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Abstract 
Power Conditioning System (PCS) with energy storage capability is proposed as a viable 

solution for improving the power quality in industrial plants. Several tasks, such as reactive 
power compensation, current harmonic reduction, and smoothing of pulsating loads can be 
performed at the same time. In this paper the principle of operation of the PCS will be 
described, and the analysis will be focused on the control of the energy flow among the system 
components. Numerical simulations and experimental tests will be shown to demonstrate the 
effectiveness of the PCS to reduce flicker phenomena and to compensate harmonic current 
components and reactive power. With minor changes of the hardware structure and of the 
control algorithms the PCS can also be operated as Uninterruptible Power Supply (UPS). 

I.  Introduction 
In industrial applications some types of high power loads are required to be switched on and off 

with a period less than 0.5 s. During the switching on of these loads, the demanded high currents 
determine a voltage drop across the line impedance, which is responsible of flicker phenomena. The 
main task of the developed PCS is to reduce the negative effects of pulsating loads, besides to the 
compensation of reactive power and current harmonics of non linear loads. For this purpose a suitable 
PCS scheme, based on the transfer of energy between the network and the energy Storage Device (SD) 
is proposed. Two basic configurations for a PCS can be defined according to the type of energy 
storage device. The former is based on a Superconducting Magnet (SM), the latter is based on a 
Supercapacitor (SC) bank. The control system that manages the energy transfer is the same for both 
the energy storage devices, it is called Energy Control System (ECS) and it will be described in 
Section II.  

The scheme of  the 
proposed PCS is shown in 
Fig. 1. The energy storage 
device is connected to a 
dc-dc converter allowing 
the bi-directional transfer 
of energy with the dc-link 
intermediate bus. The to-
pology of the dc-dc chop-
per depends on the type of 
energy storage device.  
Fig. 1 shows  in detail the 
schemes required by SM 
and SC respectively. The 
dc-link bus is connected to 
the dc side of a three phase 
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Fig. 1 Scheme of the PCS system 
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Voltage Source Inverter (VSI), which is shunt connected to the mains through three ac-link inductors. 
The dc/ac section of the PCS has the same topology of a shunt active power filter [1]-[6].  

The availability of an energy storage device allows the system to compensate the flicker phenom-
ena introduced by pulsating loads. The active filter section of the PCS allows to compensate the reac-
tive power, to reduce the load current harmonics and to eliminate the load current unbalance. The 
flicker compensation achieves the smoothing of the source power variations due to the switching on 
and off of the load [7]. During these transients the PCS operates in order to deliver the difference 
between the instantaneous load power and its average value. 

The VSI is used to perform the direct control of the currents on the ac-link inductors. In this way 
the source currents are forced to follow the balanced and sinusoidal reference waveforms for any 
operating condition. The source currents are always synchronized with the fundamental positive 
sequence component of the source voltages. As a consequence, balanced and sinusoidal source 
currents with unity power factor are achieved, even in presence of voltage perturbations coming from 
the mains [8], [9]. The balanced and sinusoidal waveforms of the source currents are derived from the 
source power reference, which is generated by the ECS.  

The capability of the proposed PCS to keep under control the source power flow for any operating 
condition is ensured by the use of a reliable synchronization device. The synchronization of the 
inverter output with the fundamental positive sequence component of the source voltages is carried out 
by means of a Three Phase Locked Loop (TPLL). This algorithm operates correctly even in presence 
of unbalanced and non sinusoidal voltages.  

 
Numerical results and experimental tests showing the effectiveness of the PCS in terms of 

reduction of the harmonic currents of non linear loads, and smoothing of the source power due to 
pulsating loads will be presented. 

II.  Control System Analysis 

Principle of operation  

The combined operation of the PCS as active filter and flicker smoother is achieved by a suitable 
control algorithm, that manages the energy transfer among the energy storage device, the dc-link 
capacitor, and the mains. 

The analysis of the ECS is based on the following assumptions: 

• the control systems of the two converters are able to keep the source power SP  , and the storage 

device power SDP close to their reference, i.e. *
SP  and *

SDP ; 

• losses in passive components such as inductors, capacitors, storage device, and in the static 
switches are neglected. 
These two assumptions are acceptable because of the low time response of the control system used 

to drive the two converters and the small amount of the losses in the passive components. 
Furthermore, the time constant of the storage device must be low enough to allow the tracking of the 
energy variations demanded by the ECS. 

The analysis of the ECS can be usefully carried out in terms of power flow and energy balance 
using the Laplacian notation [12], [13]. The proposed control algorithm is shown in the scheme of 

Fig.2. In this scheme the input control variables of the PCS are the energy in the dc-link capacitor *
CE , 

and the energy in the storage device *
SDE .  

The regulator R1 generates the reference source power, which combined to the load power gives the 
reference filter power. This last has to be injected by the inverter into the Point of Common Coupling 
(PCC). At the same time, the regulator R2 generates the firing signals for the dc/dc chopper, which 
controls the power flowing into the storage device. The regulator R3(s) varies the energy reference in 
the SD on the basis of the error of the dc capacitor energy.  Once the parameters of regulators R1 R2 

and R3 are defined, it is possible to determine the transfer functions of the control loops represented in 
Fig. 2. 
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The control algorithm has 
been designed to manage the 
transfer of energy between the 
SD and the dc-link capacitor 
during the transient conditions 
caused by load variations. In 
this way, the ECS operates in 
order to recover the energy 
level in the capacitor, using a 
fraction of the energy stored in 
the SD unit. During load 
changes, the energy variations 
in the capacitor are quickly 
compensated by the energy 

transfer between the SD and the dc-link capacitor. As a consequence, the energy required by the load 
can be considered as coming directly from the SD unit. The source is not required to supply the full 
load power, but an increasing amount of power. The use of the SD unit to smooth the load variations is 
necessary because the dc link capacitor has very few stored energy. Moreover, its energy variation 
must be minimized in order to ensure a correct operation of the inverter with a practically constant dc-
link voltage. 

Assuming the capacitor energy and the SD energy close to their references, respectively *
CE  and *

SDE , 

an increase of the load power LP  determines a power flow from the capacitor to the ac side, yielding 

to an error C
*
CC EEE −=∆  in the capacitor stored energy. Assuming a simple proportional regulator 

the new SD energy reference will be given by: 

C3P
*
SD

*
SD EKEE

~ ∆−=  . (1)    

This new lower value of the reference allows the chopper to recover the dc-link voltage using the 
energy stored in the SM or SC.  

 

Numerical Analysis of the Energy Control System 

Depending on the PCS feature which has to be analyzed, it is opportune to utilize different 
quantities has input and output variables of the ECS of Fig. 2. In [12] the analysis has been carried out 
with reference to the capability of the PCS to behave as active filter. Here the attention is focused to 
the possibility of the PCS to compensate the flicker phenomena due to pulsating loads. For this 
purpose, it is useful to consider the scheme shown in Fig. 3, which relates the source power PS to the 
load power PL.  
Analyzing the transfer function of the control loop given in Fig. 3, it is possible to emphasize the PCS 
performance in smoothing the source power variations due to pulsating loads. The control scheme of 

Fig. 3 is derived from the 
basic scheme of Fig. 2, by 
considering the load power 

LP  as input signal, and the 

source power SP as output 

variable. The references for 
the dc-link capacitor energy 
and for the SD energy, can be 
considered as disturbances 
having a constant value.  
  
The relationship between the 
source power and the load 
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Fig. 2 - Energy Control System 
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Fig. 3 - Block diagram showing the relationship between PL and PS 
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Fig. 5 Source power regulation loop 

power can be easily calculated assuming for the regulators of Fig. 3 the following expressions: 

capacitor energy regulator: 
s

K
K)s(R 1I

1P1 +=      

storage device energy regulator: 2P2 K)s(R =  

SD energy reference regulator: 3P3 K)s(R = , with 1K 3P >> . 

With these assumptions the expression for )s(PS is given by the sum of three terms as represented in 
(2) and in Fig. 4. 

LL
*
SDSD

*
CCS P)s(GE)s(GE)s(G)s(P ++=  (2)     

The expressions of GC(s), GSD(s), GL(s) are given in Appendix. 

Under the assumption that *
CE  and *

SDE are constant, by applying the final value theorem to the step 
response of the  transfer functions GC(s), GSD(s) yields 










=

=

→

→

0)s(G
s

1
slim

0)s(G
s

1
slim

SD
0s

C
0s   . (3)  

This means that the relationship between the source power and the load power is given only by the 
transfer function GL(s). On the basis of this result, the analysis of the control system can be carried out 
with reference to the following open loop transfer function derived from GL(s),  

( )( )
( )2P3P

2
2P1I1P

La
KKss

KsKsK
)s(G

+
++

= . (4)      

The resulting control system can be simplified as represented in Fig.5. 
The parameters of the transfer function (4) must be tuned in order to obtain the desired behaviour of 
the source power in response to a load power variation.    
     The parameters KP1 and KI1 define the behavior of the regulator R1(s) in keeping constant the 
energy stored in the dc capacitor. The error in the capacitor energy determines directly the reference 
value of the power that the source has to supply. An integral action in the capacitor energy regulator is 
necessary in order to determine a small overshoot in the PS behavior consequently to a step variation 
of PL. The overshoot of PS, with respect to the load power, is necessary to restore the energy level in 
the capacitor and in the storage device. The smaller is the overshoot the longer is the time necessary to 
recover  the energy level in the SD and in the capacitor. 

The parameter KP2, of the regulator R2(s), defines the performances of the system in following the 

quick changes of the reference level of *
SDE

~
. The higher is KP2, the faster is the SD energy regulator. 

Using a suitable value for KP2, the PCS determines a transient of the source power without 
discontinuities in response to a step variation of the load power.  

The parameter KP3 defines the capability of the PCS to utilize the energy stored in SD. For a given 
load power variation, KP3 defines the corresponding energy reference variation in the SD and then the 
amplitude of the source power variation. With reference to a load switching on transient, the energy 
reference for the SD will be decreased of an amount related to the value of KP3. A deep discharge of 
the Storage Device determines a greater amount of energy flowing from the PCS towards the PCC,  
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Fig. 4 Simplified block diagram of Eq. 2 
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yielding to a longer time interval during which the PCS supplies the load power. The tuning of KP3 
defines directly the capability of the PCS to smooth the load power variations, and then the capability 
of the PCS to reduce flicker phenomena introduced by load pulsations.  

The performance of a PCS characterized by the data given in Tab. 1 has been analyzed. The SD 
energy is high enough to allow the supply of the load during short blackouts of the mains. As a 
consequence, during the operation of the system as power conditioner, the energy variations in the 
storage device are very small, and this is because the SD must retain enough energy to sustain the load 
for a given time period. 

 The tuning of the three regulators is carried out by numerical simulations of the control scheme of 
Fig. 3, using Matlab. Table II shows the regulator parameters of the analysed ECS. The control 
scheme of Fig. 3 has been also analysed to verify its stability. The transfer function GLa(s) gives 
satisfactory results in terms of stability, being the phase margin always high. 

 

III. Implemented Control System 

The ECS described in the previous Sections has been implemented introducing some changes 
with respect to the basic scheme of Fig. 2. 

The energy level in the dc-link capacitor is kept under control through the capacitor voltage VC, 

and the source power through the source current Si [6]. Figs. 6 and 7 show the control system  

modified with respect to the scheme of Fig.2, according to the previous considerations. 

The reference source current *
Si  is obtained by multiplying the unity vector 1

Sê+ , by the reference 

source current magnitude *
SI , where: 

• the unity vector 1
Sê+ is in phase with the positive sequence fundamental component of the line 

voltage Se , and it is generated by a proper Three Phase Locked Loop circuit. 

• the reference source current magnitude *
SI  is generated by the regulator R1(s), which operates on 

the instantaneous error between the reference value *
CV  and the actual value CV  of the dc-link 

voltage.  
Once the reference value of the source current is generated, it has to be synthesized  by the ac 

current regulator. This regulator  must operate in order to keep the source current Si  close to its refer-

ence value *
Si . As a first step, the reference filter current *

Fi  must be determined since the VSI acts 

directly on the filter current Fi .  

Table I – Main data of the PCS under 
analysis 

 
Table II - Regulator parameters of the Energy 

Control System 

SD energy reference *
SDE  150 [kJ]  KP1 300 

dc capacitor energy reference  *
CE  0.8  [kJ]  

R1(s) 
KI1 50 

load power  PL 30 [kW]  R2(s) KP2 30 

  R3(s) KP3 50 
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Fig. 6. dc-link voltage controller Fig. 7. ac current controller 
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The filter current is given by 

L
*
S

*
F iii −= , (5) 

where the load current Li  is a measured quantity. The reference voltage *
Fv  for the PWM-VSI can be 

generated by a regulator, using as input variable the difference between the reference and the actual 
value of the filter current 

F
*
FF iii −=∆ .  (6) 

The equation of the current controller can be expressed as follows  

FS
F

FS
*
F iKv

t
i

Lvv ∆−=
∆
∆−= . (7) 

This equation shows that the current controller behaves as a proportional controller having gain K, 
with an additional term for the source voltage compensation. On the basis of (5) and (7), the block 
diagram shown in Fig. 7 can be derived. It can be noted that the filter current is regulated through a 
closed loop control scheme.  

Assuming that the VSI can generate the reference voltage at each cycle period, i.e. *
FF vv = , the 

following transfer function for the filter current can be obtained 

*
F

F
F i

K
L

1

1
i

s+
= . (8) 

Eq. 8 shows that the response of the ac current controller is represented by a first order low-pass filter 
with a time constant τ = LF/K. The PCS behavior as active filter is mainly determined by the dynamic 
response of this current regulator. 
Low values of LF will determine fast current variations, and then a wide filter bandwidth. On the other 
hand, high values of LF reduce the HF harmonics of the currents injected into the mains by the PCS, 
improving the voltage quality at the point of common coupling. According to (8), by increasing K it is 
possible to compensate high values of LF. However, this possibility is limited by the maximum output 
voltage capability of the VSI, which is defined by the value of the dc-link voltage CV . 
The regulator R2(s) of the ECS, which is shown in the scheme of Fig.2, keeps under control the energy 
level in the storage device. In the implemented control system this has been achieved controlling the 
voltage across the supercapacitor, or the current flowing in Superconducting magnet. This regulation 
is performed by using a suitable PWM chopper, as it is shown in Fig.1.  
In order to ensure the correct operation of the proposed PCS it is necessary to identify the source 
voltage system. The source voltage identification requires the on line calculation of the space vector 

corresponding to the positive sequence of the positive fundamental component ( )1
Sê+  of the source 

voltage. For this purpose an identification algorithm called Three Phase Locked Loop (TPLL) has 
been implemented [10], which is effective and reliable for every operating condition of the PCS, such 
as in the case of voltage unbalance or voltage distortion.  

IV.   Simulation and experimental results 

   Simulation results 

The PCS, has been simulated by means of a model built in the Simulink environment of 
Matlab. This model represents accurately both the power scheme shown in Fig. 1, and the  control 
scheme discussed in Section II. The control algorithm has been developed taking into account that in 
the experimental set up it will be implemented  in a DSP board. For this reason the control system has 
been represented in the discrete time domain. Using this model the whole PCS has been tested in order 
to verify its capability to perform the several compensation tasks, which are expected from this 
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system. Numerical simulations have been carried out assuming as energy storage device a 
superconducting magnet, with a rated current of 150 A. Fig. 8 shows the response of the PCS during a 
load switching on. 

           
Fig. 8 Step response of the PCS to a load switching 

on. From top to bottom: a) source and load 
instantaneous power PS-PL; b) load curent; c) 
source current; d) dc link voltage VC; e) magnet 
current ISM 

Fig. 9  Response of the PCS to a pulsating load. 
From top to bottom: a) source and load 
instantaneous power PS-PL; b) load curent; 
c) source current; d) dc link voltage VC; e) 
magnet current ISM 

 
The results obtained are in agreement with the PCS performance, as expected on the basis of the 
analysis carried out in the previous Sections. 

Experimental results 

To validate the numerical simulations, a laboratory experimental set up has been assembled. The 
configuration of the experimental setup is exactly the same of  that represented in Fig.1. The dc/dc 
converter, connecting the energy storage device with the dc-link, has the topology of a three phase 
inverter. In this way, the two dc/dc converter configurations shown in Fig. 1 can be easily 
implemented, depending on the type of device used to store energy.  
At this stage of the project development, neither the Superconducting Magnet nor the Supercapacitor 
bank are available, then the operation of the proposed PCS as source power smoother has been tested 
using a flywheel driven by a three phase induction machine. The induction machine is controlled by 
the SD converter in its full configuration, i.e. a three phase inverter. The control algorithm of the SD 
inverter changes the speed of the flywheel to regulate the stored kinetic energy.   

 
The control system has been digitally implemented on a PPC 333 MHz DSP based board. The 

board includes also the ADC converters and the encoder interface used to measure the rotating speed 
of the flywheel. By means of a PWM subsystem and an optoelectronic interface system, the firing 
signals for both the converters have been generated.  
In this configuration the PCS, with the characteristics shown in Table III, is able to operate as 
smoother of load power variations and as active power filter. Fig. 10, 11, 12 emphasize the capability 
of this system to operate as active power filter. In particular, Fig. 10 shows the compensation of the 
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load reactive power, Fig. 11 the compensation of current harmonics due to non linear loads, Fig. 12 
the compensation of a load unbalance due to a single phase load. Fig. 13, 14 show the behaviour of the 
PCS during the transient caused by a load switching on. The effects of the PCS is to smooth the 
corresponding step of the source power by supplying the load during the first instants of the transient. 

This is achieved using a fraction of the energy stored in the flywheel. It can be noted that, after the 
first transient, the source power exceeds the load power of a small amount, necessary to restore the 
energy in the storage device at the reference value. At the end of the transient the source power equals 

Table III – Main data of the experimental  PCS 
utility voltage  VS 220  [V]  flywheel inertia JSD 0.3 [kg.m2] 

utility frequency fS 50  [Hz]  reference value of dc-link voltage *
CV  450     [V] 

3 phase ac-link inductor Lac 2   [mH]  reference value of flywheel speed *
mω  1250 [rpm] 

dc-link capacitance CC 10  [mF]       
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Fig. 10 Compensation of load reactive power 
 

Fig. 13 Response of the PCS to a load switching 
on 
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Fig. 11 Compensation of current harmonics 
  

Fig. 14 Response of the PCS to a load switching 
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the load power. Fig. 15 shows the behaviour of the system in the case of a pulsating load with a 
switching period of 1 second. The effect of the PCS is to keep the source current amplitude almost 
constant and equals to the mean value of the load active current. In the last three figures the load was 
very small (about 3 kW), so the weight of the losses in the induction machine and in the two 
converters are about 1/3 of the load power. Owing to this, the smoothing effect of the PCS is not much 
evident. Obviously increasing the load power will yield to better results.   

 V. Conclusion 
A control scheme for Power Conditioning Systems, using different types of energy storage devices, 

has been analyzed in this paper.  
The main feature of the proposed PCS is the possibility to meet several power quality requirements. 

This system is able to compensate reactive power and current harmonics due to linear or non-linear 
loads. The availability of energy stored in the SD gives the ability to compensate also the flicker 
phenomena. The configuration of the system allows further developments like the possibility to use 
the system as UPS during short time utility faults.  

The control scheme has been numerically simulated in different operating conditions in order to set 
the parameters of the three regulators. A laboratory scale prototype has been realized at the university 
of Bologna. The experimental results are quite satisfactory, showing the effectiveness of the PCS in 
improving the power quality. 
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APPENDIX  

With reference to the control scheme of Fig. 4, the expression of GC(s), GSD(s), GL(s)are 
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