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In this paper the stability problem of the three phase PWM converters with LCL filter without additional passive

or active damping is analyzed. The system with the converter current feedback is considered where the stability

problem is more acute. The analysis is performed using two theoretical methods, the discrete z-domain root locus

technique and the nonlinear model simulation. The system with two different LCL filters is considered, one with

the iron core inductors and the other with the air core inductors. In that way the influence of the iron losses on the

system stability is investigated. It is shown that the stability margins obtained by means of the nonlinear model

simulation are somewhat wider than the ones obtained by the root locus technique. The theoretical results are

validated by the measurements performed on a 40 kW laboratory setup.

Key words: PWM converter, LCL filter, Stability, Root locus, Nonlinear model, Iron losses

Analiza stabilnosti trofaznog PWM energetskog pretvarača s LCL filtrom pomoću nelinearnog modela. U

radu se analizira problem stabilnosti trofaznog PWM energetskog pretvarača s LCL filtrom bez dodatnog pasivnog

ili aktivnog prigušenja. Razmatra se sustav s povratnom vezom po struji pretvarača gdje je problem stabilnosti

izraženiji. Analiza je provedena koristeći dvije teorijske metode, geometrijsko mjesto korijena u diskretnom z-

području i simulacija pomoću nelinearnog modela. Razmatran je sustav s dva različita LCL filtra, jedan koji koristi

prigušnice sa željeznom jezgrom i drugi sa zračnim prigušnicama. Na taj je način istražen utjecaj gubitaka u

željezu na stabilnost sustava. Pokazano je da su granice stabilnosti nešto šire kada se analizira stabilnost pomoću

simulacijskog nelinearnog modela u odnosu na granice dobivene metodom geometrijskog mjesta korijena. Teorijski

rezultati potvr�eni su mjerenjima koja su provedena na laboratorijskoj maketi nazivne snage 40 kW.

Ključne riječi: pretvarač s pulsno-širinskom modulacijom, LCL filter, stabilnost, geometrijsko mjesto korijena,

nelinearni model, gubici u željezu

1 INTRODUCTION

In recent years, the three-phase grid-connected PWM

converters with LCL-filters have gained much attention

in the renewable energy sources and in adjustable-speed

drives when the regenerative braking is required. Power

regeneration, adjustable power factor and significantly less

line current harmonic distortion are the most important ad-

vantages of this converter with respect to other types of

converters. The LCL-filters are used for grid connections

as they are more cost-effective compared to simple L-filters

because smaller inductors can be used to achieve the same

damping of the switching harmonics [1–4].

The main drawback of the LCL filter is a stability prob-

lem which appears because of the filter resonance effect.

To overcome this problem it is possible to use damping re-

sistors in series with the filter capacitors but this creates

additional power losses [4]. An another solution is the

active damping which is realized by modifying the con-

trol algorithm. Methods proposed in the literature differ

in number of additional sensors and complexity of control

algorithms [5–8]. Although the results presented in the pa-

pers show that the stability margins can be enlarged by the

active damping, most of these methods have some restric-

tions and drawbacks such as a very complicated and un-

reliable parameter tuning and poor robustness against pa-

rameters variations.

It is clear that the precise determination of the stability

margins of the PWM converter with LCL filters is very im-

portant. Experimentally determined stability margins can

differ significantly in relation to the ones obtained by the

theoretical analysis which is usually carried out in the dis-

crete z-domain using root locus technique. Reasons for this

are various such as the LCL filter model uncertainties, er-

roneous equivalent delays caused by the PWM and compu-

tation time, supply voltage distortion and line impedance

variations [9–11].
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From an industrial point of view it is desired to have

a minimum number of sensors and therefore the control

structure with only one set of the current sensors is pre-

ferred. Thereby either the line currents or the converter

currents can be used as the current feedback signal [9, 11].

On the one hand, the use of the line current feedback is

intelligible since the line power factor can be directly con-

trolled. On the other hand, the converter current feedback

is reasonable if the current sensors have to be built into the

converter to protect it.

This paper focuses on the stability margins determina-

tion of the LCL-filter-based PWM converter with the con-

verter currents feedback. The main scope is to investigate

the system stability without any additional passive or ac-

tive damping, i.e. if the only LCL filter inductors iron

losses are sufficient to damp filter resonance oscillations.

In addition, influence of the PWM pattern on the system

stability is considered. The stability margins are investi-

gated using theoretical and experimental procedures. Two

theoretical approaches are used, z-domain root locus and

nonlinear model simulation. Two different LCL filters are

used to investigate the influence of the inductors iron losses

on stability margins, the iron-core and air-core LCL filter.

System description and modeling are shown in Section

2 and a control overview is given in Section 3. The theoret-

ical stability analyses using the discrete z-domain and non-

linear model respectively are shown in Section 4. The ex-

perimental results are presented and compared to the theo-

retical ones in Section 5.

2 SYSTEM DESCRIPTION AND MODELING

The analyzed system is shown in Fig. 1 and its param-

eters are listed in Table 1. A three-phase IGBT voltage

source PWM converter is connected to the grid through

the LCL filter. The PWM converter is loaded by a resistor

or the inverter-fed induction machine. The supply voltages

are measured for the purpose of synchronizing the control

with the grid voltage. The control system requires both the

dc link voltage and filter currents measurements.

Depending on the control structure, either the grid cur-

rents or the converter currents can be measured. In this pa-

per, the control structure with the converter currents feed-

back is considered. The control algorithm is implemented

in the digital signal controller.

2.1 Mathematical Model of LCL Filter with Iron

Losses

For the stability analysis it is common to use the simpli-

fied LCL filter model neglecting the inductors iron losses

[4, 5]. However, these losses make the system with con-

verter current feedback to be more stable. As it is common,

the iron losses are modeled with resistances connected in

Fig. 1. PWM converter with LCL filter

Table 1. System parameters
Symbol Quantity Value

Ug Nominal grid voltage (line-line, rms) 400 V

ω Angular grid frequency 2π 50 Hz

Ig Nominal filter current (rms) 60 A

Lfg Inductance of grid-side filter inductors 0.6 mH

Rfg Resistance of grid-side filter inductors 8 mΩ

Lfc Inductance of converter-side inductors 1.8 mH

Rfc Resistance of converter-side inductors 16 mΩ

Cf Filter capacitance 60 µF

CDC DC link capacitance 2200 µF

fs Sampling and switching frequency 3 kHz

UDC DC link voltage 670 V

Fig. 2. Equivalent circuit of LCL filter

parallel to inductance. In that way, using the synchronous

rotating reference frame, the LCL filter equivalent circuit

shown in Fig. 2. is obtained. The LCL filter model is given

in the synchronous rotating frame since the current control

is done in the same reference frame with the d-axis aligned

to the grid voltage space vector.

Based on the equivalent circuit shown in Fig. 2, the

following LCL filter equations may be derived:

Lfg

di
′

g

dt
= ug − igRfg − jωLfgi

′

g − ufc

Cf

dufc

dt
= ig − ic − jω Cf ufc
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Lfc

di
′

c

dt
= ufc − jωLfci

′

c − icRfc − uc, (1)

where ug, ufc, uc are space vectors of the grid, filter ca-

pacitor and converter voltages; ig, ic are space vectors of

the grid and converter currents; ω is the line frequency. To

solve the system (1), it is necessary to express the mag-

netizing currents i
′

gand i
′

c in terms of the other variables.

Based on the equivalent circuit in Fig. 2, the following

equations may be written:

i
′

g =
ig(RFeg + Rfg) − ug + ufc

RFeg

i
′

c =
ic(RFec + Rfc) + uc − ufc

RFec

,

(2)

where RFeg and RFec are the equivalent iron losses re-

sistances of the grid-side and converter-side inductors, re-

spectively.

2.2 Frequency Characteristics of the LCL Filter

Stability problem of the system is related to the fre-

quency characteristics of the LCL filter, i.e. to its res-

onance effect. The amplitude frequency characteristic

|Ig(jω)/Uc(jω) | without iron losses is calculated using

the basic parameters of LCL filter listed in Tab. 1 and

shown in Fig. 3 with a thin line. The resonance peak of

30 dB appears at a frequency which can be calculated as

follows:

fres =
1

2π

√

Lfg + Lfc

CfLfgLfc

. (3)

The L filter frequency characteristic is given in Fig. 3

with dashed line. As the inductance of the L filter equals

the sum of the inductances of the LCL-filter, both show the

same low-frequency behavior.

To investigate the influence of the inductors iron losses

the LCL filter frequency characteristic was measured us-

ing the similar procedure as in reference [9]. The grid-side

inductor is short-circuited and the LCL filter is supplied

through converter side terminals by a frequency converter

that can deliver voltages with the fundamental frequencies

of up to two kHz. The voltage amplitude is adjusted so that

the current through the grid-side inductors is to be about

10 A at the measured frequencies. Based on the measured

grid-side current and converter-side voltage the conductiv-

ity is calculated. The measured results are shown in Fig. 3

by crosses and it is evident that the measured frequency

characteristics has significantly lower resonance peak. As-

suming that the grid-side and converter-side iron losses

resistances are equal, they are determined by parameters

fitting to the measured frequency behavior and it gives

RFeg = RFec = 95 Ω. The calculated frequency char-

acteristic with included iron losses is also shown in Fig. 3.

A very good matching between calculated and measured

characteristic can be seen.
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Fig. 3. Frequency characteristics of filters: - - - - - L filter;

—— LCL filter without iron losses; ——LCL filter with

iron losses; xxx measured results

3 CONTROL OVERVIEW AND DESIGN

The complete control structure with the converter cur-

rent feedback is presented in Fig. 4. The control structure

is cascaded with the outer loop which controls the DC link

voltage to a constant reference u∗

DC using the PI controller.

There are two inner current loops which are implemented

in synchronous dq-rotating frame with d-axis aligned to the

grid voltage space vector. The reference value of the active

current component (i∗d), which depends on a load, is gener-

ated by the DC link voltage controller. On the other hand,

the reactive current reference (i∗q) is set depending of the

desired reactive power. To decouple the d- and q-current

dynamics, decoupling terms −idωLf and iqωLf are added

to the outputs of the current PI controllers, where the mea-

sured d- and q-voltages (ugd,ugq) are also added. The re-

sultant signals are the d- and q-reference of the converter

voltages (u∗

cd,u∗

cq). These signals are transformed to the

stationary reference frame, and obtained signals (u∗

cα,u∗

cβ)

are used as commands to the space vector modulation of

the IGBT converter. Transformation from the synchronous

rotating reference frame to the stationary reference frame

(dq → αβ) is performed using angle ϑ generated from the

line voltages.

3.1 Current Control Loop Design

To design the PI current controller it is recommended

to neglect the filter capacitor using the L approximation of

the LCL filter [6]. This is possible because the dynamic

behavior of the LCL filter is similar to an L filter in the low

frequency range that corresponds to the current controller

bandwidth. So the control plant becomes first-order delay

AUTOMATIKA 51(2010) 3, 221–232 223
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Fig. 4. Control structure of PWM converter

element with a transfer function:

Gf (s) =
if (s)

uc(s)
=

1

Rf + Lfs
, (4)

where Rf = Rfg + Rfc , Lf = Lfg + Lfc.

Assuming that the d- and q-current dynamics are de-

coupled, both current control loops are identical and can

be tuned using the same parameters for the d- and q-

current controllers. There are many delays in the con-

trol loop (the processing time of the algorithm, A/D con-

version time, delay time of the converter) which have to

be taken into account for the control design. Commonly,

all delays are grouped together to form single first-order

delay element with equivalent time constant (Teq). The

choice of Teqmostly depends on the sampling time and the

PWM pattern which are usually synchronized. Fig. 5 il-

lustrates the relationship between the sampling instants and

the PWM pattern implemented in the converter of the labo-

ratory setup. The space vector modulation technique is ap-

plied to control the three-phase IGBT converter. The PWM

pattern is symmetrical around the sampling instant, which

makes it possible to sample ripple-free currents and, from

a signal point of view, low pass filtering without delays.

The computation time of the control algorithm (Tc) must

be shorter than half of the sampling time (Ts) because the

update of PWM is performed with the delay of the half of

sampling time with respect to the sampling instant. From

the control point of view it is necessary to define the to-

tal delay that varies in the range 0.5Ts to Ts depending on

the actual control signal. Assuming the statistical delay

Fig. 5. Illustration of PWM pattern and equivalent time

constant

of the PWM converter is 0.25Ts [13], the equivalent time

constant Teq = 0.75Ts.

Although the digital PI controllers are used, it is con-

venient to use continuous domain analysis to design it.

The block diagram of the simplified current control loop

is shown in Fig. 6. Assuming that the DC link voltage

is kept to the constant value, variation in the grid voltage

(∆ug) is the only disturbance signal.

Fig. 6. Block diagram of current control loop

In the literature, the current PI controller parameters

tuning is usually done using either technical [6,8] or sym-

metrical [5,9] optimum. The controller parameters de-

signed according to technical optimum provides an optimal

response to the step change of reference, but its drawback

is slow-poor disturbance rejection. This problem is more

significant in the higher ratings converter which have large

filter time constants (>100 ms). Such a case is the consid-

ered system. However, due to the large time constant it is

possible to use the simplified transfer function 1/sLf , and

to choose the current PI controller parameters according to

the symmetrical optimum. It gives [13]:

Ki =
Lf

α KPWMTeq

, Ti = α2Teq, (5)

with typically 2 ≤ α ≤ 3.

3.2 DC Link Voltage Control Design

The dynamics of the DC link voltage can be expressed

as [9]:

CDC

duDC

dt
= iDC − iLoad =

3ugdigd

2uDC

− iLoad. (6)
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The choice of the DC link voltage PI controller parameters

(KDC ,TDC ) is based on the approximation of the inner

current loop with first-order delay element using the time

constant Tinner = 4Teq. Considering (6), the simplified

DC link voltage control loop shown in Fig. 7 is obtained.

As the DC link voltage should be controlled to its constant

reference, the PI controller parameters are also tuned ac-

cording to the symmetrical optimum, [9]:

KDC =
2

3

UDCCDC

α TinnerUgd

, TDC = α2Tinner. (7)

Fig. 7. Block diagram of DC link voltage control loop

4 STABILITY ANALYSIS

Although the control system of the PWM converter with

LCL filter has the cascaded structure with the inner and

outer loops, the inner current loop stability is of the crucial

importance for the overall system stability [8,9,11]. Most

papers which deal with stability problem of the PWM con-

verter use the discrete z-domain analysis and the root locus

technique. In such analyses the LCL filter model is con-

verted to the discrete-time one and the pole placement of

the closed current control loop is analyzed. All the pro-

cessing delays are commonly taken into account by one

sample delay what is theoretically correct if the equivalent

delay time is equal to the sampling time (Teq = Ts). How-

ever, it is mostly not true, i.e. the equivalent discrete sys-

tem has the transport delay which is not an integer multiple

of the sampling time. In such cases, the application of the

z-domain root locus technique causes error in the stability

margin determination.

In this paper, stability analyses are carried out by means

of two methods. Firstly, the discrete z-domain analysis

with assumed one sample delay is used for the stability

limit determination. Afterwards, the nonlinear model de-

veloped in Matlab/Simulink is used.

4.1 Discrete z-domain analysis

If the converter current feedback is used, the transfer

function of the LCL filter with iron losses can be derived

from equations (1) and (2). It gives:

Gf (s) =
ic(s)

uc(s)
=

a3s
3 + a2s

2 + a1s + a0

b3s3 + b2s2 + b1s + b0

, (8)

where the coefficients of the numerator and denominator

polynomials are given in Appendix A.

The root locus analysis is based on the open loop trans-

fer function of the current control loop. It includes system

plant (8), PI current controller and delay element. To ap-

ply discrete z-domain analysis the transfer functions of the

system plant and PI controller are transformed to the equiv-

alent discrete-time transfer functions using zero order hold

(ZOH) method, and delay element is taken into account by

one sample delay [14].

The control system with LCL filter without included

iron losses is firstly analyzed. In that case the transfer func-

tion (8) becomes simpler, and its polynomials coefficients

are also given in Appendix A.

Figure 8 depicts the root locus without the inductors

iron losses, where the location of the closed-loop poles de-

pending on the proportional gain (Ki) of the current con-

troller are shown. The calculation is performed with the

integral time constant of the current controller Ti = 2 ms.

It can be seen that the root locus has one real pole, two low

frequency poles and two high frequency resonance poles.

The change of poles location with increasing Ki is illus-

trated by arrows, and the pole locations for Ki = 3.2,

which corresponds to symmetrical optimum, are marked.

The low frequency poles are placed inside the unity cir-

cle for Ki < 6.9, whereas the resonance poles are outside

of the unity circle for all gains. It is clear that the system

would be unstable without an additional damping of the

resonance poles.

To confirm the influence of iron losses on the sys-

tem stability, the LCL filter with air core inductors was

designed and used in the considered system. These in-

ductors have approximately equal inductances as the iron

core ones, but their resistances are much bigger (Rfg =
67 mΩ, Rfc = 125 mΩ). To construct air core inductor

with the same resistance as the iron core one, the inductor

size should be too large.

The resonance pole branch of the system with the LCL

filter using air core inductors is shown in Fig. 9. Now,

because of the increased damping, for some small gains

(Ki < 0.85) the resonance poles are placed inside the unity

circle.

The resonance pole branch obtained with taking into ac-

count the inductor iron losses (RFeg = RFec = 95 Ω)

is shown in Fig. 10. The real pole and low frequency

pole branches are not shown because they are not signif-

icantly affected by the iron losses. The system is stable

forKi < 2.91, what means that the PWM rectifier with

LCL filter and converter current feedback does not neces-

sary need an additional passive or active damping, as sug-

gested in literature [5-11]. However, because of the low

proportional gain of the current controller such a system
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Fig. 8. Root locus of current loop without iron losses of

LCL filter

Fig. 9. Resonance pole branch of system with LCL filter

using air core inductors

would not have an optimal dynamic behavior, i.e. the cur-

rent response would be somewhat slower. Apart from that,

as the resonance poles are close to the stability margin for

these low gains, high current harmonics near the resonance

frequency could appear. However, those drawbacks are

not necessarily fundamental for some applications, as ad-

justable speed drives with the PWM converter on the grid

side.

4.2 Stability Analysis by Means of Nonlinear Model

Stability analysis shown in previous subsection is based

on the linear model of the LCL filter. This implies various

assumptions such as: the grid voltage is the three-phase

symmetrical sinusoidal voltage, all higher harmonics in the

converter voltages are neglected, the equivalent delay time

is equal to the sampling time, the cross-coupling effect is

neglected. To investigate the influence of above simplifica-

tions and nonlinearities, which appear in the actual system,

on the system stability, the nonlinear model of the system

with only the inner current control loops is developed us-

Fig. 10. Resonance pole branch with included iron losses

of LCL filter

ing Matlab/Simulink software package [14]. This model is

shown in Fig. 11. The outer DC link voltage control loop

is not modeled for the sake of comparison with the results

obtained by root locus method. Thus, the DC link voltage

is supposed to be constant.

The model structure is practically equal to the control

block diagram shown in Fig. 4. It consists of the power

and control parts. The three-phase voltage block is con-

nected to the LCL filter through the measurement block

which measures the grid voltages and currents. Besides

the fundamental harmonic, the voltage block can generate

higher harmonic. The LCL filter is modeled by three-phase

inductances, capacitance and resistances with separate the

copper and iron losses resistances. The PWM converter

block consists of six IGBT-diodes switches which are in

the conduction state modeled by the resistance and forward

voltage. In that way the influence of IGBT/diodes conduc-

tion losses on the LCL filter resonance damping is taken

into account. The PWM block generates the gate signals

using the space vector modulation technique based on the

reference voltages in the stationary reference frame and the

DC link voltage. The delay block introduces the time de-

lay of the half sampling time which is necessary to obtain

the PWM pattern realized in the actual system (see Fig. 5).

The control part of the model is realized as the discrete-

time model with sampling frequency of 3 kHz. The ana-

logue measured values of the grid voltages and converter

currents are time-discretized by ZOH element. The control

algorithm is previously in detail explained in Section 3.

To compare the stability margins obtained by the root

locus technique, simulations are carried out for both LCL

filters; with the air and iron core inductors. The LCL filter

parameters are equal to the ones that are used in the root

locus analysis. The fifth harmonic of the 3% is included

in the supply voltage, as it was measured in the laboratory

supply voltage.
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Fig. 11. Nonlinear model of system with constant DC link voltage

Figure 12 shows the grid current waveform obtained by

simulation of the system with air core inductors and the

current controller proportional gain Ki = 1. It should be

noted that for Ki = 1 the resonance poles in root locus

are placed outside the unity circle (see Fig. 9). However,

although small oscillations are visible in Fig. 12, accord-

ing to the nonlinear model simulation the system is stable.

As shown in Fig. 13, for Ki = 1.5 the system approaches

the stability limit. It should be noted that the critical pro-

portional gain at which the system becomes unstable is al-

most two times bigger than the one obtained by the root

locus analysis. This is due to the different equivalent delay

times which are used in the root locus and nonlinear model

analyses. Because of the modeled PWM pattern that corre-

sponds to the one realized in the actual system (see Fig. 5),

the equivalent delay time in the simulation model is less

than the one used in the root locus analysis.

The simulation procedures are also carried out for the

LCL filter with iron core inductors and various propor-

tional gains of the current controllers. Fig. 14 shows the

grid current for Ki = 1.5 that is the critical gain for the

system with air core inductors. The iron losses damp the

resonance oscillations and the system is stable for this gain.

The current harmonic distortion is due to the fifth harmonic

in the supply voltage. The stability margin is achieved for

critical gain Ki = 4.3, as it is shown in Fig. 15. As ex-

pected, the iron losses significantly extend the range of

the current controller gains for which the system is sta-

ble. Also, the critical gain obtained by the nonlinear model

analysis is bigger then the one obtained with root locus

analysis.

5 EXPERIMENTAL RESULTS

To validate the results of the theoretical analysis, the

experimental investigations have been carried out on a 40

kW laboratory setup. It was designed and built for an in-

duction motor adjustable speed drive in hoisting applica-

tions. The considered PWM converter with the LCL fil-

ter is the grid-side converter of this drive. For the test-

ing of this converter in the rectifier mode of operation, the

motor-side frequency converter is disconnected and a resis-

tance load through an IGBT switch is connected to the DC

link bus. The control algorithm is implemented on Texas

Instruments TMS320F28335 floating point digital signal

controller. All other important parameters of the PWM
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0 0 .01 0.02 0 .0 3 0.0 4 0.05

-60

-40

-20

0

20

40

60

t  [ s ]

i g  [
 A

 ]

Fig. 12. Simulated grid current with LCL filter using air

core inductors for Ki = 1 
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Fig. 13. Simulated grid current with LCL filter using air

core inductors for Ki = 1.5

converter with LCL filter are given in Table 1. The photo

of the laboratory setup is shown in Fig. 16.

Figures 17 and 18 show the grid current waveforms

when the LCL filter with air core inductors is used, and

the PWM converter is loaded with 24 kW resistance load.

The same current controller proportional gains have been

set as in the corresponding simulation studies (see Fig. 12

and 13). A very good match between the simulations and

measurements validates the nonlinear model.

Figures 19 and 20 show the results obtained using the

LCL filter with iron core inductors for Ki = 1.5and

Ki = 2.1 By comparison of the results shown in Fig. 18

and 19, it is clear that the system using LCL filter with

iron core inductors becomes more stable, as it is previously
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Fig. 14. Simulated grid current with LCL filter using iron

core inductors for Ki = 1.5 
0 0.01 0.02 0.03 0.04 0.05

-80

-60

-40

-20

0

20

40

60

80

t  [ s ]

i g  [
 A

 ]

Fig. 15. Simulated grid current with LCL filter using iron

core inductors for Ki = 4.3

concluded by theoretical analysis. Fig. 20 shows the grid

current waveform and its spectra for the critical propor-

tional gain (Ki = 2.1). The oscillation frequency is about

1030 Hz and it is slightly higher than the resonance fre-

quency calculated with the nominal LCL filter parameters

(985 Hz).

Although the experimental results generally confirm the

theoretical analyses about the iron loss influence on the res-

onance pole damping, it should be noted that the stability

margins obtained theoretically by nonlinear model analy-

sis are somewhat wider. Thus, it can be concluded that the

equivalent iron loss resistances of the LCL filter inductors

determined by the method proposed in [9] are not reliable

for the stability margins determination.
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Fig. 16. Laboratory setup of PWM converter with LCL

filter

Fig. 17. Measured grid current obtained using LCL filter

with air core inductors for Ki = 1

Figure 21 shows the responses of DC link voltage and

grid current to the resistance load step change from 9 kW

to 24 kW. These responses were recorded with the follow-

ing parameters of the DC link voltage and current PI con-

trollers: KDC = 1, TDC = 9 ms, Ki = 1, Ti = 2 ms. It

can be seen from this figure that the response time on the

load step is about 30 ms. Although, the proportional gain

of the current controller has been chosen to be significantly

less than the one required by the symmetrical optimum, the

Fig. 18. Measured grid current waveform (a) and its spec-

tra (b) obtained using LCL filter with air core inductors for

Ki = 1.5 (stability limit)

obtained dynamic behavior is quite satisfactory for many

applications. This is illustrated in Fig. 22 and 23 where

the grid voltage and current of the inverter-fed induction

motor drive during the dynamic motoring and regenerative

mode of operations, respectively, are shown.

6 CONCLUSION

The stability problem of the three phase PWM con-

verter with LCL filter and converter current feedback is an-

alyzed. The comparative stability analysis is performed us-

ing two theoretical methods, z-domain root locus and non-

linear model analysis. It is shown that the stability margins

obtained by means of the nonlinear model simulation are

somewhat wider then the ones obtained by the root locus

technique. The results obtained by the nonlinear model are

confirmed by measurements.

To investigate the influence of the iron losses of the LCL

inductors on the system stability, two different LCL fil-

ters are tested, with the iron and air core inductors. It

is shown, theoretically and experimentally, that the sys-

tem using LCL filter with iron core inductors can be stable

without additional damping. For the final validation of the

system stability without an additional damping the influ-

ence of different system parameters on the stability mar-

gins should be analyzed for the specific system.
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Fig. 19. Measured grid current obtained using LCL filter

with iron core inductors for Ki = 1.5

Fig. 20. Measured grid current waveform (a) and its spec-

tra (b) obtained using LCL filter with iron core inductors

for Ki = 2.1 (stability limit)

Fig. 21. Response of DC link voltage and grid current to

resistance load step change from 9 kW to 24 kW

Fig. 22. Grid voltage and current of inverter-fed induction

motor drive during motoring mode of operation

Fig. 23. Grid voltage and current of inverter-fed induction

motor drive during regenerative mode of operation
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APPENDIX A

If inductors iron losses of LCL filters are taken into ac-

count the polynomial coefficients of transfer function (8)

are:

a0 = RFecRFeg

a1 = RFec(Lfg + RfgRFegCf ) + RFegLfc

a2 = LfgCfRFec(Rfg + RFeg)

+ Lfc(RfgRFegCf + Lfg)

a3 = LfgLfcCf (Rfg + RFeg

b0 = RFecRFeg(Rfc + Rfg)

b1 = RFecRfc(Lfg + RfgRFegCf )

+ LfcRFeg(Rfc + RFec) + RFec(Lfg(Rfg + RFeg))

+ LfcRfgRFeg

b2 = LfgCfRFecRfc(Rfg + RFeg)

+ Lfc [(Rfc + RFec)(Lfg + RfgRFegCf )

+Lfg(Rfg + RFeg)]

b3 = LfgLfcCf (Rfc + RFec)(Rfg + RFeg).

If the iron losses of the LCL filter are not taken into

account the polynomial coefficients of transfer function (8)

are:

a0 = 1, a1 = RfgCf , a2 = LfgCf , a3 = 0,

b0 = Rfc + Rfg, b1 = Lfg + Lfc + RfgRfcCf ,

b2 = Cf (RfgLfc + RfcLfg), b3 = LfgLfcCf .

(9)
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Goran Majić was born in Split, Croatia, in 1982.

He received the B.Sc. degree in electrical en-

gineering from the Faculty of Electrical Engi-

neering, Mechanical Engineering and Naval Ar-

chitecture, University of Split, Split, Croatia, in

2006. Since 2008 he has been in the Department

of Electrical Power Engineering at the University

of Split as a Research Assistant. He is currently

working toward a Ph.D. degree in electrical engi-

neering. His research interests include electrical

machines and drives, in particular, techniques to

reduce impact of grid connected PWM converters on power quality. Alojz Slutej received his Ph.D.E.E. in 1986.

M.Sc.E.E. in 1980 at the University of Zagreb,

Croatia. He is employed as Global R&D Man-

ager and works in ABB Crane Systems – Divi-

sion Process Automation in Sweden. Partly, he is

engaged as associate professor at the Faculty of

Electrical Engineering, Mechanical Engineering

and Naval Architecture, University of Split. His

interest is mostly in hardware and software de-

velopment in Real time controllers used for auto-

mated container cranes applications. He has been

co-author of many papers published in journals and presented at national

and international conferences. Alojz Slutej, Ph.D. is a member of the

IFAC CCD technical committee for distributed control systems, AISE

(USA Association of Iron and Steel Engineers) and KoREMA (Croatian

Society for Communications, Computing, Electronics, Measurement and

Control).

AUTHORS’ ADDRESSES

Prof. Božo Terzić, Ph.D.
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