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ABSTRACT 

A Universal Compensator (UC) for Power Quality 

improvement is presented in the paper. It can compensate 

harmonic currents, reactive power and unbalances of 

disturbing loads and supply in island mode sensitive 

loads. In case of grid disturbances, a static switch is open 

and the UC restores the voltages before disturbance 

occurrence at the load connection point. A 50 kVA UC 

model has been designed and a digital simulation model 

is used to assess its performances. Simulation results of 

compensation of different type of loads are reported both 

for grid connected and island operations. 

INTRODUCTION 

Electronic loads are becoming very popular nowadays, 
and their use in Medium Voltage (MV) and Low Voltage 
(LV) distribution grids is expected to grow in the near 
future. In fact, electronic loads are the key to effectively 
build flexible and smart loads, allowing, f.i., the 
implementation of demand-response mechanisms [1]. 
Also, the number of Distributed Generators (DG) 
connected to grid through power converters is also 
growing up, due to the increasing importance the 
renewable energy sources have gained in recent years. 
Grid connected power electronic devices represent, on 
one side, sources of disturbances for other loads, 
introducing harmonics, inter-harmonics and rapid voltage 
changes into grids. On the other side, electronic loads are 
sensitive loads, whose operations can be compromised by 
low levels of Power Quality (PQ). Moreover, Distribution 
System Operators (DSOs) are pushed by National and 
International regulatory entities to improve the Power 
Quality. For instance, in Italy the Autorità per l’Energia 
Elettrica, il Gas ed il Sistema Idrico (AEEGSI) in 2011 
upgraded the target values for continuity of the service 
(i.e. reduction of the length and the number of 
disconnections per customer).  
Universal Compensators (UC) represent an effective 
solution for “overall” PQ increasing, if connected close to 
disturbing loads/generators, and for a “local” 
improvement of PQ, if associated to sensitive loads. In 
fact, a UC can act both as a shunt Active Power Filter 
(APF) and for supplying privileged load in island mode, 
taking advantage of possible power sources or energy 
storage systems [2]. 
The paper describes a possible implementation of a UC 
for the connection to MV or LV grids and it is able to 

compensate reactive power, harmonics and load 
unbalances and to supply loads in island operation in case 
of voltage disturbances (f.i. voltage dip and interruption) 
[3,4]. The UC acts as a controlled current generator, 
whose output current are equal to disturbing components 
of load currents, when it is operated grid connected, and 
they allow the restoration of nominal grid voltages at load 
connection point, when the UC operates in island mode. 
Switching operations of the UC are controlled by a 
hysteresis band modulation, with a predictive calculation 
of threshold limits in order to obtain fixed switching 
frequency [5]. 
The design of 50 kVA UC power circuit, its control and 
the adopted modulation strategy are described in the 
paper. A simulation model has been implemented in the 
ATPDraw digital simulator environment. Simulation 
results, reported in the paper, gives evidence of device 
operations. The work mainly focuses on the control 
description and UC operations during island mode, even 
though evidences of load disturbances compensation are 
given. 

THE UNIVERSAL COMPENSATOR 

Circuit design 

A 50 kVA Universal Compensator for LV grids has been 

considered and designed; the simplified circuit scheme is 

represented in Figure 1. 

 
Figure 1. Universal Compensator (UC) scheme. 

The UC power cell is based on a common three phase 

IGBT bridge. The DC side of the bridge is connected to 

two capacitors connected in series, whose central point is 

employed as neural point for the circuit. The total DC 

capacitance (CDC) is designed for limiting the DC voltage 

ripple below 2% when UC supplies a single phase load of 

total power equal to 33% of the nominal power of the UC 

(AN), according to the formula: 
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where ω0 is the nominal AC angular frequency and VDCN 

is the nominal steady state DC voltage, set at 750 V.  

 

On the DC side is also connected a storage system. A 

battery necessary for island operation condition is here 

considered. In the following, the storage system is 

modeled through a simple Thévenin equivalent, even 

though a battery management system based on power 

electronics can be considered as well. 

The AC outputs of the bridge, after the UC output 

inductors, are filtered through a first RC filtering stage. A 

second RC filter is added after a decoupling LV/LV 

transformer. The filter capacitors (Cf1 and Cf2) are 

designed for supplying reactive power equal to the 10.5% 

of AN, while the resistive components (Rf1 and Rf2) are 

added in series to each capacitor in order to avoid 

possible resonances with grid inductances. Given a 

dumping factor χ equal to 0.7, resistances can be chosen 

according to: 
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where i=1,2 and Leq is the total equivalent inductance 

seen from the capacitor connection point toward the grid.  

 

The bridge AC nominal voltage is 267 V (line-to-line), 

with a nominal frequency of 50 Hz. The LV grid nominal 

voltage is 400 V (line-to-line). The LV/LV decoupling 

transformer has a leakage inductance with a short circuit 

impedance of 3%.  

The static switch is necessary to separate the load to be 

supplied in island mode from the mains in case of grid 

disturbances. It is made of two IGBTs per phase 

connected in series with emitters in common, to assure 

bi-directional current flow. Two three-phase diode bridge 

rectifiers are connected at both sides of the switch (grid 

side and UC side) and are employed as snubbers during 

IGBTs turn-off switching transients. A couple of 

snubbering diodes is also connected to the neutral wire. A 

schematic view of the static switch is reported in Figure 

2. 

 
Figure 2. Circuit scheme of the static switch. 

The snubber capacitor CS is 535 µF and the resistor RS is 

1 kΩ. 

 

Control schemes 

Different control strategies have been considered, both 

for grid connected operating mode and for island mode 

[6,7]. During grid connected operating the UC carries out 

the functions: 

• DC voltage regulation at fixed level, which 

allows compensation of UC losses and 

recharging of the storage system, if needed; 

• load harmonic currents selective compensation; 

• load unbalances compensation; 

• supply of load reactive power (power factor 

correction); 

• supply of fast transient of load active power; 

• DC capacitors central point voltage regulation to 

0 V. 

 

During island operation condition, when a grid 

disturbance occurs (voltage dip and interruption) and the 

static switch is turned off, the control main goal is to 

generate voltages at the load connection point equal to 

grid voltages before disturbance occurrence, so it must 

supply both load currents and the reactive power for its 

output filters. Again, the UC regulates the central point of 

DC capacitors to 0 V. During island operations, active 

power is sunk from the storage system connected on the 

DC side of the UC. The control block scheme adopted for 

island operations is reported in Figure 3. 

 
Figure 3. UC control scheme during island operations. 

According to this approach, the measured actual load 

voltages Vabc are compared with three voltage references 

Vref, nominally equal to grid voltages before grid 

occurrence. Such references are generated by a modified 

Phase Locked Loop (PLL) block, which measures and 

stores the grid frequency and the voltages Park 

components. In case of grid disturbances, the PLL starts 

to generate Vref by anti-trasforming the stored Park 

components of voltages and using the stored frequency 

value.  

The current reference is composed of: 

• load and filters currents in a feedforward control 

scheme, to assure a good PQ level during island 

operation in presence of disturbing loads and in 

case of rapid load variation; 

• the output of a Proportional-Integral (PI) 
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regulator, to process the voltage error, in the 

form: 

s

k
ksPI i

p +=)(    (3) 

 

Modulation strategy 

A hysteresis current band modulation with fixed 

switching frequency is proposed for the generation of 

switching commands of the UC. Such a modulation 

strategy joins the advantage of fast response to reference 

values, typical of hysteresis band modulations, to the 

advantage of the known harmonic content of output 

currents, typical of fixed frequency modulations. In this 

case, each one of the output currents, one per phase, is 

compared with two threshold values, Ith,up=Iref + ∆Iup and 

Ith,lo=Iref - ∆Ilo. When the current is higher than the first 

threshold value, the upper switch of the relevant phase of 

the UC is turned off and the lower one is turned on. In 

such a way, the current starts to decrease. Vice versa, 

when the current becomes lower than the lower threshold 

value, the upper switch is turned on and the lower one is 

turned off and the current reverts its direction. The typical 

hysteresis band modulation is here modified introducing 

a fixed frequency clock signal and allowing commutation 

also at rising and falling edges of the clock (Figure 4). A 

switching frequency of 12.8 kHz has been chosen for the 

design of the UC. 

 
Figure 4. Modulation of the switching signals according to the fixed 

frequency hysteresis band modulation. 

At each falling and rising edge of the clock signal, ∆Iup 

and ∆Ilo, are calculated according to actual operating 

conditions of the UC and they are employed for the 

modulation of switching commands in the following 

switching period. The main purposes of the algorithm for 

the predictive calculation of hysteresis bands are: 

• ensuring fixed switching frequency; 

• maintaining equal to zero the mean value of the 

difference between UC current and reference 

current, calculated over one grid period (20 ms). 

Threshold values are calculated so that one commutation 

for band crossing is followed by a commutation “over 

clock”, as represented in the diagram of Figure 4. 

 

Digital simulation model 

A simulation model of the 50 kVA UC described above 

has been developed in the ATPDraw digital simulation 

environment. The developed model comprises all the UC 

main components, i.e. static switch with snubbers, power 

circuit and its control, modulators and storage system 

connected on the DC side of the three-phase bridge. The 

HV grid is modelled through a simple Thévenin 

equivalent (50 Hz, 132 kV) with an inductance 

representative of a short circuit power of 2300 MVA. The 

HV/MV primary substation is made by a transformer of 

40 MVA (series inductance 15.5%, VN = 20.8 kV) and 

supplies an equivalent load of 6 MVA, cosφ=0.9. The UC 

is connected to the MV grid through a 250 kVA MV/LV 

transformer, whose series inductance of 6% has been 

considered in (2) for the design of the damping resistor of 

the output filter of the UC. A 200 meter LV line model 

has been included between the UC static switch and the 

MV/LV transformer. The line has been modelled through 

a π lumped parameter equivalent model. Also different 

load typologies have been modelled: 

• three phase linear LR series load (50 kVA, 

cosφ=0.9, Yn connected); 

• single phase linear LR series load (16 kVA 

cosφ=0.9, phase-to-neutral connection); 

• three phase diode bridge rectifier as non-linear 

load (50 kVA). 

A representation of the considered loads is reported in 

Figure 5. 

 
Figure 5. Load models used for simulation analyses. 

DIGITAL SIMULATIONS 

Digital simulations of UC operations with different loads 

have been performed in order to assess its performances 

in compensating load disturbing currents and in 

supplying loads in island mode. 

All reported simulations start with the UC operating grid 

connected and compensating harmonics, unbalances and 

reactive power of a given load. At a given time, a grid 

fault is simulated, resulting in a voltage dip. When the 

UC recognizes the voltage dip, it opens the static switch 

and it starts supplying the load in island mode. 
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Three-phase linear load 

The grid fault occurs at t = 0.5 s (Figure 6a); some 

simulation results are reported in Figure 6. The voltage 

dip is detected in 2 ms (Figure 6b, magenta curve) and 

grid voltages before fault occurrence are restored at the 

connection load point after the opening of the static 

switch (brown curve). During grid connected operations, 

only the reactive power of the load is compensated, while 

during island operations the UC completely supplies the 

load (Figure 6c and Figure 6d). 

a)  

b)  

c)  

d)  
Figure 6. a) grid and b) load voltages; c) load current (phase “a”), UC 

current and grid current; d) active and reactive power. 

Single-phase linear load 

Also in this case the grid voltage is restored within 2 ms 

after the fault occurrence. Even though the load is a 

single-phase load, load voltages during island operations 

are balanced, as shown in Figure 7a. During grid 

connected operations, the UC compensates the reactive 

power and the current unbalance of the load, as reported 

in Figure 7b. 

 

a)  

b)  
Figure 7. Single-phase RL load: a) load voltages, b) from the above: 

load current (yellow curve), grid current (red, green, blue curves) and 

UC current (brow, grey, light blue curves). 

 

Diode bridge rectifier 

Such a non-linear load is characterized by current with 

odd order harmonic components (Figure 8b) and reactive 

power absorption, due to the AC side inductances. During 

grid connected operations, the UC supplies the reactive 

power and compensates the harmonics currents. While 

the load Total Harmonics Distortion (THD) is 26.20% 

and its power factor is 0.929, the residual grid current has 

a THD of 1.16% and a unitary power factor. Even though 

during island operations (t=0.6 s) the UC supplies all the 

distorting load current, the load voltage THD remains 

0.31% and voltages are completely balanced, thanks to 

the load current feedforward action in the control (Figure 

3). Some simulation results are shown in Figure 8.  

 

In Figure 9 the load voltage are presented after the 

reconnection to the grid: at the end of the grid disturbance 

(magenta curve), the PLL synchronizes the UC voltages 

to grid ones, in order to reconnect to the network as soon 

as synchronization is obtained (the brow curve represents 

the static switch commutation). 
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a)  

b)  

c)  
Figure 8. a) load voltages during grid connected operations and during 

island operations; b) load currents, UC currents and grid currents; c) 

load and grid currents spectra during grid connected operations. 

a)  
Figure 9. a) load voltages after the network reconnection 

 

CONCLUSIONS 

A Universal Compensator based on a power electronic 

circuit is presented in the paper. The UC is designed to 

compensate harmonic currents, reactive power, current 

unbalances and oscillating components of active power of 

disturbing loads and it is also employable for the supply 

of sensitive loads in island mode. The control of the 

machine automatically switches between the grid 

connected operating mode to island mode when a grid 

disturbance occurs. The main goal of UC during island 

mode is to restore at the load connection point the grid 

voltage before the disturbance occurrence, with an 

adequate quality level. A fixed frequency hysteresis band 

modulation, with predictive calculation of threshold 

values, is adopted for the generation of switching 

commands.  

A 50 kVA UC power circuit has been designed together 

with its controls. Simulations performed in ATPDraw 

with different typologies of loads show the ability of the 

proposed UC of compensating linear balanced and 

unbalanced loads and distorting loads in grid connected 

operations and in island mode. The adopted modulation 

strategy allows very fast response to changes in operating 

conditions. 
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