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Abstract—In this paper, a dynamic power system model is
proposed, with the aim to study the interconnection between
energy storage (ES) systems such as compressed air energy
storage (CAES) and power networks. All features in a power
system, e.g., frequency, voltage, current, active and reactive
powers, are considered in the model. Furthermore, the dynamic
model enable an easy integration of ES models, making it a useful
software tool to study the feasibility of ES in providing ancillary
services to power networks. Case studies with the integration of
CAES have been carried out, which reveal that the CAES has the
potential to strength and optimize the operation of power
systems, especially in terms of load balance, and frequency and
voltage regulation.
Keywords—dynamic power system; energy storage; frequency
control; grid integration; modeling.

I. INTRODUCTION
The deployment of renewable energy has been increasingly
expanded during the last years to address the issues of
depletion of fossil fuel resources and environmental problems
[1]. However, the nature of unpredictability, variability and
intermittent of renewable energy such as wind and solar poses
great challenges to the operation of power network in terms of
stability and reliability as a result of the unbalance between
power generation and demand [2]. Energy storage (ES) has
been recognized as one promising technology to tackle the
challenges due to its capability of decoupling the fluctuating
power supply from consumption [3, 4]. ES is able to support
and enhance the operation of power network in a range of
aspects: power quality, voltage and frequency regulation, load
following, energy management, time shifting, fault ridethrough capability, standby reserves, to name but a few [5, 6].
A number of well-known ES technologies has been
reported, which can be categorized, according to the stored
energy form, into mechanical (pumped hydroelectric storage,
flywheels, compressed air energy storage (CAES)), electrical
(super-capacitors, superconducting magnetic energy storage),
electrochemical (rechargeable batteries and flow batteries),
thermochemical, chemical and thermal energy storage (TES),
etc. [7]. In particular, as a commercialized and sustainable ES
technology, CAES is suitable for numerous applications
because of its scales from small to large (tens of kW to
hundreds of MW) and storage durations from short to long with
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moderate response time (seconds to minutes) [5, 8]. At present,
new technologies such as liquid air energy storage (LAES) and
advanced adiabatic CAES (AA-CAES) which can be combined
with TES are under increasing development with improved
round efficiency which can reach 70% [7, 8]. Furthermore,
small- and micro-scale CAES systems attract more and more
attention due to their advantages in improved efficiency, fast
response, long life-time, low self-discharge, low-maintenance
and reliability [8]. These features enable the CAES to be
exploited as the alternative to high-cost ES such as batteries
and super-capacitors [7, 8].
In different countries and areas, there is a series of Grid
Codes that specific the technical boundary requirements related
to the operation of and connection to the electricity network
[9]. For example, the Great Britain (GB) Grid Code stipulates
that all generating units must be able to support frequency
/voltage control by continuous modulation of active/reactive
power to maintain the stability and reliability of power
networks [9, 10]. According to the GB Grid Code, the nominal
grid frequency range in the UK is 50 ± 0.5 Hz under normal
operations, and in emergency critical situations from 47.0 to
52.0 Hz [9, 10]. In this case, there are requirements on the
active power output level and duration of grid-connected units
[10]. Regarding the voltage regulation, it is essential for the
units to obey the fault/low-voltage ride-through requirements,
and more importantly to support the recovery of the voltage
level [9].
With the rapid propagation of ES which would act as
independent units in power networks or auxiliary facilities in
power plants (including renewable energy), it is necessary to
study the capability of ES in improving the operation of power
systems and to investigate its feasibility in helping the
realization of Grid Codes [9]. It is rather important for ES to
response rapidly in order achieve the frequency regulation by
primary (GB: 10 – 30 s) and/or secondary (GB: 30 s to 30 min)
frequency control [9, 11]. It has been confirmed that the ES
systems with fast response, such as batteries and flywheels, are
able to contribute the frequency regulation [11, 12]. The ES
technologies with slow response at minute level, including
large-scale CAES, on the other hand, has the potential to
support frequency control by combing with fast response ES
technologies such as batteries and flywheels. In addition, as
aforementioned, micro- and small-scale CAES has a reduced

response time at second levels, thus could be explored the
feasibility in supporting frequency and voltage regulation.
Dynamic modeling and simulation is a useful strategy to
investigate and study the operation of power networks with the
integration of ES. Dynamic and mathematical models of the
components in CAES, including compressors, air storage tanks,
and expander, etc., have been developed and built in
Matlab/Simulink [8, 13]. There are a number of well-developed
electrical power system analysis software such as DIgSILENT
PowerFactory and OpenDSS [11, 14], which however are not
suitable for the application with the CAES models. Therefore,
it is necessary to exploit the development of dynamic power
system models, which can significantly facilitate the study of
the performance of ES when integration with the power grid.
With this motivation, in the present work dynamic power
system models are developed based on the modeling of
synchronous generator (SG), transmission line, and power load.
All attributes in power systems are included in the models.
Different case studies reveal that the CAES has the potential to
strengthen and optimize the operation of power system
especially in terms of frequency and voltage regulation.
II. MODELING OF SYSTEM COMPONENTS
Essentially, a power system consists of SGs, transmission
lines, and loads (other components such as transformers can
also be taken into account if necessary) [15]. Among these
elements, SG is the most important one that generates electrical
power and affects the operation of power systems. Therefore,
the development of SG models is crucial for the dynamic
power system modeling. This section gives a brief introduction
of the principle and mathematical descriptions of SG and the
model development [16-19]. A power system model can then
be developed by combining the SGs with the models of
transmission lines and loads and featuring with frequency and
voltage droops with desired dynamic performance.
A. Synchronous Generator
Basically, the modeling of SG is based on the models in
[15-17]. However, significant improvements have been made
in order to enhance the dynamic performance and also fulfill
the control of frequency especially the secondary control for
the application in a power system.
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where Mf > 0 is the mutual inductance between the rotor and
stator windings when θ = 0. Therefore, the flux linkages of the
stator windings are obtained as
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where if is the rotor excitation current, and i denotes the stator
phase currents vector expressed as i = [ ia

ib

ic ] .
T

Assuming the currents are balanced, i.e., ia + ib + ic = 0, the
following can be obtained
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where Ls = L + M. The phase terminal voltages can thus be
obtained as [16]
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θsin = sin (θ − 2π / 3)  . If the rotor excitation current is
sin (θ − 4π / 3) 
di
(5)
v = M f i f θθsin − Ls − Rs i .
dt
Based on (5), the generated active power P and reactive
power Q (including the power losses in the stator windings)
can be obtained as [21]
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constant, (4) can be rewritten as [16]
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First of all, the modeling of a round rotor SG in is briefly
reviewed. The geometry of the windings is shown in Fig. 1 [16,
20]. The rotor (or field) winding has a self-inductance Lf, and
the stator windings have self-inductance L and mutual
inductance –M. The mutual inductance between each stator and
the rotor coil is given as [16]:
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Fig. 1. Geometry of the windings of a round rotor SG [16].

 P = M f i f θθsin ⋅ i
,



Q = M f i f θ θsin × i = − M f i f θ θcos ⋅ i

(6)

dθ
where θ =
, ‘·’ denotes the dot product and ‘×’ denotes the
dt
cross product of vectors.

The mechanical equation of the SG is given as [22]
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where J is the inertia, D is a damping factor and Tm is the
mechanical torque. Te is the electromagnetic torque, which can
be yielded by dividing the active power P in (6) with the
rotating speed θ , given as:

Te = M f i f θsin ⋅ i .

–

ut

R=

3U 2 Pn
3U 2 Qn
,L = 2
.
2
2
Pn + Qn
( Pn + Qn2 )θn

R=

Qn .
3U 2
,C = −
Pn
3θn U 2

In a power system, the power sources (SGs) should share
the power demand evenly in proportion to their capacities.
Therefore, the frequency droop should be achieved in SGs [24].
Typically, a 100% increase in power will decrease the
frequency by 3 – 5% [9]. The frequency droop can be achieved
by comparing the actual angular speed θ with the nominal grid
frequency θn and multiplying the difference with a gain Dp to
the mechanical torque Tm in (7):
Dp = −

Lt

Resistive loads consume active power while inductive and
capacitive loads take reactive power. The input of a load can be
voltage or current, and the output vice versa. In the modeling of
a power system that may contains more than one power source,
it is better to choose the current as the input of loads to meet
the superposition principle.
For the modeling of loads, constant impedances (frequency
independent) are used. When the load is resistive, it is
modelled as a resistor. When the load is inductive (positive
reactive power) a resistor in series with an inductor is used.
When the load is capacitive (negative reactive power) a resistor
in parallel with a capacitor can be modeled. The load structures
(one phase) are shown in Fig. 3, R is the resistance, L is the
inductance and C the capacitance, i is the current through and u
the voltage across the components.
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where ∆T denotes the change in the mechanical torque Tm.
Hence, considering the frequency droop, (7) can be rewritten as

Fig. 2. Transmission line.

+
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III. POWER SYSTEM MODELING
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When Qn < 0, R and C can be yielded as:

(8)

B. Transmission Lines and Loads
Apart from SGs, transmission lines and loads (three-phase)
are indispensable in a power system. A transmission line in a
power system can be generally simplified as an inductor (Lt) in
series with parasitic series resistor (Rt) [23], as illustrated in
Fig. 2, ut is the voltage across the transmission line and it the
current through it.

+

where U is the RMS value of u. When Qn > 0, R and L can be
derived as:
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Fig. 3. Structures of different loads in one phase. (a) Resistive. (b) Inductive.
(c) Capacitive.

Under balanced and symmetric grid condition, assuming
the nominal active power of load at nominal frequency and
voltage amplitude is Pn, and the reactive power is Qn, when Qn
= 0, the load is given as
R =

3U 2 ,
Pn

(9)
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In comparison with Dp, D is small that could be ignored.
Similarly, a voltage droop control can be achieved by
regulating the reactive power Q produced by the SG. The
drooping coefficient Dq is defined as
Dq = −

∆Q ,
V g − Vn

(14)

where Vn is the nominal amplitude of per-phase grid voltage
and Vg is the amplitude of actual grid voltage
( v g = vga

vgb

T

vgc  ).

Based on the aforementioned descriptions and models of
the SG, transmission line and loads, and frequency and voltage
drooping implementation, the block diagram of a power system
with one SG is shown in Fig. 4. The mechanical torque Tm can
be obtained approximately by dividing the active power
reference Pr with the nominal speed θn [16]. An important part
of the model is the frequency loop based on (13). The three
equations in the middle box were deduced previously as (8),
(6), and (5), respectively. In order to finish the control loops,
Mfif is generated from the integrator (with a gain of 1/K) of the
reactive power error between the reactive power reference Qr
and the actual value Q in addition with that resulted from the
voltage droop loop [16, 19].
The transient response time of the SG could be adjusted by
tuning J and K, but can only be up to few seconds, or serve
oscillations will be generated or even instability being triggered
[25]. This is not suitable for the study of the power network

frequency control which can be at the level of minutes [9]. In
order to tackle this problem, a time delay Td(s) is added into
both the frequency and voltage droop loops, which is
approximated using the first-order Padé approximant method
[23], expressed as:

Td ( s ) =

−

td
s +1
2
,

(15)

td
s +1
2

where td is the delay time.
In order to accomplish the frequency control in power
systems, an integral term is added in both the frequency and
voltage droop loops, to form a PI controller together with the
proportional drooping coefficients Dp and Dq. The switches S1
and S2 provides the option of secondary frequency control
(when closed) to recover the frequency and voltage in the
presence of load changes. The switch S3 is used to choose the
frequency reference. Before an integrated power source such as
CAES is connected with the power system, the actual grid
frequency θ g (detected for example by a frequency-locked
loop (FLL) [26]) is chosen for the purpose of grid
synchronization (together with the reset for the integrator of the
rotor phase θ). Afterwards, the droop control can be activated
by using θn as the reference. Since J and K affect the time
constants of the two drooping loops, while the influence is far
smaller than that of the additional time delay, J and K can be
set properly so that the dynamic response times can be adjusted
by changing solely the delay time td.
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PARAMETERS OF POWER SYSTEM

Quantity
Nominal grid RMS voltage
Nominal grid frequency
Active power rating
Reactive power rating
Internal resistance of SG
Internal inductance of SG
Transmission line resistance
Transmission line inductance
Frequency drooping coefficient
Voltage drooping coefficient

θn

+

Td ( s )

–

θg

IV. RESULTS

First of all, the performance of an 11 kV power system with
one power source is examined. The parameters are shown in
Table I. The drooping coefficient Dp is chosen to give a
frequency drop of 5% when there is a 100% increase in active
power (from nominal power), and Dq to give a voltage drop of
2.5% versus a 100% increase in reactive power. The load
demand steps from 10 to 20 MW at 20 s. The secondary
frequency control is activated at 40 s by closing the switches
S1 and S2 (see Fig. 4).
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Fig. 4. Block diagram of a power system.

The power system shown in Fig. 4 only contains one power
source. In a power network that has more than one power
source, the grid voltage vg is generated from the superposition
of their output currents from the transmission lines.

Value
11 kV
2π·50 rad/s
10 MW
0
0.1 Ω
1 mH
1.4 Ω
3.4 mH
20264
44536

The models of SG, transmission line and loads have been
developed and built in Matlab/Simulink. Power networks based
on the models with different structures are investigated. Some
simulation results are demonstrated below to show the validity
of the dynamic power system modeling method.

S1

Integral
+

TABLE I.

(b)

Time(s)
Fig. 6. Power output of a CAES system.

In a second scenario, a power system with a main SG (25
MW) and a CAES system (with a SG, 10 MW) is tested. The
air part of the CAES including compression and combustion
has been well developed in [3, 8, 13]. For the purpose of
simplicity in simulation, the power output of a CAES is
modeled as Fig. 6. The rated reactive power Qr of the main SG
is set to 3.5 Mvar to compensate the reactive power loss.
Initially the load is set to 20 MW, which increases to 30 MW at
15 s. The CAES is connected to the power network at 30 s. The
CAES shares the power (S3 to θn ) from 50s. Both of the main
SG and CAES trigger the secondary frequency control at 80 s.

(c)
1

10 4
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Fig. 5. Simulation results with one power source. (a) Total active and
reactive power. (b) Grid frequency. (c) Grid voltage amplitude. (d) Grid
voltage and current waveforms.

Results are presented in Fig. 5. As shown in Fig. 5(a),
during the first 20 s period the generated active power is larger
than 10 MW due to the power loss in the transmission line. As
a result, the grid frequency is below 50 Hz at the steady-state.
From 20 s, the active power increases to 24.1 MW (including
power loss) which further reduces the frequency. It takes about
10 s (20 – 30 s) for the frequency to reach the steady-state
value. The reactive power loss due to the inductance in the
transmission line gives rise to the changes in the grid voltage
amplitude. From 40 s, the secondary frequency control brings
the grid frequency back to its nominal value (50 Hz) and also
the grid voltage amplitude by increasing the active power (or
torque) and reactive power respectively [11]. Fig. 5(d) shows
the waveforms of the generator voltage and current around 20 s
when the load changes. As can be seen, the current is
substantially increased.

Results are shown in Fig. 7. During the first 15 s period, the
frequency can be eventually stabilized at 50 Hz, and the
voltage amplitude at its nominal value, because the power
losses have been compensated. When the load increases at 15 s,
the frequency decreases as expected, as well as the voltage
amplitude due to the increase in reactive power. It should be
noted that when the CAES is integrated with the grid at 30 s,
the frequency of the CAES has already been identical to the
grid frequency (main SG), and the voltage has been
synchronized with the grid voltage. Therefore a smooth grid
connection is achieved. At the beginning, the CAES injects all
its power (P = 10 MW, Q = 0) to the grid. As a result, the grid
frequency increases as well as the grid voltage amplitude. The
CAES starts to share the power with the main SG at 50 s with
slight rise in both active and reactive power output. However,
still the grid frequency and voltage are under their nominal
values. Therefore, when the secondary frequency control (and
also voltage control) begins to work at 80 s, the active and
reactive power from both SGs are increased to recover the grid
frequency and voltage amplitude to their nominal values.

Active power of main SG

Active power of CAES
Reactive power of main SG
Reactive power of CAES

(a)

Frequency of main SG
Frequency of CAES

(b)

(c)
Fig. 7. Results of a power system with an integrated CAES. (a) Active and
reactive powers. (b) Frequencies. (c) Amplitude of the grid voltage.

V. CONCLUSION
Dynamic power systems have been modeled based on the
modeling of SG, transmission line, and loads, which facilitates
the study of the interconnection of ES such as CAES with
power network. The frequency and voltage control with desired
dynamic performance are designed. Simulation results verify
the validity of the dynamic power system modeling. The results
show the potential of CAES to support the operation of power
systems. The dynamic models can be applied to other ES
technologies. Efforts are being made to further study the
performance of the whole system with CAES.
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