equation can be obtained [2]: 

_
_ _ _ 2 ,g pu

in pu l pu g pu

d f
P P D f H

dt

Δ
Δ − Δ = Δ +             (1) 

or 

_
_ _ _

Battery
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2 ,g pu
l pu d pu in pu

d f
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         (2) 

where ΔPl_pu is the power variation caused by loads and RESs 
and ΔPd_pu = DΔfg_pu is the power variation caused by the 
frequency-dependent loads. (ΔPin_pu − 2HdΔfg_pu / dt) is the 
power change of the VSG used for balancing the load and RES 
power variations in real time. As shown in Fig. 4, ΔPin_pu 
should follow the power reference given by the frequency-
droop −ΔPr_pu, and it changes slowly due to the time delay 
introduced by the speed governor and turbine. ΔPin_pu equals 
−Δfg_pu / Rd in the steady-state. −2HdΔfg_pu / dt is the VSG 
power contributed by inertia emulation. This term varies very 
fast as it is in proportion to the time derivative of frequency.  

Fig. 5 visualizes the principle of the proposed power 
management scheme. The fundamental idea behind the 
proposed power management scheme is to allocate fast-varying 
−2HdΔfg_pu / dt to the ultracapacitor and the slowly-changing 
ΔPin_pu to the battery so that the advantages of these energy 
storage units can fully be utilized. The following equations 
should be satisfied to achieve this objective, 

_
_ _ ( ),g pu

b pu in pu p
d

f
P P K t

R

Δ
Δ = Δ = − ∗                  (3) 

_
_ 2 ,g pu

c pu

d f
P H

dt

Δ
Δ = −                            (4) 

where “*” stands for the convolution operation, Kp(t) denotes 
the time-domain model of the speed governor and turbine, 
ΔPb_pu and ΔPc_pu respectively represent the power changes of 
the battery and ultracapacitor. ΔPc_pu can alternatively be 
expressed as the following equation by differentiating the 
energy stored in the ultracapacitor: 

2
_

_

2
_ _ _

_

[0.5 ( ) ]1

2

dc dc ref dc
c pu

ref

dc dc ref dc dc ref dc pudc

ref ref
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       (5) 

where Hc = 0.5CdcVdc_ref 
2 / Pref represents the inertia coefficient 

of the ultracapacitor, Pref stands for the system rated/base power 
used for normalization, and the capacitor voltage deviation is 
also normalized by Δvdc = Vdc_refΔvdc_pu. Since Δvdc_pu is related 
to Δfg_pu with Δvdc_pu = KfvΔfg_pu as defined by the frequency 
controller shown in Fig. 3(a), ΔPc_pu can be expressed as: 

_ _
_

_

2 2

2 .

dc pu g pu
c pu c fv c

g pu
fv c

d v d f
P H K H

dt dt
d f

H H K H
dt

Δ Δ
Δ = − = −

Δ
= −  =

       (6) 

From (6), the desired proportional gain Kfv can be derived 
as: 

2
_

2
.ref

fv
dc dc ref

HP
K

C V
=                          (7) 

It should be noted that the maximum value of Kfv depends 
on the allowable deviations of the DC-link voltage and system 
frequency [17]. To ensure linear modulation and avoid 
overstresses of semiconductors, a less than 15% DC-link 
voltage deviation is desired. Based on the above analysis, the 
control parameter values can be derived from the system 
parameter values and listed in Table I, where the emulated 
power system inertia H is designed to be 5.0 s, which is similar 
to the inertia constant of a conventional power system [2]. 

IV. EXPERIMENTAL VERIFICATION 

Experiments were carried out based on the system 
schematic diagram shown in Fig. 1. A photo of the 
experimental test-bed is shown in Fig. 6. The control 

   

Fig. 4. Structure of the frequency controller. 

  
(a) DC/DC converter 

  
(b) Inverter                 

Fig. 3. Structures of the voltage controller. 

   

Fig. 5. Principle of the proposed power management scheme. 
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algorithms were executed on a dSPACE controller 
(Microlabbox), and an eight-channel oscilloscope 
(TELEDYNE LECROY: HDO8038) was used to capture the 
experimental waveforms. 

Fig. 7 presents the steady-state experimental results of the 
proposed VSG system. As expected, the waveforms of the AC 
voltages vci (i = a, b, c) are controlled as clean sinusoidal while 
the DC-link voltage vdc is maintained as a constant 400 V, 
thereby proving the effectiveness of voltage control. 

Fig. 8 illustrates the system frequency response under a 3% 
step-up load change. It can clearly be observed that the VSG 
exhibits similar inertial frequency response as conventional 
synchronous generators under this frequency event. Moreover, 
the DC-link voltage vdc tightly tracks its reference and varies in 

proportion to the system frequency fg. As mentioned, the 
variation of vdc achieves the delivery of the inertial power. As a 
result, only the slowly-changing power is handled by the 
battery.  

The effectiveness of the proposed power management 
scheme is validated by Fig. 9, where the power allocation 
between the ultracapacitor and battery under the same 3% step-
up load change is illustrated. As seen, the ultracapacitor 
responds promptly to the frequency event, which allows 
smooth discharge of the battery. 

Fig. 10 further demonstrates the performance of the HESS 
under an intermittent RES output, where the power data was 

Table I. System and control parameter values. 

Description System parameter Description Control parameter 

 Symbol Value  Symbol Value 

Battery voltage reference Vb_ref 250 V Frequency-droop coefficient Rd 0.05 

DC filter inductance Lb 5.6 mH Speed governor coefficient TG 0.1 s 

DC-link voltage reference Vdc_ref 400 V Turbine HP coefficient FHP 0.3 s 

DC-link capacitance Cdc 3.76 mF Time constant of reheater TRH 7.0 s 

AC filter inductance Li 1 mH Time constant of main inlet TCH 0.2 s 

AC filter capacitance Cf  50 µF Inertia coefficient H 5.0 s 

Frequency reference fg_ref 50 Hz Load damping coefficient D 1.0 

Maximum frequency deviation Δfg_max 0.2 Hz UC inertia coefficient Hc 0.3 s 

Maximum DC-link voltage deviation Δvdc_max 27 V Frequency-voltage gain Kfv 16.6 

Active power reference Pref 1 kW Gird voltage reference Vc_ref 110 V rms 

 
Fig. 6. A photo of the experimental prototype. 

 
Fig. 7. Steady-state experimental waveforms of the proposed VSG system. 

 
Fig. 9. System power responses under a 3% step-up load change. 

 
Fig. 8. System frequency responses under a 3% step-up load change. 
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randomly generated to validate the power allocation of the 
proposed HESS-based VSG. A ramp rate limit of ±10% per 
second was applied when generating the data set according to 
[18]. 

Under this scenario, the high frequency power disturbances 
can again be compensated by the ultracapacitor, and the power 
fluctuations of the battery can be reduced, which is in 
consistence with the theoretical analysis.  

V. CONCLUSION 

This paper has proposed a battery/ultracapacitor HESS to 
implement the VSG as different energy storage units are 
suitable for different control objectives in the VSG. To be 
specific, the ultracapacitor is used to emulate the inertia of the 
VSG and cope with high frequency power fluctuations, while 
the battery is used to emulate the remaining parts of the VSG, 
e.g. droop control and turbine model, to compensate for 
relatively long-term power fluctuations with slow dynamics. In 
this way, the power fluctuations of the battery along with its 
changing rate can dramatically be reduced. Since the HESS is 
used to emulate the inertia coefficient, droop control, speed 
governor and turbine in a VSG model which are all well-
known parameters, the controller design of the HESS is very 
straightforward and does not rely on the conventional low/high 
pass filters. Experimental results are presented to prove the 
effectiveness of the proposed HESS-based VSG. 
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