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Abstract: The performance and dynamic charac-
teristics of a solid-state line conditioning system
which simultaneously eliminates line current har-
monics and compensates load power factor is pre-
sented and analysed. The line conditioning system
is implemented with a pulsewidth modulated
voltage-source inverter. Power factor com-
pensation is achieved by controlling the magni-
tude and the phase angle (delta) of the
transistorissd PWM inverter output voltage. Fast
response times are obtained by adjusting the
amplitude of the PWM inverter output voltage
through a modulation index control. The prin-
cipal advantage of this scheme is that it can main-
tain a near unity mains overall power factor
without sensing and computing the associated
reactive power component. It can also substan-
tially reduce the harmonic content of the line
current when the load is nonlinear. A time domain
model is derived and used to accurately predict
dynamic behaviour, the stability region and to
adjust system controllers. The transfer function of
the line conditioning system for open-loop and
closed-loop operation is derived. Experimental
results confirm the operation characteristics
obtained by computer simulation and mathemat-
ical analyses.

1 Introduction

In recent years more stringent requirements have been
applied to the performance of reactive power com-
pensators. With the proliferation of harmonic-producing
loads, including the increasing number of static power
convertors, a fast acting line conditioning system will
have to be considered as an essential component of an
industrial installation. Solid-state active power filters
using force-commutated convertors are therefore being
proposed and are gradually being recognised as a viable
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Line conditioning system configuration

solution to the problems created by static convertors and
other nonlinear loads [1-4].

The topology of the line conditioning system presented
in this paper is shown in Fig. 1. The proposed config-
uration is based on a force-commutated pulsewidth-
modulated voltage-source inverter connected to a DC
capacitor. By connecting the synchronous link reactor L,
(Fig. 1) in series with the power source instead of at the
AC terminals of the PWM inverter, the line conditioning
system behaviour is improved and the control scheme
becomes simpler and cheaper. In this case, the power
factor of the AC supply is controlled by forcing the
amplitude of the inverter AC output voltage to be slight-
ly higher or equal to the amplitude of the AC supply
voltages. This provides a simple control scheme requiring
minimum sensing (line and converter voltages only) and
no reactive power calculation. Previous works [5-8]
have proved that the dynamic response of the synchron-
ous var compensator with phase-shift control is slow and
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depends on the values of the synchronous link inductor
L, and the DC capacitor C,. To improve the transient
response of the line conditioning system presented in this
paper, a control circuit composed of a delta phase-shift
angle combined with a modulation index control loop is
proposed. The delta phase-shift angle control loop keeps
the DC voltage constant over the long term by adjusting
the small amount of real power absorbed by the inverter
[5, 7]. The amplitude of the inverter AC output voltages
is controlied by changing the modulation index of the
PWM switching pattern. This allows a precise and fast
control of the AC mains power factor. Moreover, com-
pared with synchronous solid-state reactive power com-
pensators [1-8], the proposed line conditioning system
has the following advantages:

(a) It does not require reactive current component cal-
culation of the reactive power absorbed by the load.

(b) It allows continuous power factor control with fast
response time (below two cycles of the AC supply).

(c) It can substantially reduce the amplitude of any line
current harmonics generated by nonlinear types of load.

Although a similar line conditioning system config-
uration was presented and analysed in Reference 5, the
compensator proposed in this paper presents better tran-
sient compensation characteristics owing to the imple-
mentation of a modulation index control loop.

The treatment presented in this paper includes a com-
prehensive steady-state and transient analysis of the line
conditioning system. The stability region and closed-loop
control tuning are obtained from the developed time
domain model. Finally, all the predicted results are
experimentally verified on a 10kVA laboratory proto-
type.

2 Principles of operation

The principal power circuit component of the line condi-
tioning system, as shown in Fig. 1, is a force-commutated
voltage-source inverter connected to a DC capacitor. The
main features of the proposed compensator are the
simple control system required to keep the AC mains
power factor close to one and the ability to eliminate
low-frequency load current harmonics.

2.1 Power factor correction

The power factor correction is done by forcing the ampli-
tude of the inverter AC output voltage to be slightly
higher, lower or equal to the amplitude of the AC mains
voltage (Figs. 2 and 3). In the long term, the inverter AC
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Fig. 2  Single-phase equivalent circuit of the line conditioning system

at fundamental frequency

voltage is controlled by adjusting the DC bus voltage
through small changes in the amount of real power
absorbed by the inverter through a é closed-loop control
[5]. Since the time response of the & closed loop is slow
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and depends on the value of the synchronous link induc-
tor L, and the DC capacitor C [6, 7], the compensator
time response is significantly improved with the imple-

Fig. 3  Generalised phasor diagram for inductive load compensation
Ver < Vi)

mentation of a modulation index control loop. Tran-
siently, the inverter AC output voltage is maintained
constant by changing the gating signals modulation
index so that the DC voltage variations are compensated.

To be able to continuously change the gating signal
modulation index with a simple control circuit, the PWM
technique presented in Reference 10 is used. The selected
PWM technique allows a maximum voltage gain and
low-order harmonic attenuation to be obtained with the
lowest possible switching frequency (40% lower than con-
ventional carrier PWM techniques).

Under steady-state operating conditions, the real
power absorbed by the inverter is the difference between
the real power delivered by the AC source and the real
power consumed by the load. The real power provided
by the AC source is given by

Vir Vino .

P, X, sin (J) (1)
where § is the phase-shift between the source voltage V,,
and the fundamental component of the inverter AC
voltage V,,, .

Under a load power factor fluctuation, the inverter
will transiently supply or absorb the extra real and reac-
tive power delivered by the load, thereby charging or dis-
charging the DC capacitor. To keep the inverter AC
output voltage V,, equal to the amplitude of the corre-
sponding AC mains voltage V,, and the source power
factor close to one, the gating signals modulation index
changes, and at the same time, the phase-shift angle & is
modified so that the inverter will draw or generate more
real power from the AC source restoring the DC voltage.

Fig. 4 shows simulated waveforms for fundamental
components for a load power factor fluctuation. In par-
ticular, Fig. 4a shows the load current I, and the respect-
ive phase to neutral voltage V,,. Fig. 4b shows the
effectiveness of the line conditioning system by keeping
the AC mains power factor close to one. Fig. 4c illus-
trates the DC voltage variation due to the changes in the
load power factor and the amplitude of the inverter AC
output voltages. It is clear that the modulation index
control is able to keep the amplitude of the inverter fun-
damental output voltage almost constant. Fig. 4d shows
the values of the modulation index m and the phase-shift
angle 6.

129



2.2 Filtering characteristics
Low-frequency current components generated by nonlin-
ear loads are effectively attenuated by the PWM voltage-
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Fig. 4  Simulated waveforms for linear load compensation and transient

operating conditions

a Phase to neutral source voltage ¥, and respective load current I,

b Source voltage V,, and line current I,

¢ DC voltage fluctuation V¢ and amplitude of the inverter output voltage | V;,, |
d Modulation index value m (on a phase to neutral bases) and é phase-shift angle
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Fig. 5  Three-phase equivalent circuit for harmonic components of the

line conditioning system connected to a nonlinear load

source inverter. The small second-order filter connected
between the inverter and the load (Fig. 1) contributes to
eliminate high-frequency load current harmonics but is
not responsible for the attenuation of low-frequency load
current components. Its function is to minimise high-
frequency current and voltage harmonics generated by
the inverter. Low-frequency current components gener-
ated by the load circulate mainly through the voltage-
source inverter since it offers a low impedance path. The
inverter connects the charged DC capacitor between the
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AC lines creating a second-order filter with the respective
synchronous link inductor L. Fig. 5 shows the com-
pensator equivalent circuit for the harmonic component
at a given instant. Since in the voltage-source inverter
three switches are always conducting, the DC capacitor
gets reflected to the AC side in an open delta connection.
It must be noted that the DC capacitor connection is
changed at a rate equal to the inverter switching fre-
quency.

3 Time domain model

The time domain model of the line conditioning system is
derived considering the single-phase equivalent circuit
shown in Fig. 2 and based on the following assumptions:

(a) The three AC source voltages are balanced and
contain no harmonics.

(b) The equivalent circuit shown in Fig. 2 only takes
into account the fundamental components of current and
voltages. The harmonics generated by the PWM voltage-
source inverter are neglected. They do not affect the time
domain model when they are small enough, as is the case
for most of the practical PWM converters.

(c) All the losses of the AC system are lumped and
represented by an equivalent resistance R, connected in
series with the link inductor L,.

(d) Switching losses and the power dissipated in the
DC capacitor are represented by an equivalent resistance
R, connected in parallel with the DC capacitor.

It should be noted that the inclusion of a modulation
index control loop and the connection of the synchron-
ous link inductor L; in series with the power source
instead of at the inverter AC terminals changes the math-
ematical model of the compensator, as compared with
the analysis presented in Reference 6. Applying the
Kirchhoff voltage law in the equivalent circuit shown in
Fig. 2, and then considering a three-phase balanced
circuit, the following system equation is obtained:

dli,]

(V1=L, =%+ Rili] + [V] @
where
Ve J@V sin (w1)
[V1=|V,|={ @V sin (ot — 120°)
Ven JQV sin (@t + 120°)
Vinva V2V sin (@t — )
[Vined = | Vines | = | V/(2Wipo sin (0t — 120° = 8) | (3)

Vinoe V(W sin (ot + 120° — 0)
m is the inverter modulation index, defined as

12
m=_"= (4)
VDC

where V,,, is the fundamental component RMS value of
the inverter phase to neutral voltage and V. is the
voltage across the DC capacitor.

The dynamic model of the power factor compensator
given in eqn. 2 may be transformed into a time invariant
dynamic model by an abc-dqo transformation of refer-
ence frame. That is

dri
[V]"“" = [R‘]dqo[ia]dqo + [Ll]dqﬂ [l;zd *

d
) B s e ©
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where

[R\Jago = [AIIR, (AT and  [L]4, = [AI[L,I[AT

and (4] is the abc-dgo transformation matrix, [V],,, and
[Vinolago are the source and inverter output voltages in
the dgo frame.

5 cos wt sin wt 1//2)
[4]= \/(§> cos (wt — 120°) sin (ot — 120°) 1/,/(2)
cos (wt + 120°) sin (et + 120°) 1/,/(2)

(6)
and
0
[V]igo = [ATTV1ae = | VOV
0
=/ 3)Vip sin (8)
[Vindigo = LAY DVinslape = | V/(3)Vine cOS () M
0
Replacing eqns. 6 and 7 in eqn. 5 and developing
di
Lyt = —Riias = 0Liigg + JOWisin (@) (®)
di, ) )
L, E’ = —Ryiz + WL, iy
+ B = /By, cos () ®

Eqns. 8 and 9 represent the time-invariant dynamic
model of the line conditioning system. The power
absorbed by the inverter in the dgo frame is given by

Pinv = linpa Vinvd + iinvq Vx‘nrq (10)
The power balance equation in the dgo frame is equal to

Vi av . .

R+ CVoe 5l = Ui Viwa + fimg Vi) (n

3

The left term in eqn. 11 represents the losses in the DC
capacitor and in the inverter switches and the instantan-
eous power stored in the DC capacitor. Applying the
current Kirchhoff law at the inverter terminals, the
following equations are obtained:

linod = laa — laa
linvg = lag = laq (12

Finally, by replacing eqns. 12 and 7 in eqn. 11 the power
balance equation of the inverter becomes

v,
c d_DrC = JBIM{(igg — iy} cOS (3)

~ G 14 in 9)) 2 (13
The equations that describe the system behaviour in
open-loop operating conditions are eqns. 4, 8, 9 and 13.
The unknown variables are V¢, i,, and iy. The closed-
loop model of the line conditioning system is obtained by
including the equations of the PI controllers for the § and
the modulation index loops. These equations are

t
o) =K,.e, + K, J e, dt (14)
0
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and

m(r)=K,,,,.e,,,+K,~,,,je,,I dt (15)
o

where 4(t) is the instantaneous value of the phase-shift
angle, m(t) is the instantaneous value of the inverter
modulation index, K, is the proportional gain of the ¢
loop, K, is the integral gain of the & loop, e, is the error
voltage = V.., — Vpc, K, is the proportional gain of
the modulation index loop, K, is the integral gain of the
modulation index loop and e, is the inverter output
voltage error = V — V,

aol

By solving eqns. 4, 8, 9, 13, 14 and 15 for different load
power factor values (defined by i,,), the dynamic per-
formance of the line conditioning system is accurately
simulated. The influence of the PI controllers in the com-
pensator time response and the influence of the power
circuit components in the line conditioning system
response may be obtained by simulation.

Fig. 6 shows that the DC capacitor value plays a sig-
nificant role in the line conditioning system response

3
3
[=3
8 reactive power
> required by the reactive power —05
2Moadis decreased  [£9yired by the - Xeo o
foad is increased
| 1 | | | ) b ] |
0 0.1 0.2 0.3 0.&
t. s
Fig. 6 Simulated capacitor voltage for different capacitance values and

for a step change in the reactive power value required by the load

since it is the power component that has to absorb or
deliver the instantaneous power generated or absorbed
by the load. Smaller values of C generate an oscillating
DC voltage responses whereas larger values of C make
Vpe more stable.

Also, simulated results show that system stability is
improved if the two control loops are decoupled by
forcing the & loop to be at least 10 times slower than the
modulation index control loop. Also, these results prove
that the compensator stability increases if the X /R,
ratio is below 15 since R, provides the damping required
by i,z and i,,.

4 Transfer function of the line conditioning
system

The mathematical model derived in the previous Section
shows that the line conditioning system is a multivariable
nonlinear system. To obtain its transfer function the
system eqns. 8, 9 and 13 must be linearised, applying
small perturbations around an operating point. This
method is valid since in practice the variations of the
phase-shift angle Ad and the modulation index Am are
small.
Considering eqn. 8

diag _ —R, .

_ N{E)
d(wgt)

g — oy + L2V,
X, Yy Vi

sin (9) (16)
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applying small perturbations around the operating point
in eqn. 16 and then subtracting the steady state equation

Aigy —R, .. .
- A
daon ~ x, D= Biag
JB) V3 .
N s AV, + Xy A 7
N 00 A + 3V 0 (17

where the subscript ‘o’ denotes steady-state value. Apply-
ing the Laplace transform in eqn. 17.

—R
S Ay =—2Aiy; — Ai
ad X ad aq
1

J3) ) '3) :
G AV + X2V, AS
X, 90 BV 5= Vi ()
where s = w/w, . Doing the same analysis for eqn. 9 gives
—R /(3
S Ay = =0 6y 4 Aiy Y Ay (19)
Xl 1

Solving eqns. 18 and 19 for Ai,, and Ai,,
3 R
L) {((503 +0g =+ 1) AV,
X,

X,
R

+ (V,m,,s + Vi, —‘) Aé}
X,

Aiyy = R R\
T2t s+ 14| 2
st X]s—i- +<X1 (20)
/ R
0 {(é - (s + —’))Av,-m Vi Aa}
. X, Xy ’
A, = - PRY @1
2491 e
5%+ X,S+!+(X1

The power balance equation of the power factor com-
pensator may be represented by the normalised equation

dVpc
d(wqyt)

X
+ R—c Voe = /3IMX (iing — Oiipea) (22)

X, = 1/wC, the DC capacitor reactance at the AC mains
frequency. Since 6 is small, cosd =1 and sind = .
Applying small perturbations around the steady-state
operating point gives

Mg = My binug, + bingg, Am + mg Al

invq
MOlyyg = Mg dolinug, + o fingd, A
+ Mg iy, AS + Mo 6o Ay (23)

Replacing eqns. 23 in eqn. 22, neglecting second-order
terms and subtracting the steady state equation gives

dAVpe X

— AVpe
don TR AV
= \/(3)Xc{(inuq,, ) ilnvd.,) Am
+ Mg Aijyyy — Mo 3o Ay — Mo i, AS} (24)

Applying the Laplace transform

XE
s+ R‘[ AVpe
= VOX {Ging, = o lina,) Am
+myg Aiiqu — My g Ay — Mg Linod, Ad} (25)
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The transfer function of the line conditioning system is
obtained by replacing Ai;,.; by Ai,; — Ai,, and Aijpyq Y
Ai,, — Ai,, and then replacing Ai,, and Ai,, by eqns. 20
and 21. To simplify the mathematical model, Ai,, is
neglected since the changes in the reactive component
required by the load depends mainly on Ai ., (Fig. 6).

AVpe = Gy(s) Am + G4fs) AV,
+ G3(s) Ad + Gyls) Alyy (26)

where the transfer functions G,(s), G,(s), G4(s) and Gy(s)
are equal to

G\(s) = VX cliinegy = 0 linuay) o
&
s+ 3
=3mo(35 + 1)% (s + %)
_ L .
GZ(S) = . & R R & R & 2 o (28)
N R[ N X‘ S Xl
(s) = —OBImo X i, {T(S)}
Gyls) = Y e (R 29
’ R, § X, § X,
and
)= 52 4 (V30 Vin, ﬂ)
Is)=s +( X, + X, s
\/(3) do Ry (Rl 2
T v Vv T Fiee 1 —
+ X\ X, Vi | +1 + X, (30)
6.y = Dol X, o

<s+%)

Eqn. 26 shows the line conditioning system transfer func-
tion considering AV (fluctuation in the DC capacitor)

Aigg

Fig. 7 Open-loop block diagram of the line conditioning system

Fig. 8  Closed-loop block diagram of the line conditioning system
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as an output. To obtain the inverter AC output voltage
as the compensator output variable, the following equa-
tion must be considered:

AViy = Mo AVpe + Vpe, Am 32)

c
Fig. 9

a Phase to neutral voltage V, (50 V/div} and respective line current (2 A/div)
b Phase to neutral voltage V,, and respective load current (2 A/div)
¢ Inverter AC current (5 A/div) and inverter voltage (50 V/div)

Steady state results for nonlinear compensation

The open-loop and the closed-loop block diagram of the
proposed line conditioning system are shown in Figs. 7
and 8.

In Fig. 8 G,, and G; are the transfer function of the PI
controllers of the modulation index and the delta loop,
respectively. From the analysis of the open-loop system
transfer function the following conclusions are obtained:

(a) The solution of the transfer functions character-
istics eqns. 27, 28, 29 and 31 proves that the line condi-
tioning system is stable for open-loop operating
conditions.

(b) Also, the poles of the line conditioning system show
that the open-loop transient response of the compensator

1EE Proc.-Gener. Transm. Distrib.. Vol. 142, No. 2, March 1995

depends mainly on the ratio between R, and X,
(synchronous link reactor) and between R, and X, .

(c) The negative feedback of G,(s), Fig. 7, defines the
open-loop self regulated characteristics of the proposed
line conditioning system.

c

Fig. 10 Transient experimental results
a Phase to neutral voltage (50 V.div) and respective line current (2 A/div, 10 ms,
div)

b Phase to neutral voltage (50 V-div) and respective load current (2 A/div, 10 ms,
div)

¢ DC voltage and DC current (20 ms;div}

The delta phase-shift angle closed loop relates AV, with
AV, while the modulation index closed loop relates
AV,,, with AV,. The transfer function of the PI control-
lers used in both closed loops are G; and G,,, respec-
tively.

5 Experimental results

To demonstrate the feasibility of the proposed line condi-
tioning system and the associated control schemes an
experimental 10 kVA unit was implemented. Steady-state
results obtained with this bread board unit are depicted
in Figs. 9 and 10.
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Steady-state experimental results for a nonlinear com-
pensation are illustrated in Fig. 9. Fig. 9a shows the
phase to neutral source voltage and the respective line
current. It is evident that the line power factor is one. Fig.
9b depicts the load current (three-phase controlled
rectifier) and the respective phase to neutral source
voltage V,,. Finally, Fig. 9¢ shows the inverter AC
current and the respective line to line inverter voltage.

Transients results are shown in Fig. 10. The transient
operating condition is obtained by generating a step
change in the load power factor value. The load power
factor value is changed by modifying the firing angle
(from o = 120° to o = 60°) of the three-phase controlled
rectifier used as a load. In particular Fig. 10a shows the
line current and the respective phase to neutral voltage.
This Figure proves that the compensator time response is
close to three cycles. Fig. 10b depicts the change in the
load power factor. Finally, Fig. 10c shows how the DC
voltage changes when the load power factor is modified.
It is important to note that the time required by the
capacitor to reach a steady state is larger than the com-
pensator response. This proves the effectiveness of the
modulation index control loop.

Comparison with simulated waveforms shown in Fig.
4 reveals close agreement between predicted and experi-
mental waveforms. Moreover, agreement in waveforms
validates the derived model and the analysis presented.

6 Conclusions

In this paper a three-phase line conditioning system
implemented with a PWM voltage-source inverter that
presents a fast response time has been presented and
analysed. The proposed line conditioning system can
maintain a near unity mains power factor without
sensing and computing the associated reactive power
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component and it can also substantially reduce low-
frequency current harmonics generated by nonlinear
types of load. Time response has been improved by
including a second closed-loop control that varies the
modulation index of the inverter gating signals. The close
agreement between the analytical and the experimental
results proves the validity of the analysis and the feas-
ibility of the proposed system.

7 References

SUME, Y, et al.: ‘New static var control using force-commutated
inverters’, IEEE Trans., 1981, PAS-100, (9), pp. 4216-4223
EDWARDS, C.W,, et al.: ‘Advanced static var generator employing
GTO thyristors’, JEEE Trans. on Power Delivery, 1988, 3, (4), pp.
1622-1627

KOJORI, HA,, DEWAN, SB., and LAVERS, J.D.: ‘A large scale
PWM solid-state synchronous condenser’. Conf. Record of IEEE
Annual Meeting of Ind. Appl., 1990, pp. 10991106

GYUGYI, L.: ‘Reactive power generation and control by thyristor
circuits’, IEEE Trans., 1979, 1A-15, (5), pp. 521-532

MORAN, L., ZIOGAS, P.D, and JOOS, G.: ‘Analysis and design
of a novel three-phase solid-state power factor compensator and
harmonic suppressor system’, /[EEE Trans., 1989, 1A-25, (4), pp.
400-407

JOOS, G, MORAN, L., and ZIOGAS, P.D.: ‘Performance analysis
of a PWM inverter var compensator’, I[EEE Trans. on Power Elec-
tronics, 1991, 6, (3), pp. 380-391

DIXON, J.W., and VEAS, D.: ‘Stability analysis and performance
characteristics of open loop var compensator’. Conf. Record of
1EEE Annual Meeting of Ind. Appl., 1990, pp. 1086-1091

KOJORI, HA,, LAVERS, 1D, and DEWAN, SB.: ‘A critical
assessment of the continuous-system approximate method for the
stability analysis of a sampled data system’. Conf. Record of IEEE
PESC, 1990, pp. 80-87

MORAN, L., ZIOGAS, P.D, and JOOS, G.: ‘Analysis and design
of a synchronous solid-state var compensator’, I[EEE Trans., 1989,
1A-25, (4), pp. 598-608

10 ZIOGAS, P.D,, MORAN, L, JOOS, G., and VINCENTI, D.: ‘A
refined PWM scheme for voltage and current source converters’.
Conf. Record of IEEE Annual Meeting of Ind. Appl., 1990, pp.
977-983

~

w

I

w

o

-

o

%)

IEE Proc.-Gener. Transm. Distrib.,, Vol. 142, No. 2, March 1995



