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Abstract: Compressed air energy storage is a well-used technology for application in high voltage 10 

power system but researchers are also investing efforts to minimise the cost of this technology in 11 

medium and low voltage power system. Integration of this energy storage requires a robust control 12 

of power electronic converter to control the power injection due to the dynamic behaviour of the 13 

system. The conventional linear control design requires a thorough knowledge of the system pa- 14 

rameters, but the uncertain disturbances caused by the mechanical properties of the energy storage 15 

is neglected in the design and the system fails in presence of such instances. In this paper an adaptive 16 

control based boost converter and sliding mode control based three phase inverter for grid inte- 17 

grated compressed air energy storage system of up to 1kW has been presented which can mitigate 18 

any uncertain disturbances in the system without prior knowledge of the system parameters. The 19 

experimental results along with simulation results are also presented to validate the efficiency of 20 

the system. 21 

Keywords: compressed air energy storage, DC-DC converter, voltage source inverter, non-linear 22 

control, model reference adaptive control, sliding mode control. 23 

 24 

1. Introduction 25 

The natural resources like coal, oil or natural gas are decaying day by day whereas 26 

the power demand is steadily increasing. So, the shortage of the energy needs to be har- 27 

vested from some other sources. The alternative energy sources like solar and wind are 28 

gaining a lot of interest and being installed to meet these energy demands [1-3]. These 29 

renewable energy sources are available in plenty but they are highly dependent on differ- 30 

ent weather conditions [4, 5] which imposes adverse effect on power quality when con- 31 

nected to grid. To mitigate this problem an energy buffer is created using energy storage 32 

devices [6, 7].  33 

Different types of energy storage systems (ESS) are available in market which can be 34 

used along with the renewable sources. A lot of researches have been carried on battery 35 

energy storage, pumped hydro storage, flywheel energy storage, compressed air energy 36 

storage (CAES) and super-capacitors [8 - 9]. 37 

CAES is an established large-scale energy storage technology that has been imple- 38 

mented at the grid level for over 40 years [10 - 15]. In conventional CAES systems, electri- 39 

cal energy is used to power compressors that drive air into large underground storage 40 

caverns at high pressures. This air is stored and later expanded through turbines, creating 41 

work to drive electrical generators. Through this charging and discharging process elec- 42 

tricity can be stored in the form of high-pressure air, recovered and fed back into the grid. 43 

When comparing the merits of competing ESS, CAES excels in energy storage capacity, 44 
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output power and storage duration [13]. In addition to these qualities, CAES systems are 45 

effective across a wide range of storage capacities, and as such there is growing interest in 46 

small-scale CAES. Micro-CAES systems utilize smaller over ground storage vessels in- 47 

stead of underground salt caverns and demonstrate a more adaptable solution for inte- 48 

gration with distributed generation and alleviate the requirement of suitable geological 49 

conditions to be met, that traditional CAES technologies rely upon [14]. Integrating small- 50 

scale CAES systems with distributed renewable generation will allow for downsizing of 51 

the installed power generation devices, peak shaving of demand and increased autonomy 52 

for the distributed power generator [15]. 53 

The output voltage of the small power CAES varies in the range up to 300V DC and 54 

depends on a lot of mechanical factors which leads to deviation in DC link voltage. To 55 

convert into standard grid voltage, it should be properly maintained by a DC-DC boost 56 

converter. Although, in the process of step up of this variable DC link voltage additional 57 

fast transients are introduced into the system owing to load variation. So, the boost con- 58 

verter used to step up the DC voltage must be efficient and the controller should be robust 59 

enough to maintain the DC link voltage to the desired value [16]. 60 

The basic boost converter structure exhibits non-minimum phase properties which 61 

demand the design of indirect control schemes. The popular techniques involve first order 62 

inductor current dynamics or second order dynamics of total stored energy which depend 63 

on the circuit parameters. So, if the system is affected by unexpected fluctuations from the 64 

load side or from the input or there is some parametric variation involved, the perfor- 65 

mance of the converter deteriorates. These variations are very common in case of renew- 66 

able energy systems as well as some ESS like compressed air energy storage. So, the re- 67 

searchers have focused on the design of robust control techniques to mitigate the effects 68 

of these problems associated with variable voltage fed boost converter [16 - 18]. 69 

Adaptive control technique is quite simple and efficient when implemented for a sys- 70 

tem whose model has variable circuit parameters with high input fluctuation and load 71 

deviations. Application of various simple adaptive control (SAC) techniques have been 72 

shown in different fields of engineering namely flight control [19], power system [21], 73 

robotics [22], drug infusion [23], motor control [24] and other [25]. In literature it can be 74 

observed that SAC technique has some limitations like the system needs to be almost 75 

strictly passive (ASP) and the transfer function of the system must be almost strictly pos- 76 

itive real (ASPR). For non-ASPR system various parallel feed-forward compensator (PFC) 77 

can be used to make the system ASPR in order to apply SAC [19]. However, the PFC 78 

should be sufficiently small so as to keep the behaviour of the actual plant similar, yet 79 

guarantee the system satisfy the ASPR condition to apply the adaptive control. In this 80 

work among the various control techniques model reference based adaptive control 81 

(MRAC) technique has been considered to control the DC link voltage at the output of 82 

boost converter and corresponding PFC has also been designed. 83 

Once the DC link voltage is maintained mitigating the effects of all uncertainties and 84 

fluctuations, this voltage is converted to AC in order to be connected to the AC grid. Volt- 85 

age source inverter (VSI) is used for its unmatched merit over the other DC-AC converters. 86 

To reduce the unwanted harmonics produced by the high switching frequency of the VSI, 87 

an LCL filter is connected to the output of the VSI. However, this makes the system com- 88 

plex. A transformation of the system to dq reference frame is adopted for this purpose, 89 

however, strong coupling terms make the design of controller much complicated. Over 90 

the years of research, different decoupling strategies have been reported in literature. A 91 

decoupling technique based on feedback linearization theory has been discussed in [26, 92 

27]. Though the grid current control is effective, the design is very much complex. Another 93 

model order reduction method has been used in [28] but, the grid current is controlled 94 

indirectly in this case and there remains phase difference between control variable and 95 

grid voltage. Also the effect of parameter variation, operating point changes are not taken 96 

into the control design. In this regard it is better to use a sliding mode control technique 97 

to solve these problems [29]. 98 
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The CAES based grid system also shows different uncertainties in terms of the power 99 

injection to the grid and several disturbances in voltage due to the mechanical constraints 100 

associated with it. So, sliding mode control (SMC) as discussed in [29] has been imple- 101 

mented in this work to successfully integrate CAES with the grid. 102 

The presented paper develops a new integration technique of a small scale CAES to 103 

the medium voltage grid with a two stage conversion. An improved MRAC approach is 104 

proposed to cope with the uncertainties of the DC-DC conversion including CAES voltage 105 

fluctuations and the loading conditions from the DC-AC stage. A smart decoupling of the 106 

DC-AC conversion control into two independent subsystems with SMC controllers is in- 107 

troduced allowing to mitigate parametric disturbances and to decouple the control of the 108 

active and reactive powers injected into the grid. 109 

The rest of the paper is organized as follows: section 2 describes the overall system 110 

configuration. The details of the compressed air energy storage is elaborated in section 3. 111 

In section 4 the design of the entire system controller has been described. Finally, the cor- 112 

responding simulation and experimental results have been shown in section 5 and section 113 

6 respectively. 114 

2. System configuration 115 

The layout of the total system under study has been shown in Figure 1. It comprises 116 

of a CAES, a DC-DC boost converter, a voltage source inverter, a filter and a step-up trans- 117 

former (110V/230V). The output of the CAES is given to the boost converter to step up to 118 

450V and this boosted voltage is converted to three phase AC and connected to the grid.  119 
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Figure 1. Block diagram of the system under study. 121 

During a power demand by the grid the CAES delivers the required amount of active 122 

power to the grid. The grid voltage (vg,k), grid current (ig,k), inverter output current (iinvk), 123 

filter capacitor voltage (vcf,k) at the output of the inverter [where k = phase A, B, C] and DC 124 

link voltage (VDC) are measured using voltage and current sensors. The feedback signals 125 

ig,k and VDC  are compared to their specific references marked with the corresponding sub- 126 

script “ref” to produce the error signals, which eventually are fed to the controller to pro- 127 

duce the control signals to the system. The classical controller performance for the boost 128 

converter worsens in presence of unknown fluctuation in input supply and load due to 129 

the non-minimum phase characteristic of the boost converter. 130 

It is important to design a power flow controller that will provide the required 131 

amount of power to the grid from the CAES. A sliding mode control based power flow 132 

controller for the VSI is developed for this purpose. For a specific power demand, the 133 

controller controls the gate pulses of the VSI to deliver the required power to the grid with 134 

maintained grid voltages. 135 
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3. Compressed air energy storage details 136 

The micro-CAES system employed is designed around the use of an air motor. Air 137 

motors, or expanders, generate work from the expansion of compressed air. Coupling air 138 

motors with electrical generators therefore creates systems capable of converting potential 139 

energy in the form of high-pressure air into electrical power. A number of types of air 140 

motor are available, with the scroll-type air motor being chosen as the sub component 141 

owing to the robust, reliable and smooth operation [11, 12]. Scroll motors are comprised 142 

of two identical interlocking scroll blades, with one fixed and the other mounted on a shaft 143 

at an offset, such that the moving scroll can rotate eccentrically around a fixed orbit. Sealed 144 

chambers are created by the meshing of the two scroll blades and depending on the stage 145 

of the orbit of the moving scroll, the chamber volumes vary. When driven with com- 146 

pressed air, the expansion causes work to rotate the scroll shaft.  147 

4. Design of the system controller 148 

The practical circuit for the proposed work is shown in Figure 2. In this work two 149 

robust controllers have been designed: an MRAC controller for the boost converter to 150 

maintain the DC link voltage and one SMC controller to control the power flow from en- 151 

ergy storage to grid through the VSI. The design of both controllers is described in the 152 

following subsections. 153 
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Figure 2. Block diagram of the system under study. 155 

4.1. Control of DC link voltage 156 

To design the MRAC controller for the boost converter to maintain the DC link volt- 157 

age, the reference plant model for the converter is to be chosen first. According to the 158 

circuit diagram for the boost converter given in Figure 2, the linearized state space model 159 

around an arbitrary operating point is described as: 160 

�̇� =

[
 
 
 −

𝑅

𝐿
−
1 − 𝐷

𝐿
1 − 𝐷

𝐶
−

1

𝑅𝐿𝑜𝑎𝑑𝐶]
 
 
 
𝑥 + [

𝑉𝐶
𝐿

−
𝐼

𝐶

] 𝑢

𝑦 = [0 1]𝑥 }
  
 

  
 

 (1) 

where, the system states are 𝑥 = [∆𝑖𝐿 ∆𝑣𝐶]
𝑇 and the input is 𝑢 = [∆𝑑]. I, Vc and D are 161 

the steady state values of the inductor current iL, output voltage vC and duty cycle d of the 162 

transistor switch Tb around the operating point and Δ corresponds to the deviation of 163 

these parameters from steady state. In the state equation RLoad is the resistance as seen by 164 

boost converter and is given by 𝑅𝐿𝑜𝑎𝑑 = 𝑉𝐶
2 𝑃𝐷𝑒𝑚𝑎𝑛𝑑⁄  with PDemand is the required power at 165 

the output. So, from the state matrix it is clear that the zero of the boost converter system 166 

is given as 167 
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𝐼
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𝐿
 

(2) 

which is located at the right half of the s-plane and hence the system becomes non-mini- 168 

mum phase and non-ASPR. In order to apply the MRAC control technique the system first 169 

needs to be converted into ASPR system by adding suitable PFC to the system. The trans- 170 

fer function for the model in Equation (1) is of the form 171 

𝐺(𝑠) =
𝑌(𝑠)

𝑈(𝑠)
=

−𝑘1𝑠 + 𝑘2
𝑠2 + 𝑘3𝑠 + 𝑘4

 (3) 

where, ki (i=1,2,3,4) is a positive constant. 172 

For the system in Equation (1) with L = 8.2 mH, R = 82 Ohm, C = 1120 uF, RLoad = 100 173 

Ohm, Vc = 450 V, I = 10.12 A and D = 0.55 the root locus of the transfer function in Figure 174 

3(a) shows the non-ASPR character of the system. Since, the direct MRAC technique can- 175 

not be applied to the system with non-minimum phase a PFC is designed to make it min- 176 

imum phase. But, in order to keep the system dynamics intact, it must be ensured that the 177 

augmented plant output should be almost same as the actual plant output with this mod- 178 

ification. 179 

 
 

(a) (b) 

Figure 3. Root locus of the (a) uncompensated system; (b) compensated system. 180 

To design the PFC, it must be ensured that the plant is stabilizable using any control- 181 

ler. So, a PI controller is designed by root locus method to shift poles to the left side of the 182 

s-plane as 183 

𝐶(𝑠) =
. 0001𝑠 + .03

𝑠
 (4) 

Now, to make the system minimum phase and of relative degree one, a PFC is designed 184 

as inverse of a PD compensator D(s) that stabilizes the series combination of C(s)G(s). The 185 

PFC is thus designed using the root locus method as 186 
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 (5) 

Figure 3(b) shows the root locus of the augmented system 𝐺′(𝑠) = 𝐶(𝑠)𝐺(𝑠) + 𝑃𝐹𝐶 187 

which is now minimum phase and of relative degree one and hence the MRAC technique 188 

can be applied to this augmented system. 189 

The control block diagram for the MRAC based DC link voltage control is shown in 190 

Figure 4. The reference model for the controller is chosen as 191 

𝐺𝑅𝐸𝐹(𝑠) =
𝑌𝑚(𝑠)

𝑅(𝑠)
=

𝑏𝑚
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 (6) 

where, am and bm are positive constants. 192 
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Figure 4. Control block diagram of MRAC controller for boost converter. 194 

The objective of the controller is to minimise a convex function 𝐽(𝑎) = 0.5𝑒𝑚
2, where 195 

a is the adaptation parameters (ar and ax), em is the error between the desired output ym and 196 

augmented plant output xm and is given by 197 

𝑒𝑚 = 𝑥𝑚 − 𝑦𝑚 (7) 

If the error is increased due to system conditions then the MRAC modifies the control 198 

parameters ar and ax so as to minimise the error. 199 

The adjustment mechanism of conventional MRAC to change the control parameter 200 

in the direction of negative gradient of J(a) is given in [25] as 201 

𝑑𝑎𝑟
𝑑𝑡

= −𝛾′
𝜕𝐽

𝜕𝑎𝑟
= −𝛾′𝑒𝑚

𝜕𝑒𝑚
𝜕𝑎𝑟

𝑑𝑎𝑥
𝑑𝑡

= −𝛾′
𝜕𝐽

𝜕𝑎𝑥
= −𝛾′𝑒𝑚

𝜕𝑒𝑚
𝜕𝑎𝑥}

 

 

 (8) 

where, γ' is the adaptation gain.  202 

The control law is taken as 203 

𝑢(𝑡) = 𝑎𝑟(𝑡)𝑟(𝑡) − 𝑎𝑥(𝑡)𝑥𝑚(𝑡) (9) 

From (3) and (9) it can be deduced 204 

𝑥𝑚 =
𝐺′(𝑠)𝑎𝑟𝑟

1 + 𝐺′(𝑠)𝑎𝑥
 (10) 

Substituting (10) and (6) in (7) it is found 205 
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 (12) 

For accurate error tracking it can be assumed that, 207 

1 + 𝐺′(𝑠)𝑎𝑥 ≈ 𝑠 + 𝑎𝑚 (13) 

So, from (8) and (12) it can be written, 208 

𝑑𝑎𝑟
𝑑𝑡

= −𝛾𝑒𝑚𝐺𝑅𝐸𝐹𝑟

𝑑𝑎𝑥
𝑑𝑡

= 𝛾𝑒𝑚𝐺𝑅𝐸𝐹𝑥𝑚

} (14) 

with, bm absorbed in γ and normalized with static gain of one.  209 

Combining (9) and (14) the control signal to the plant is generated. When the tracking 210 

error em increases these adaptation parameters get modified to change the control signal 211 

to the plant and effectively reduce the error. 212 

Alternatively, to provide similar control quality, irrespective of the operating point, 213 

an LQR controller with integral action or a PI controller might be used with the parameters 214 

updated in real time. It is achieved via extensive experimental look-up tables, making the 215 

control design cumbersome and depending on the accuracy of the parameters measure- 216 

ment, or via parameters’ adaptation algorithms which still do not guarantee that the dy- 217 

namical behaviour is the same for all operating points. 218 

4.2. Control of grid side VSI 219 

The purpose of SMC based controller for the VSI is to control the power flow through 220 

the VSI to the grid when there is a requirement of power from the CAES. This can be 221 

achieved by using a PI controller also but, the major drawbacks are: there must be two 222 

control loops for voltage and current and the power decoupling ability between the active 223 

and reactive power is very poor in presence of disturbances in grid voltage and frequency. 224 

So, the attenuation of the controllers for one operating point does not provide required 225 

quality in the whole control range and also it is very sensitive to the accuracy of the pa- 226 

rameters. As an alternative a simplified decoupling method has been employed to trans- 227 

form the system into two reduced order decoupled system and then an SMC has been 228 

designed with Pref and Qref as the active and reactive power references respectively, for 229 

controlling the grid currents. The d-q reference frame rotates synchronously with the grid 230 

voltage vector and initially at t=0 the q-axis was aligned with phase A axis vector. 231 



Energies 2021, 14, x FOR PEER REVIEW 8 of 18 
 

 

3 Phase Grid 

Supply

STEP- UP T/ F 

dq to abc 

conversion

Voltage 

Source 

Inverter

VDC

Pulse 

Generator

PULSES

abc to dq conversion

Pref

Qref

3
 p

h
 V

 I
 

m
e

a
s
u

re
m

e
n

t

L
C

L
 F

ilt
e

r

3
 p

h
 V

 I
 

m
e

a
s
u

re
m

e
n

t

 +)(x
Eq (22)

d

dgv qgvdgi
qgi

dgrefi qgrefi

dinvv
qinvv

refabcv _

abcinvi , abcgv , abccfv ,abcgi ,

( ) sign − +
- -

+

idinv iqinv

vcfd

vcfq

idg

iqg

vdg

vqg

q

Eq (20)

 232 

Figure 5. Control block diagram of SMC controller for VSI. 233 

The block diagram of the SMC controller is shown in Figure 5. In the system shown 234 

in Figure 2, at the point of coupling to the grid, it can be modelled as: 235 
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where, subscript with ‘inv’, ‘g’ and ‘cf’ corresponds to inverter output, grid and filter ca- 236 

pacitor respectively, while, ‘d’ and ‘q’ stand for d-axis and q-axis fundamental components 237 

of the corresponding parameters respectively. This can be rearranged as a standard state 238 

space system as 239 

�̇� = 𝑓(𝑥) + 𝑔(𝑥)𝑢 (16) 

where, 240 
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−
𝑅𝑓

𝐿𝑓
⁄ 𝑖𝑞𝑖𝑛𝑣 −

2
𝐿𝑓
⁄ 𝑣𝑐𝑓𝑞 − 𝜔𝑖𝑑𝑖𝑛𝑣

1
𝐶𝑓
⁄ 𝑖𝑞𝑖𝑛𝑣 −

1
𝐶𝑓
⁄ 𝑖𝑞𝑔 −𝜔𝑣𝑐𝑓𝑑 ]

 
 
 
 
 
 
 
 
 
 
 

 and 𝑔(𝑥) =

[
 
 
 
 
 
 
0 0
2
𝐿𝑓
⁄ 0

0 0
0 0

0 2
𝐿𝑓
⁄

0 0 ]
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with state vector as 𝑥 = [𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6]𝑇 = [𝑖𝑑𝑔 𝑖𝑑𝑖𝑛𝑣 𝑣𝑐𝑓𝑑 𝑖𝑞𝑔 𝑖𝑞𝑖𝑛𝑣 𝑣𝑐𝑓𝑞]
𝑇
, in- 241 

put as 𝑢 = [𝑣𝑑𝑖𝑛𝑣 𝑣𝑞𝑖𝑛𝑣]𝑇 and output as 𝑦 = [𝑖𝑑𝑔 𝑖𝑞𝑔]𝑇. Now defining a new set of varia- 242 
bles as 𝑧1 = 𝑥1, 𝑧2 = 𝑧1̇ = 𝑥1̇, 𝑧3 = 𝑧2̇ = 𝑥1̈, 𝑧3̇ = 𝑥1⃛, 𝑧4 = 𝑥4, 𝑧5 = 𝑧4̇ = 𝑥4̇, 𝑧6 = 𝑧5̇ = 𝑥4̈, 𝑧6̇ = 243 
𝑥4⃛ and assuming vdg and vqg as constants, system (16) can be represented as 244 

[
 
 
 
 
 
𝑧1̇
𝑧2̇
𝑧3̇
𝑧4̇
𝑧5̇
𝑧6̇]
 
 
 
 
 

=

[
 
 
 
 
 
0 1 0 0 0 0
0 0 1 0 0 0
𝑎1 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 0 𝑎1 0 0]

 
 
 
 
 

[
 
 
 
 
 
𝑧1
𝑧2
𝑧3
𝑧4
𝑧5
𝑧6]
 
 
 
 
 

+

[
 
 
 
 
 

0
0

𝐴1(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)

0
0

𝐴2(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)]
 
 
 
 
 

+

[
 
 
 
 
 
 
 
 
0 0
0 0
4

𝐿𝑓
2𝐶𝑓

0

0 0
0 0

0
4

𝐿𝑓
2𝐶𝑓]

 
 
 
 
 
 
 
 

[𝛼(𝑥) + 𝜆] (17) 

where,  245 

𝑎1 = −
𝑅𝑓
3

𝐿𝑓
3 +

4𝑅𝑓

𝐿𝑓
2𝐶𝑓

+
3𝜔2𝑅𝑓

𝐿𝑓
 

𝐴1(𝑥) = −
4𝑅𝑓

𝐿𝑓
2𝐶𝑓

𝑖𝑑𝑖𝑛𝑣 + (
2𝑅𝑓

2

𝐿𝑓
3 −

8

𝐿𝑓
2𝐶𝑓

−
6𝜔2

𝐿𝑓
)𝑣𝑐𝑓𝑑 + (

3𝜔𝑅𝑓
2

𝐿𝑓
2 −

6𝜔

𝐿𝑓𝐶𝑓
−𝜔3) 𝑖𝑞𝑔 +

6𝜔

𝐿𝑓𝐶𝑓
𝑖𝑞𝑖𝑛𝑣

−
6𝜔𝑅𝑓

𝐿𝑓
2 𝑣𝑐𝑓𝑞 − (

2𝑅𝑓
2

𝐿𝑓
3 −

4

𝐿𝑓
2𝐶𝑓

−
2𝜔2

𝐿𝑓
)𝑣𝑑𝑔 +

4𝜔𝑅𝑓

𝐿𝑓
2 𝑣𝑞𝑔 

 

𝐴2(𝑥) = −
4𝑅𝑓

𝐿𝑓
2𝐶𝑓

𝑖𝑞𝑖𝑛𝑣 + (
2𝑅𝑓

2

𝐿𝑓
3 −

8

𝐿𝑓
2𝐶𝑓

−
6𝜔2

𝐿𝑓
)𝑣𝑐𝑓𝑞 − (

3𝜔𝑅𝑓
2

𝐿𝑓
2 −

6𝜔

𝐿𝑓𝐶𝑓
− 𝜔3) 𝑖𝑑𝑔 −

6𝜔

𝐿𝑓𝐶𝑓
𝑖𝑑𝑖𝑛𝑣

+
6𝜔𝑅𝑓

𝐿𝑓
2 𝑣𝑐𝑓𝑑 − (

2𝑅𝑓
2

𝐿𝑓
3 −

4

𝐿𝑓
2𝐶𝑓

−
2𝜔2

𝐿𝑓
)𝑣𝑞𝑔 −

4𝜔𝑅𝑓

𝐿𝑓
2 𝑣𝑑𝑔 

𝑢 = [𝑣𝑑𝑖𝑛𝑣 𝑣𝑞𝑖𝑛𝑣]𝑇 = 𝛼(𝑥) + 𝜆 

Considering, [
𝛼𝑑(𝑥)

𝛼𝑞(𝑥)
] = −

𝐿𝑓
2𝐶𝑓

4
[
𝐴1(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)

𝐴2(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)
] the original 6th order system expressed by 246 

(17) can be decoupled into two independent, identical 3rd order system as 247 

[

𝑧1̇
𝑧2̇
𝑧3̇

] = [
0 1 0
0 0 1
𝑎1 0 0

] [

𝑧1
𝑧2
𝑧3
] + [

0
0
4

𝐿𝑓
2𝐶𝑓

] 𝜆𝑑

[

𝑧4̇
𝑧5̇
𝑧6̇

] = [
0 1 0
0 0 1
𝑎1 0 0

] [

𝑧4
𝑧5
𝑧6
] + [

0
0
4

𝐿𝑓
2𝐶𝑓

] 𝜆𝑞

 (18) 

Once the system is decoupled the simplified system for control can be expressed as 248 

[
𝑦1⃛
𝑦2⃛
] = [

𝑖𝑑�⃛�
𝑖𝑞�⃛�
] = 𝑎1 [

𝑖𝑑𝑔
𝑖𝑞𝑔
] + 𝐸 [

𝜆𝑑
𝜆𝑞
] (19) 

where, 𝐸 = [

4

𝐿𝑓
2𝐶𝑓

0

0
4

𝐿𝑓
2𝐶𝑓

] = [
𝐸1 0
0 𝐸1

]. 249 
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So, the SMC need to be designed to track only one of the outputs and the other one will 250 

be identical to it. 251 

As the relative degree of system in (19) is 3 the sliding surface for the tracking algo- 252 

rithm is chosen as 253 

𝜎 = 𝑒�̈� +𝑚2𝑒�̇� +𝑚1𝑒𝑟 +𝑚0∫𝑒𝑟 𝑑𝜏 (20) 

with mi (i=0,1,2) are positive constants and er is error in the output vector, which is defined 254 

as 255 

𝑒𝑟𝑖𝑑𝑔 = 𝑖𝑑𝑔 − 𝑖𝑑𝑔𝑟𝑒𝑓

𝑒𝑟𝑖𝑞𝑔 = 𝑖𝑞𝑔 − 𝑖𝑞𝑔𝑟𝑒𝑓
} (21) 

The reference values are computed from the following equations. 256 

𝑖𝑑𝑔𝑟𝑒𝑓 =
2(𝑣𝑞𝑔𝑄𝑟𝑒𝑓 + 𝑣𝑑𝑔𝑃𝑟𝑒𝑓)

3(𝑣𝑑𝑔
2 + 𝑣𝑞𝑔

2 )

𝑖𝑞𝑔𝑟𝑒𝑓 =
2(𝑣𝑞𝑔𝑃𝑟𝑒𝑓 − 𝑣𝑑𝑔𝑄𝑟𝑒𝑓)

3(𝑣𝑑𝑔
2 + 𝑣𝑞𝑔

2 ) }
 
 

 
 

 (22) 

The SMC λd (or λq) need to be designed such that in finite time σ = 0 which yields the 257 

sliding variable dynamic characteristic as 258 

�̇� = 𝑒�⃛� + (𝑚2𝑒�̈� +𝑚1𝑒�̇� +𝑚0𝑒𝑟) (23) 

Assuming the reference currents remain constant during the control response it is found, 259 

�̇� = 𝑖𝑑𝑔 +⃛ (𝑚2𝑒�̈� +𝑚1𝑒�̇� +𝑚0𝑒𝑟)

= 𝑎1𝑖𝑑𝑔 + 𝐸1𝜆𝑑 +𝑚2𝑖𝑑�̈� +𝑚1𝑖𝑑�̇� +𝑚0𝑖𝑑𝑔

= (𝑎1 +𝑚0)𝑖𝑑𝑔 +𝑚1𝑖𝑑�̇� +𝑚2𝑖𝑑�̈� + 𝐸1𝜆𝑑

= 𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�) + 𝐸1𝜆𝑑 

(24) 

where, 𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�) is assumed bounded i.e. |𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�)| ≤ 𝑁. 260 

To satisfy Lyapunov’s global finite-time stability criterion it is required 261 

�̇� = 𝜎�̇� ≤ −
𝛼

√2
|𝜎| (25) 

with 𝛼 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 > 0. Selecting 𝜆𝑑 = −𝜌 𝑠𝑖𝑔𝑛(𝜎) where ρ is a positive constant and using 262 
(24) it can be shown 263 

�̇� = 𝜎(𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�) − 𝐸1𝜌 𝑠𝑖𝑔𝑛(𝜎))

= 𝜎𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�) − 𝐸1𝜌|𝜎|

= (𝑠𝑖𝑔𝑛(𝜎) 𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�) − 𝐸1𝜌)|𝜎| 

(26) 

Comparing (25) and (26) the condition for stability is found as 264 

𝜌 ≥
𝛼

√2𝐸1
+
1

𝐸1
𝑠𝑖𝑔𝑛(𝜎) 𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�) (27) 

As the maximum positive value for 
1

𝐸1
𝑠𝑖𝑔𝑛(𝜎)𝐹(𝑖𝑑𝑔, 𝑖𝑑�̇�, 𝑖𝑑�̈�) is 

𝑁

𝐸1
 the value for ρ should 265 

be, 266 

𝜌 ≥
𝛼

√2𝐸1
+
𝑁

𝐸1
 (28) 
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This value for ρ is same for both the SMC λd and λq. 267 

For any imperfection in the decoupling, (19) is modified as 268 

[
𝑦1⃛
𝑦2⃛
] = [

𝑖𝑑�⃛�
𝑖𝑞�⃛�
] = 𝑎1 [

𝑖𝑑𝑔
𝑖𝑞𝑔
] + [

∆𝐴1(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)

∆𝐴2(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)
] + 𝐸 [

𝜆𝑑
𝜆𝑞
] (29) 

In that case, deriving in the same manner the condition for stability is found as 269 

𝜌𝑑 ≥
𝛼

√2𝐸1
+
1

𝐸1
(𝑁 + |∆𝐴1(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)|)

𝜌𝑞 ≥
𝛼

√2𝐸1
+
1

𝐸1
(𝑁 + |∆𝐴2(𝑥, 𝑣𝑑𝑔, 𝑣𝑞𝑔)|)

}
 
 

 
 

 (30) 

From (30) it can be observed that for bounded disturbance ΔA the SMC parameter ρ is 270 

also bounded and the system will be stabilized. 271 

With use of ‘sign()’ function in the analysis it may also create chattering problem 272 

which can be reduced by choosing similar function ‘tanh()’ and proper value of ρ. 273 

5. Simulation results 274 

The entire system control is simulated in MATLAB/SIMULINK environment using 275 

the ideal switches and elements of Simscape toolbox to check the feasibility of the system. 276 

The MRAC and SMC controller are designed as discussed in section 4. The parameters for 277 

the design are presented in Table 1. 278 

Table 1. Simulation Parameter 279 

System Parameter Value 

Lf/2 1.64mH, 7.2A 

Cf 10μF, 305V 

Cin 470μF, 400V 

L 8.2mH, 7.2A 

R 82Ω, 150W 

Transformer turns ratio 110 : 230 

DC-link Voltage 450V 

Grid Voltage 230V 

Switching frequency 5kHz 

Adaptation gain γ 0.8 

Sliding mode gain ρ 9 

5.1. DC side controller 280 

The performance of the DC side controller has been investigated for different input 281 

voltage and load conditions. Figure 6 shows the DC-link voltage for variation in the input 282 

voltage from the CAES keeping the load constant at RLoad = 100 Ohm. The boost converter 283 

starts operating from t = 1s and then for variation in the CAES input voltage, the output 284 

DC-link voltage is found to be maintained at 450V. 285 
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Figure 6. Input CAES voltage and DC-Link voltage for Boost 

converter. 

Figure 7. Input current and output current of the boost con-

verter. 
The corresponding inductor and output currents of the boost converter are shown in 286 

Figure 7. It is seen that at the starting of the boost converter the current peak is very high 287 

but at the later stage for variation in the voltage the current peaks are within limit. This 288 

starting current can be limited by using a charging resistor in series with the boost con- 289 

verter and once the current is within limit it is short-circuited. 290 

The transient response of the boost converter with a standard PI controller and 291 

MRAC controller for two loading conditions is shown in Figure 8. The gains of the PI 292 

controller are chosen to be Kp = 0.1 and Ki = 1 for minimum settling time possible for the 293 

system under test with acceptable ripple of 2% and without overshoot condition.  294 

 295 

Figure 8. Output voltage of the boost converter for fall in input voltage with MRAC and PI control- 296 
ler. 297 
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The response shows that with the MRAC controller the output voltage settles to ref- 298 

erence voltage in 0.121s whereas with the PI controller, it settles in 0.528s for a fall of 50V 299 

in the input voltage at t = 1.71s and RLoad = 10 Ohm. Similarly, for RLoad = 100 Ohm the 300 

settling time for the output voltage remains almost same for the same dip in the input 301 

voltage but, comparatively larger oscillations are added in case of PI controller. This 302 

proves the faster operation and better damping property of the MRAC. This operation can 303 

be made even faster with choice of higher value of adaptation parameter γ. However, the 304 

overshoot in the output voltage also rises with it. So, an optimum value of adaptation 305 

parameter γ as given in Table I is chosen for this simulation. 306 

5.2. Grid side controller 307 

The performance of the SMC controller to control the power flow through the VSI to 308 

the grid from the CAES has also been analysed in simulation for different power demand 309 

scenario. 310 

Figure 9a shows the inverter output voltage for different power flow conditions. The 311 

switch S3 between inverter side and grid has been closed at t = 0.1s. It can be seen from 312 

Figure 9b that inverter phase-A reference voltage and the grid voltage of phase-A are syn- 313 

chronized with each other for successful integration with the grid. The command for 314 

power requirement by the grid has been given at t = 0.15s and the grid current increases 315 

accordingly to meet the power demand of 600W, keeping the voltage unchanged. The 316 

corresponding inverter currents in d-q reference frame have been shown in Figure 9c. At 317 

t = 0.6s the power demand rises from 600W to 1500W and again at t = 1.2s it reduces to 318 

600W. From Figure 9d it is clear that the inverter system is able to comply the power de- 319 

mand requirement by the grid successfully. 320 

 

 

(a) (b) 

  
(c) (d) 

Figure 9. (a) Three phase inverter reference voltage, grid voltage and grid current, (b) Inverter reference voltage and grid 321 
voltage of phase-A, (c) Id and Iq of inverter output current, (d) Active and reactive power flow to the grid. 322 
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6. Experimental Results 323 

The proposed two stage grid tied micro-CAES system using a boost converter and a 324 

VSI has been verified in the hardware setup in OPAL-RT platform. The hardware setup 325 

developed for the system under study is shown in Figure 10. 326 

OPAL-RT

DSO

Boost converter and VSI 

with sensors and control 

board

Controller 

interface

CAES

 327 

Figure 10. Experimental setup of the grid integrated CAES system. 328 

The scroll-type air motor employed in the experimental system is an Air Squared 329 

Mfg. 1 kW device. The device is fed from a 340 L air tank charged with air at up to 20 bar 330 

from a grid fed compressor. The air flow into the scroll is controlled by a pressure regu- 331 

lating valve. The scroll-air motor is coupled with a Voltmaster AB30L 2.4kW induction 332 

generator, whose output voltage is then rectified to DC and used as input for the other 333 

system components. The inputs and outputs to the micro-CAES system at different air 334 

pressures can be observed in Fig 11. The input pressure to the expander is incrementally  335 

increased in steps of 1 bar. The generator cuts in when the pressure increases to over 2.5 336 

bar and an output voltage from the generator is achieved. It can be observed that the out- 337 

put voltage from the CAES system generator is proportional to the input pressure to the 338 

air motor. 339 

Air Flow Rate

(500 litres-min
-1

/division)

Air Pressure 

(2.5 bar/division)
CAES Rectified Output Voltage

(100V/division)

Time : (2s / division)

 340 

Figure 11. CAES output voltage with different air flow rate and air pressure. 341 
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The controllers have been designed in MATLAB and interfaced to the system via 342 

OPAL-RT. The feedback signals are acquired from the actual system using voltage and 343 

current sensors and then fed to the controllers through ADC converters. 344 

 345 

Input DC Voltage

(100V/division)

Output DC Voltage

(100V/division)

Tsettling = 9.2s

PI Controller

Time : (2s / division)

 

Input DC Voltage
(100V/division)

Output DC Voltage

(100V/division)

Tsettling = 2s

MRAC Controller

Time : (2s / division)
 

(a) (b) 

Figure 12. (a) Input and Output voltage of the boost converter for a rise in power demand with PI controller, (b) Input and Output 346 
voltage of the boost converter for a rise in power demand with MRAC controller. 347 

Input CAES Voltage
(100V/division)

DC link Voltage

(100V/division)

Input DC Current (4A/division)

Inverter  Current (4A/division)

Time : (2s / division)
 

DC link Voltage

(100V/division)

Inverter  Current (4A/division)

Input DC Current (4A/division)

Input CAES Voltage
(100V/division)

Time : (2s / division)
 

(a) (b) 

Figure 13. (a) Inverter current (phase A) and DC-link voltage for fall in input CAES voltage, (b) Inverter current (phase A) and DC- 348 
link voltage for increase in input CAES voltage. 349 

To prove the efficacy of the MRAC the grid tied CAES system has been tested in real 350 

time hardware setup and the DC-link voltage is compared with PI control. Figure 12a 351 

shows that for a rise in power demand from zero to 934W the DC-link voltage falls and 352 

then the controller drives it back to its reference voltage after 9.2 seconds for the PI con- 353 

troller, whereas the proposed MRAC controller takes only 2 seconds to settle the voltage 354 

to its reference level as can be seen from Figure 12b. The deviation in settling time of the 355 

simulation result and that of experimental result is due to the use of a rate limiter in the 356 

experimental setup with slew rate of 200 for smooth operation. However, it can be noted 357 

that the ratio of settling time for MRAC and PI control technique remains approximately 358 

same in both simulation and experimental result. 359 

The effect of variation in CAES voltage on the DC-link voltage and inverter current 360 

is shown in Figure 13a and Figure 13b. It is seen that the variation in the input voltage 361 

from 200V to 150V and vice versa has negligible effect on the output current of the system. 362 

So, the power flow remains unaltered at 710W for input side disturbances which proves 363 

the effectiveness of the MRAC controller. 364 

The inverter output should be in phase with the grid and match the frequency of the 365 

grid voltage. Figure 14a shows that the inverter voltage and grid current waveforms have 366 
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same frequency with unity power factor which satisfies the condition for the grid integra- 367 

tion of the inverter. The waveform for three phase inverter current for 934W power deliv- 368 

ery condition is shown in Figure 14b. 369 

Inverter Reference 

Voltage (100V/division)

Grid current 

(4A/division)
Time : (20ms / division)

 

Inverter Current

(4A/division)

Time : (10ms / division)

Phase APhase B Phase C

 

(a) (b) 
Figure 14. (a) Grid current and inverter reference voltage with unity power factor, (b) Three phase inverter current for 934W power 370 
delivery. 371 

The power flow reference is fed to the system in terms of the reference current Idgref 372 

and Iqgref. Figure 15a and Figure 15b show one phase inverter current with change in the 373 

reference power. In Figure 15a it is shown that a step change of power delivery from 710W 374 

to 934W has been made by changing the reference current Idgref from 3A to 4A based on 375 

(22). As a result, the SMC controller generates the actuating signal such that the inverter 376 

current (rms) changes from 2.15A to 2.83A. Similarly, for a fall in power demand from 377 

934W to 710W, the inverter current (rms) again changes from 2.83A to 2.15A as shown in 378 

Figure 15b. In both the cases Iqgref has been kept as zero. From the experimental results it is 379 

verified that any power demand by the grid can be delivered with faster response and 380 

high efficiency by the grid connected CAES based system with the designed controller. 381 
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Figure 15. (a) Inverter current for rise in Idgref, (b) Inverter current for fall in Idgref. 382 

6. Conclusion 383 

A grid integrated compressed air energy storage system with modern non-linear con- 384 

trol techniques has been presented in this paper. The complete system uses a two stage 385 

conversion with a model reference adaptive controlled DC-DC boost converter and slid- 386 

ing mode controlled voltage source inverter to integrate the energy storage device to the 387 

grid. The conventional control techniques require a detail knowledge of system parame- 388 

ters and they respond efficiently for known disturbances only. In the presented work the 389 
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MRAC and SMC controllers can address any kind of disturbances arising in the system 390 

due to parametric changes and operating point shifting, making the system more robust. 391 

The total system has been simulated in the MATLAB/SIMULINK environment with dif- 392 

ferent operating conditions and results have been presented that proves the better perfor- 393 

mance of the system. Moreover, the conclusions drawn from the simulation are also tested 394 

in real time hardware setup with OPAL-RT platform and validated to claim the efficacy 395 

of the system. 396 
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