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Abstract-Due to the vast growth in semiconductor
technology led to design of faster power electronic
switches with higher ratings.These devices have been
used to improve the performance of various power
converter systems. To improve the power quality and
power flow control the Voltage Source Converter (VSC)
has been widely used in power systems. This work
presents and compares the performance of three
controllers namely vector control, Adaptive control
and Fuzzy logic control schemes applied to a voltage
source converter which operates an active power
filter. The proposed method depends on an
approximate third order nonlinear model of the VSC
that accounts for the uncertainty in the three system
parameters. The design ensures the asymptotic
tracking of dc voltage and q-axis current reference
trajectories. This approach is so-called full adaptive
control. The design of Fuzzy control rule based on the
general dynamic behaviour of the process. A new
control method is implemented for suppressing the
harmonics is fuzzy logic control. The power factor
correction process is achieved without employing any
complicated control logic. The performance of various
controllers is examined and various simulations were
carried out in MATLAB environment.

Key Words:Adaptive control, modelling, power factor
correction, voltage source converter (VSC), fuzzy logic
control.

1. INTRODUCTION

Voltage source converters (VSCs) have a number
of important applications in the area of power
conversion. They can be used as active power filters
which compensate power factor of the supply or reject
the harmonic content injected by a load. Both objectives
have important consequences on the efficiency of the
power supply. The proposed paper investigates the use

of model based adaptive and nonlinear control methods
to achieve trajectory tracking for a number of power
factor correction. The voltage source converter can
provide bidirectional power flow, constant dc voltage
and harmonic elimination. Voltage source converters
have replaced complemented passive filters for number
of power quality problems [1],[2] and [4]. This paper
investigates the use of a VSC as a static synchronous
compensator (STATCOM) to control power factor where
the problem is to track VSC g-axis current and dc voltage.
A number of approaches have been taken to solve this
tracking problem. Some researchers exploit an
approximate model, which assumes a time-scale
separation between the voltage and current dynamics.
For example, some approaches work in a synchronously
rotating reference frame and wuse a decoupled
proportional integral (PI) control for current and dc
voltage [3], [10]. An improvement of vector control is
proposed in [3] where additional PI controllers
compensate undesired negative sequence components
from an unbalanced load. The controller is designed
based on a double synchronous reference frame. In order
to facilitate controller tuning, improve transient, and
steady-state performance, other approaches directly
compensate for system nonlinearity. A PI control is
cascaded with the d-axis current control to achieve
robust tracking of constant dc voltage. The PI controller
that improves decoupling of the d- and g-axes current
dynamics. The technique is based on plant inversion.
Since the multivariable PI control does not rely on feed
forward control, system performance is robust to
uncertainty. An optimization-based multivariable PI
controller is proposed in [16]. The method is based on
designing the nonparametric closed-loop and open-loop
system matrices via convex optimization. The main
objectives of the design are to provide fully decoupled d-
and g-axes current dynamics and tracking performance
with a simple structure. A stationary reference frame-
based controller called proportional resonant (PR)
controller provides an alternative to avoiding
synchronous reference frame transformations. PR
controllers can track time-varying reference trajectories
with zero steady state error. Since the stationary frame
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PR controllers essentially work like the PI controllers in
the synchronous rotating frame, but without the need of
frame transformations, they are likely to suffer from
parameter robustness issues in a similar way to
traditional vector control as in [3]. The control is
designed without a synchronous reference frame
transformation or current loop design. Adaptive control
can be thought of as a feedback law that attempts to
reshape the controller by observing its performance.
This type of control is used to compensate for system
uncertainty such as unknown parameters or
disturbances [7]. In VSC applications, adaptive nonlinear
control has been used to improve robustness to model
error. A Lyapunov function-based adaptive back
stepping control of a VSC, VSC is used as a rectifier
feeding an unknown resistive load on the dc side. To
reduce the complexity of the control design, the system
uncertainties are assumed to be constant terms added to
the VSC dynamics. The dc load current is also assumed
constant. Model reference adaptive control (MRAC) was
used for power factor correction in a second-order
single-phase VSC with two unknown parameters [12]. In
order to apply linear MRAC theory, a second-order
nonlinear model is linearized around an equilibrium.
Work in considers an adaptive control for two single-
phase VSCs connected in parallel and having different
output voltage levels. The controller is designed using a
Lyapunov function and singular perturbation theories. A
passivity based controller is proposed in that copes with
unbalanced current and parameter uncertainties. The
VSC model is developed using negative and positive
sequence dynamics. Unlike the method proposed in this
paper, none of the previous work involves an adaptive
control for a third-order model with three unknown
parameters. Hence, the proposed design accounts for a
more precise VSC model and statements regarding its
performance are improved in that regard. The other
approach for VSC is fuzzy controller for power factor
correction [13]. In [13], Voltage Source converter for the
Improvement of Power Quality Using Fuzzy Logic
Controller is described. The modelling of fuzzy logic
controller is described in this paper. In [14], Presents a
comparative evaluation of the proportional-integral,
sliding mode and fuzzy logic controllers for applications
to power converters and also demonstrates similarities
of fuzzy logic controller with other controller. In [15],
fuzzy logic controlled shunt active power filter for power
quality improvement. This work presents improving
power quality fuzzy logic controlled power filter.

2. VSC OPERATION AND MODELING

2.1 Basic Method of Operation

The VSC system shown in Fig. 1 Contains six
IGBTSs, each having an anti-parallel diode to provide a
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path for current to flow it is off. Each leg of the converter
has two IGBTs operating in complementary fashion, i.e.,
when the upper IGBT is off then the lower IGBT is in on
state. The VSC is connected to a point of common
coupling (PCC) to a three phase source and inductive
load through filter inductors. The impedance of the each
filter inductor, which also models IGBT conduction
losses, is assumed balanced and equal to f + jwl,

where @ is the ac source frequency. The voltages at PCC
are denoted by ¥;.v. ¥ the currents flowing into the
converters is iz.ipi, and the VSC terminal voltages
areé;. ey, 8.. The VSC getting signals are gi. 4z ... §; are
binary valued and generated by a Sinusoidal Pulse Width
Modulation (SPWM) scheme.

2.2 Sinusoidal Pulse Width Modulation

The main objective of SPWM is to manipulate
the low frequency components of the converter output
voltage via high-frequency switching. Three-phase
SPWM signals are generated based on comparing a
triangle carrier waveform with three-phase modulation
signals. The modulation signals are phase shifted by
2m/3 rad and by & relative to the ac source.
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Fig-1: Circuit diagram of a VSC

Where & is phase shift relative to the AC source.
If the amplitude of the triangle carrier is A; the ratio
m, = An /A4, is known as an amplitude modulation
index. It can influence the amplitude and phase of the
fundamental components of the VSC output voltages by
varying mz and . In the SPWM for each phase is
generated by comparing the three phase modulation
signals with a carrier wave form. When the modulation
signal is greater than the carrier waveform the SPWM
output is high. When the modulation signal is lower than
the carrier waveform the SPWM output is low.

2.3 VSC Modelling
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Non Linear Model

The Fig. 3 shows typical shunt conFigurations of a VSC
three-phase power system where the ac source currents
arelgg. lgpa g .

The VSC current dynamics can be written as

di,
LE-I_R:E: ¥, — &g
di,
LE-'-R.‘.-E,: Ub—gal::l:]
di, )
LE+R:r: v, - 8,

As in the power balance between the dc and ac sides of
the VSC is

p-Pr = v (55.)(2)

Where, '#'is the instantaneous power into the VSC at the
PCC and F; is the instantaneous power dissipated in the
impedance R + jwl and iz, is the dc side current which
related to dc voltage ¥4, by

dv"dl—
3
= (3)

Ve
lge -5 =0
R

Where the capacitor resistance and switching losses are
lumped intoA ..

Fig-2: A typical shunt conFiguration of a VSC three-phase
power system

From (1) and (2) we have

dl"'dr _ F_E'Z _ Ve
dt  Cvy CR,

(3)

The expressions forg and Fz are

P = vglg + vpip + Vi,

T o diy  dip  dig
P :H{:E“F:a‘ +:|_-‘} +L(:EE+:aE+:fEJ

Py =H{fc: +:-E:l: +fr:}

di, diy di
P.:I.(:'— By — —)
L “d.r+”d.r+fdx

Where the Pz and P, are resistance and inductor powers,
respectively. The synchronously rotating reference
frame transformation is used to express the system
equations in dqo frame which is more convenient for
control design [6]. We defineThe transformation which
maps the phases from abc to dqo is given by

Klwt) = Rlwt). 5 =

n 2r
sin(wt) cos (a:-t - ?] sin(mt + ?]

|

B | =
Ba | =

This linear transformation is called the Clark Park
Transformation or synchronous rotating reference frame
transformation (RFT) matrix. The transformations are:

{fdsfq" fn}‘ =K. (ig.tp.t) and
{v'da Vg UD}T =K. I:Vr.'* Ve v‘f:]:r

The ac supply is assumed balanced, the
g-axis source voltage ¥; can be considered zero.

Therefore, the VSC system dynamics in dqo frame are

dfd R ) Vg =
dt——L.d'l'E-:hq‘l'L—L
dai " v, @&
g : - g g
— == i - - — 4
gt pleTetet g )

d'l-‘-'dr _ E l}"dfd + l-fq.fl_-'. Var PZ

dt 2 Cvs  CR, Cvg,

Where ¥z and 1; are d- and g-axis components of the ac

source voltage. The VSC terminal voltages are denoted
by &z and #; given by

1
€3 = 3 Vac Mg COS &

(5)
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1
€3 = 5 Vg Mg €OS &

These relations are derived from a time-average analysis
of the VSC terminal voltage as a function of nt; and &.

Effectively, the amplitude and phase of the average value
of the three-phase terminal voltages can be controlled
through i, and & [5]. Since the fundamental component

of the VSC terminal voltage has an amplitude of vz.m./2,
the dc voltage must be controlled so that vz, = 2wto

ensure proper VSC operation and bidirectional power
flow. This paper considers a control design that allows
for uncertainty in the parameters L.R,H_ which are

difficult to determine in practice.

Linear Model
The input u = (u,,u,)7 is defined as
iy = (o —02) g = (3, - )
And the state as
- L .
x=(r a2 = (:d’:‘?’ﬂ_l:d waf) with the new choice

of state and input dynamics (4) can be written as

%= Ax + Bu+ Alx, u) (6)

-R/L 0

A=| -« -R/L 0 )
1 v, /vy -2/(CR,)

1/L 0
B=|0 1/L

L D 0

2P Lx.u)__

Axw =M 0 -—— (7

P Can be expressed as a function of u

3
Prlrw) =P (x) + B xud = ;{“15d+“:fq}

Since the VSC system is assumed balanced, it can
be shown that F; is negligible and 5 is almost constant.

The effect of ac side resistor losses Py can be included in
the effective dc side resistance denotedH;. Then (1) and
(3) can be replaced with

= Udrfdr ':E‘:]

And

d“dr _ F _ Ve {'9]
dt  Cvg. CR,
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Remove the over bar from R; and iz; in (9) to
emphasize they can be different from £_and iz;as they
related to a different VSC model.

After transforming (9) into dq frame, the VSC dynamics

1S
%= Ax + Bu(10)

-R/L  w 0
A=| - -R/L 0
1 v, /vy -2/(CR.)
Since ~we assume that Ff is negligible

P,=P =2R(i,% + :'q:} therefore, we can express the

relation between R, and R using

) 1 1 3 . s
U‘dr(E—RE—C—EJ :ER{:d +:r,' }':11:]

Solve (22) for R, gives

(12)

Where the
resistancef .

P, =vi./R.is the power loss of the

3. CLASSICAL VECTOR CONTROL OF A VSC

This is the traditional method of controller
design for power quality improvement.

3.1 Classical Vector Control Of A VSC

In thisclassical vector control of a VSC is used for
PFC. In this design assume all system parameters are
known From (4),

Where R; is used instead for simplicity, and defining &
and &g as

es = vy + L{wig-p)
(13)

gg =1y + Llwiy—p)

Where py and p: are the outputs from the PI

compensators of iz andi.
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Substituting the (13) into current dynamics in (1) gives
decoupled equations

dig R

@ et
(14)

dig R

gt~ LetP

By controlling iz and i, consider the PI feedback
1
m = de{:-d- - fd:l + H[d J‘D {fd- - fd]dr

(15)

1
Be :qu{fq- —fq}+K[q J‘ ':fd-— fd:ld't
o

Where [.)* denotes a desired reference value. In
frequency domain we have

Rs) = (K_ﬂd +&J (1" -ig)

=
K:
P,(s) = (K_ﬂq + f] (15" - 1g)(16)

From (14) and (15), closed-loop transfer functions of
current dynamics are

g Kogs + Ky
== TRy (17)
Id 5‘+{ ,flri". +Kpd}s+K[d

I _ Kpgs + Ky
I a2+ (R + K, )s + Ky

(18)

The choice of parameters for the vector control gains is
straight forward. Since (17) and (18) are second order
linear transfer functions. Their outputs can’t track time
varying references. Therefore, is" and :'q.' are
considered to be constant, then the both two equations
represent second order systems with un damped natural
frequencies

g =*..-'I'k_iq"fd: {R-"Irl + de }.'J({E*.,-'I'K_idl
£= I[Rfl + qu}f{E.?-"H_m}. In some papers, filters are

also used to cancel the closed-loop zeros. For PFC basic
requirement is that i tracks the load reactive currenti;".

g =+f Kig and

At the same time the controller should force ¥4, to track
constant reference 17z.. In designing the controller for
the dc voltage dynamics, it is assumed that the dc voltage
varies on slower time scale than the d-axis current. That
is, when designing the control for dc voltage we assume
iz tracks its reference i ;”. The dc voltage of the capacitor

is related to the amount of real current entering the VSC,
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dc voltage is indirectly controlled by d-axis currentiy.
The output of the PI compensator for dc voltage is

I;°(s) = (k_m. + ksi) (v3, - V. )(19)

The block diagram of the vector control is
shown in Fig. 3. The dc voltage loops are taken as
sufficiently lower in magnitude than those in the current
loops. The PI gains for the dc voltage loop can be
obtained from the transfer function of the dc voltage
dynamics.

kp, +kiy[s

1:a — 'd
iy — abe/dq ig
Lo ——f Ve =4 vy

vy, iy
kp, +kiy /s = ) Kpy +kiy/s

Vde

Fig-3: Block diagram of traditional vector control

4.FUZZY LOGIC CONTROLLER

Fuzzy Logic Controllers (FLCs) are designed
based on the concept of fuzzy logic rule base. The
advantage of fuzzy logic controllers over conventional
controllers is they don’t need an accurate mathematical
model and they can handle non linearity, they can paper
with number of imprecise inputs, and they are more
robust than conventional controllers.

FLC consists of

Member ship values: member ship values we have to
fuzzify the data or create membership values for the
data and put them into fuzzy sets.

. Rule table: the rule table must now be created to

determine which output ranges are used. The table is an
intersection of the two or more inputs.

. Fuzzy rule base: fuzzy rules are writing based on rule

table.After fuzzy rule base we get results then we de
fuzzyfication using mamdani’s method or any other
method.

4.1 Fuzzy Logic Controller for VSC
Compensation Principle

The active power filter is controlled to
draw/supply the compensating current if from/to utility
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to cancel out the current harmonics on AC side thereby
making the source current in phase with source voltage
thus improving the power factor.

Significance of DC Capacitor

The dc capacitor is present in the system, the dc
capacitor has two main purposes: during steady state
period it maintains DC voltage wit small ripple and in the
transient period it behaves as energy storage element to
supply the real power difference between load and
source. The load power changes there is a difference
between load and source. When the load condition is
changes there will be a disturbance in the real power
balance between the load and source. Difference in the
real power is compensated by DC capacitor voltage
changes away from the reference voltage. For the
satisfactory operation of the active filter, the peak value
of the reference source current must be adjusted to
proportionally change the real power drawn from the
source. This real power charged/discharged by the
capacitor compensates the real power consumed by the
load. In DC capacitor voltage is recovered and reaches
the reference voltage then, the real power supplied by
the source is supposed to be equal to that consumed by
the load again.

R Ls
LT { *
it
{ Non-Linear
Load
DC Voltage r )
Measurement | +=—— ¥j. — Al
T
Vil pof 1 L
N Yoltage Source
Dwerter
—sQ——] T
Fuzzy Logic Reference Current —| Fury
Cnn;mllfr T Gerenr +0-— Logic | PWMPullst
— —TrO—-o Controller | | Generation
1y e

Fig-4: Basic Compensation Principle

It is in this way that, by regulating the average voltage of
the DC capacitor the reference source current can be
obtained.

4.2 Estimation of Reference Source Current

Ideal compensation demands the mains current
to be sinusoidal and in phase with the source voltage,
irrespective of the nature of load current. After
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compensation, the desired source currents will be of the
form.

Iy = Igpsinwt

Iz = msiﬂ{mi—l?ﬂnj (20)

Io." = Iy sin(wt +120°)

Where [, =1I;cos8, +15 is the amplitude of the

desired source current, while the phase angle can be
obtained from the source voltages by multiply with the
unit vectors o respective voltages, from Fig. 1,
instantaneous currents can be written as

it} =i, (t)-i.(e) (21)

Where i (£}, i, (£).i.(t) are instantaneous Source, filter
and load currents respectively, source voltage is given by

V(t) =V, sinwt  (22)

Where ¥;(£). ¥, are the instantaneous and peak values of

source voltages respectively. If a non linear load is
applied, to the load current can b represented as

it} = Z Insin(net + ¢n) (23)
n=1

i, (t) = I, sinfwt +6,) + Z Insin(nwt + ¢n)

n=1
The instantaneous load power can be given as
p (1) = () =1, (1)

) =)+, +p (24

The real power drawn by the load is given by

ps(t) = VI, sin® wt = cos 8,

= R{t) +i.(8) (25)
From (25) the source current supplied by the source,
after compensation is

it = P:r{t:l V. (t) =1, cos 8, sinwt = [, sinwt

Where [gn = I;cos6; there are also
switching losses in the PWM converter, and hence he
utility must supply a small overhead for the capacitor
leakage and converter switching losses in addition to the

some
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real power of the load. The total peak current supplied
by the source is therefore
log = Iem + 1y (26)
Here we are considering the dc capacitor voltage
for generation of error signal when compared with a
reference value and actual source current is compared
with reference source current in hysteresis controller to
generate the switching signals. If the active filter
provides the total harmonic power, then i () will be in
phase with the utility voltage and purely sinusoidal; At
this instant, the active filter must be in a position to
provide the following compensating current

i) =) -i, ()

Hence, for accurate and instantaneous
compensation of harmonic power it is necessary to
estimate i;(t) which is the fundamental component of
the load current as the reference current. Hence, the
waveform and phase of the source currents are known
and only their magnitudes are to be determined. This
peak value of the reference current has been estimated
by regulating the voltage of the DC capacitor of the PWM
converter. The capacitor voltage is compared with a
reference value and the error is proposed in a fuzzy logic
controller. The output of the fuzzy controller is
considered as the amplitude of the desired source
current, and reference currents are estimated by
multiplying this peak value with the unit sine vector in
phase with the source voltages.

Estimation of Reference Current Template

Using the fuzzy logic controller, the peak value
of reference current I,y is estimated by controlling the

DC capacitor voltage in the closed loop. The output of the
fuzzy control algorithm is the change in reference
currentdly (). The peak reference current at nth

sampling time {jz.(n) is determined by adding the
previous reference current I;;.(n — 1) to the calculated
change in reference current

Ipgx(n) = Imay(n-1)+6 1 mze(n) (27)
This is an integrating effect which improves the steady
state error in classical control theory.

6.3 Proposed Fuzzy Control Scheme

For implementing the control algorithm of a shunt active
power filter in closed loop, the DC capacitor voltage is
sensed and compared with a reference value. The
obtained error
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gln) = Vdr,ref':ﬂ:] _Fdr,crr{?ﬂ

And changing error

Celn) =eln) —eln -1

At the n*® sampling instants are taken as inputs
for the fuzzy processing. After a limit, the output of the
fuzzy controller is considered as the amplitude of the
reference current [, . This current I, takes care of
the losses in the system and the active power demand of
load. By comparing the actual source currents
(izq.izp.iz.) with the reference current templates
(i;2%.is .15 )in the hysteresis current controller, the
switching signals for PWM converter are obtained. After
proper amplification and isolation, the switching signals
so obtained, are given to switches of the PWM converter.

Fuzzy controller

] Inference c
Reference > echaisn 2|
inut 5 i |nput Ouiput
A0 § ! . )
E :
5 Rule hase )

Fig-5: Block Diagram of Fuzzy Logic Controller
6.4 Basic Fuzzy Algorithm

The internal structure of the fuzzy controller is
shown in Fig. 5. The error ‘e’ and change in error ‘ce’ are
the real world numerical variables of the system. The
FLC consists of three stages: the fuzzification, rule
execution, and de fuzzification. In the first stage the crisp
variables e(k) and de(k) are converted into fuzzy
variables E(k) and dE(k) wusing the triangular
membership functions shown in Fig. 6
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N© NM NE E ] L) L}

Fig-6(a): Input Membership Function

NGB NM N 3 3] P Pg

Fig-6 (b): Output Membership Function
Fig-6: Membership Function of the FLC
6.5 Rule Base

The elements of the rule base table are
determined based on the theory that in the transient
state, large errors need coarse control which requires
coarse input/output variables and in the steady state,
small errors need to fine control, which require fine
input/output variables. Based on this the elements of the

)«

rule table are obtained as shown in Table. 1, with ‘e’, ‘ce’
as inputs.
Table 1: Rule Base for fuzzy logic controller
CE—= | NB NM NS |ZE |PS |PM | PD
El
NB NB NB |NB [NB | NM | NS | ZE
NM | NB NB |NB |NM | NS |ZE | PS
NS NB NB |NM [ NS |ZE |PS |PM
ZE NB NM |NS |ZE |PS |PM | PB
PS NM NS |ZE |PS |PM |PB | PB
PM NS ZE |PS |PM |PB |PB |PB
PB ZE PS |PM | PB | PB |PB | PB

PWM Switching Law
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The switching device is the PWM converter. The
switching signals are obtained as: if i;; = V5. The upper

switch of the i"®leg is ON and lower switch is OFF.
Consequently if the upper switch of the i**leg is OFF
ig < iy the upper switch of the ith leg is OFF and lower
switch is ON.

5. ADAPTIVE CONTROL

An adaptive control can be thought as a
feedback law attempts to reshape the controller by
observing its performance. This type of control is usually
proposed to compensate for some kinds of system
uncertainty such as unknown parameters or
disturbances

Adaptive Control of VSC for Power Factor
Correction

In this paper two adaptive controllers are
designed to provide PFC using a VSC. The proposed
adaptive controls account for uncertainty in the VSC
circuit parameters R, L andR;.

Adaptive Control Design

Let us define none zero parameters f; = L, #; = R, and
denote their estimates as #; = 8- 8;,, i=1,2,3 with

A
6=
denoted # = (#,,#,.%;)7 with #;=x; -x; where x;
stands for reference trajectory. With proper choice of
VSC inputs i.e, u,_l[x, g, t} and u:{x, g, t} the tracking

error dynamics have the form

The tracking error is

#=wE 4+ (x6,t)6(28)

T3

WeR* s a constant Hurwitz matrix;f"l[x, g, t}ER- “is a

smooth function uniformly bounded in t.

linearizing control

taking

‘L[: = _ﬂzéi + x:é:{zg:l

Where a;(x, t}) = —wx, + k;%,- #5, in which k; is a
positive controller gain.substituting this control into the
g-axis current dynamics gives

Where we have defined £;{x)} = -x;.next, the dc voltage

tracking error dynamics are considered and can be used
to define a reference for the d-axis current
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v
2y = + xy) +v_r.'x: -
d

Taking

vy -
Xy = | T xp+vabls

Vg

- Fap + kg (s —x!r]) (30)
Where ¥z = - 2x,/C, gives the tracking dynamics
K3 = —kyfz + %+ ¥2bs

Using (4.16) and the input

uy = —a, 8, + x,8,(31)

We obtain the d-axis tracking error dynamics

Ty

Hence taking parameter update law

& =A\rPx(35)
And substituting it into (34) yields
VP=-zQz=0 (36)

SinceV is positive defirlite and radially unbounded, the
equilibrium z = (£7,67)" = 0 is globally uniformly stable
and the solution I[.f’, §} of (28) and (35) dynamics are

uniformly bounded for any initial condition
providedrg. = 2wy, Integration of (36) with respect to
time gives

t T
f D0 dr = —f V(D dr = v(0) - V(o) 37)
This implies

llm

.)
x° {r:]l?x{r:] dr = WD) - Vi) = oo(38)
0

Since z is bounded, according to Barbalat’s Lemma we

conclude lim; .» &l =0 or the tracking error is
asymptotically stable.
The conditions for parameter estimate error

convergence follow from Matrosov's Theorem. A

sufficient condition is given by

¥, g, &,
£ =~k + (5‘1"‘ I?"5‘:]_1-4'(.31 ] +'}1§
¥y By
Where
ay = wxy+ Ea(xy + vaba) + vaba - kyiay - Xap + Koy ] { ko (x; TE ]+Eux + 3
_Ej_{-r.l t:] =-
- 28,
£y =Ky - c Y1 = E3¥a
Hence ,the error dynamics is in form (28) with
-k 0 0
w=[0 -k 0]
1 0 -k

a1+{1rq.f1:'d}u: gy, 0
F=18+ (/v B

41 0 ¥
In order to analyze the convergence of the tracking error
we consider the quadratic lyapunov function

V=2TPs+ 6T NTHE(32)

Where Az R*is a symmetric positive definite matrix
and pe R¥? is the symmetric positive definite solution of

w'p 4+ pw=—((33)

Where Q €R*? is a symmetric positive definite matrix.
Since W is Hurwitz, there exists a unique symmetric
positive definite matrix P which satisfies (33). The
derivative of (32) along the error dynamics (28) is

P =27 (WP + PW)s + 22TPITE + 24T N 1(34)
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r(x,.6.6) r(x.6.t) >0

Although parameter error must remain bounded,
convergence is not required to achieve asymptotic
trajectory tracking.

In order to simplify the implementation of the parameter
update law (35) we take A and P diagonal:

P, 0 O A, 00
p=|0 B 0 ,,-“-,:[EI A n]
0 0 P 0 0 A

Where F; A; = 0, i = 1.2, This simple choice of P satisfies

(33) for any Q.
Therefore, the parameter update law is

é“l = _é'l =M\ (("3‘1 +—
A: = ‘éz = Mg ((ﬂi

a:JP,_f,_+ a:P:_f:)

¥, !
+L._q!r'?: | P&y + BBy 2 ] (39)
d ¢ y
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éz = ‘éz =N B E + 93Py 35

We remark that the same technique and procedure can
be used when the value for capacitance C is not known.
In this case, the adaptive control would include an
additional parameter. A block diagram of adaptive
control system is shown in Fig. 7.From (28) and (39)
there are nine gains A\ B k; to be chosen which affect
the transient closed -loop response. We establish
approximate values for these gains based on a
linearization of the closed-loop system (28) and (35)
about an equilibrium point z=0:

2= Az
Where
w Ayl
.."'j.ll_- = [ T EL]
_.llﬂlla'ql-i:- P ':l
{1 - vq-'"rvd}mx:r' Varfa  Ea¥ar
Apiz = (v /vg)any + vy B -xpy O
0 0 Yar
8 Txay
£y =ky - :,‘}’gr =- l:

The characteristic polynomial of A;can be used to obtain
controller gains which approximately provide the
desired transient performance. To account for
nonlinearity, modelling errors, and disturbances we
adjust the gains experimentally. The convergence rate of
the parameter estimate and tracking error can be
adjusted with /\; andk; gains, respectively. This can be
seen from the tracking error dynamics for zero
parameter error, i.e,i = W& Hence k; directly controls
the rate of convergence of £;and can be adjusted
accordingly. The convergence rate for #;can be adjusted
with A;with larger A;providing faster convergence. It
should be noted that larger values of F./; andk;.
Generally lead to larger amplitude control signals and
faster transient performance. However, since the PWM
modulation index m is bounded, transient response can

be only so fast.
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Fig-7: VSC adaptive control (ADC) block diagram

At each iteration first x,is computed using
(23) which requires the VSC state, the reference g-axis
current and dc voltage, and the parameter estimated.
Next, the state reference x including calculated x;,along
with x and & give the control output u via (22) and (24).
Finally, & is updated using (39). The parameter update is
initialized as, §(0) = §|:--

equation (4.25)
9(0) =6,
A | ]
[
Ty T2 T3r Tip !
equation (4.16) > equation @19 md @17 —+
A

Fig-8: VSC adaptive control algorithm

6. SIMULATION RESULTS AND ANALYSIS

6.1 Traditional Vector Control
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This section presents simulation results for the vector
control applied to the nonlinear third order VSC model.
The block diagram of control block is shown in Fig. 3.
The control is applied to the third order nonlinear model
and the nonlinear switched model of the VSC based on
and Simulink SimPower system library.. Vector control
gains are shown in Table 2 for traditional vector control.

TABLE 2: Vector Controller Gains

S.No

1 '[-'idw-'fdi}

2 (Feop fegi ) 4000 V/A,
w (30000 vf{sa.sll]

1 A/V,54/(V.=))

Gains Value

(2 v/a,100V/(A.5))

3 {klﬁ‘.‘l-’ kl:[ }

TABLE 3: Nominal parameters used in simulation

S.No Parameter Value
1 L 2 mH
2 c 1100 uF
3 R 0.21 10
4 R, 1.45 kil
5 o 120nrad /=
6 T 100 us
7 ¥a 60V
8 g oV

igCa)

faCAd

Time (sec)
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Vi (V)

Time (sec)

{

S(rad)

oW
1 [ H} i 0 ] 1 1 " 1 "

Time (sec)

Fig 9 (a): Trajectories of voltage and currents

Fig-9 (b): Control inputs m; and &
Figure.

Simulation results of vector control using the
VSC nonlinear average model as shown in Fig. 9, the
controller achieves good reference tracking and control
inputs remain unsaturated. Performing vector control
wizand -wizare canceled inizand i; dynamics, this

cancelation can only be performed exactly if L is known.
Any deviation of L from its nominal value affects control
performance. To investigate the effect of uncertainty in L,
we take its value as half the nominal inductance.

6.2 Fuzzy logic Controller
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The Simulation results of VSC with fuzzy logic controller
for power quality improvement are shown in below Fig.
10.

P T T g ——— — =
Enl 1
o

|
«
|
|
i
L 1 | |
i o i o i 7
Time (sec)
o S——
1= i

"

< |

~oae 4

T J
r Wt e |
s |
[ 0 B 18
T
~ Il
T
M
B
|
[ [ B 1€
Time (sec)

Fig-
10 (a): Trajectories of voltage and currents.

Time (sec)

Fig-10 (b): Control inputs m; and &
Fig-10: Simulation results of VSC with fuzzy logic
controller

The Simulation results of VSC with fuzzy logic
controller design shown in Fig. 10. By observing Fig. 10
the fuzzy logic controller could produce source current
closer to sinusoidal in nature this making it in phase with
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the source voltage, then improving power factor of the
system. The settling time of DC capacitor voltage less
when compared to vector control.

6.3 Adaptive Control:

3

sacad
T
I

Time (sec) Fig-
11(a): Trajectories of state and reference.

i

Tie ]
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Time (sec)

Fig-11(b): Parameter estimation error in simulation
results of adaptive control using the VSC nonlinear
average model.

Fig-11: Simulation Results of Adaptive Control VSC
Nonlinear Average Model.

|
[{ u “ [ ] 1 12 it 1% ]
Time (sec)

Fig-12: Simulation Results of Adaptive Control VSC
Nonlinear Average Model control inputs m; and &

The g-axis current reference changes between -3A to 3A,
and the dc voltage reference changes between 170 and
200V. Fig. 11(a) verifies the controller’s good tracking
performance. The control inputs modulation index ma
and phase shift § are depicted in ~ Fig. 11(b). It is clear
from this figure that the inputs stay within their bounds.

The parameter convergence is shown in Fig. 12 the three
parameter errors converge to zero, ie., all parameter
estim
ates

conve : - ) H
rge to , :

their ' ‘ '
actual
value
s. It
can |
be o

obser | D S S S ‘ )

ig(A)

ved Time (msec)

that step reference changes initially affect all system
variables including the system state and estimated
parameters. The effect of this change is attenuated
rapidly and tracking error convergence is observed. The

ia(4)

:ﬂ [H] i 3 [ T [ ¥
Time [msec)

control gains were chosen to adjust system transient
response. The dc voltage transient is indirectly
controlled by d-axis current response. Hence, k1 and k3
were chosen sufficiently large to reduce an overshoot
and increase speed of dc voltage response. It can be
observed to keep control amplitudes reasonable, these
gains not chosen too large.

6.4 Adaptive Control Switched VSC Model and
RL Load

Fig-13: Simulation results of adaptive control using VSC
nonlinear switched model with RL load: Trajectories of
state, reference and control inputs m, and &
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Time |msec)
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Fig-14: Simulation results of adaptive control using VSC
nonlinear switched model with RL load: Parameter
estimate error

A balanced three phase RL load is connected to the ac
source and the load current is used to generate the gq-axis
current reference. The PWM carrier frequency is
used10® Hz, this value is taken in simulation work. The
dc voltage varies between 170 and 200V. Each phase of
load consists of 12Q resistor in parallel with inductive
load(3.6 + jw0.047)0. the reference igr = —Ig ensures

source zero g-axis current at the ac source. The
simulation results are captured for 200ms, which is
enough time for signal to reach steady state. Fig.6.7.
demonstrates good tracking performance for i; and ¥z,

and the control signals remain in their unsaturated
ranges. The rise time for vz, is less than 50ms. The
parameter estimates convergence to values close to zero
to compensate system uncertainty as depicted in Fig-6.8.
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6.5 Adaptive Control of A Nonlinear Switched
VSC Model And Imbalance Ac Source

Fig-15: Simulation results of adaptive control of a
nonlinear switched VSC model and imbalance ac source:
. . , Z00

A

Tima e}

m of ac source voltage in dqo frame

Fig-16: Simulation results of adaptive control of a
nonlinear switched VSC model and imbalance ac source:
Trajectories of state and reference
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Fig-17: Simulation results of control inputs in adaptive
control using a nonlinear switched VSC model and
imbalance ac source

An imbalanced source is considered where phase-a of
the ac source voltage is phase shifted byw/8. As shown in
Fig. 15, the ¥; component in the dqo frame is nonzero
and also vzandv; has sinusoidal components with
frequency twice that of the source. From Fig. 16 it is clear
that the controller performs well with an imbalanced
source with performance roughly as same as balanced
case. In Fig. 17 we notice the control input contains
sinusoidal components with frequency twice with the ac
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source frequency, this effectively components for the
sinusoidal changes invy,.

7. CONCLUSION

The main objective of this paper is to develop novel
modelled -base control techniques For the VSC to
perform PFC and harmonic elimination. This paper
presented an adaptive control of a VSC used as a
STATCOM for power factor correction. The method relies
on a simplified model whose dc voltage dynamics
assumes no resistive losses on the ac side. These losses
are compensated for in directly in steady state using an
effective dc side resistance. The convergence of the
trajectory tracking error for the proposed model is
proven. This allows for a simpler design based on an
proposed VSC model but yet achieves exact trajectory
tracking for the actual nonlinear model. Nonlinear
average and switched models of the VSC are employed to
investigate the controller performance in simulation. In
particular, the simulations show the steady-state dc side
resistance estimate converges to a value which
compensates for model error. The performance of the
adaptive control is compared with a traditional vector
control and fuzzy logic control in simulation and
experiment. The results confirm the simulated
asymptotic stability of the tracking error, the design’s
robustness to un modelled effects, and the relative ease
in controlling the closed-loop transient performance.
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