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An innovative methodology for harmonic voltage identification has been introduced,
leveraging the application of a multivariable-filter (FMV) to the three-level unified power
quality conditioner (UPQC). The UPQC is controlled using a feedback linearization
method founded on the space vector modulation (SVM) approach. The main attributes of
this novel technique are its simplicity, robustness, and ease of implementation. It
necessitates only a Concordia transformation block and an FMV filter. To enhance the
performance of the UPQC system, this technique is incorporated into the control strategy.
This integration considers an energy minimization based balancing of DC capacitor
voltages. A prime advantage of this methodology is the provision of compensation signals
with impeccable accuracy and typical speed. This is achievable under a myriad of load
conditions, enabling the elimination of current and voltage harmonics while maintaining a
high dynamic response. Validation of the proposed method's performance is achieved
through MATLAB/Simulink simulations, applied to a diverse nonlinear load. When
contrasted with results obtained from the conventional PQ-theory, these simulations
demonstrate the superior effectiveness of this newly proposed identification technigue.

1. INTRODUCTION

Due to the increased usage of power electronic equipment
in recent years, power quality has been decreased due to
harmonic generation [1]. Several attempts have been made to
determine the standards and classification in IEEE-519 and
IEC-555. However, according to these regulations [2], the
overall harmonic distortion permitted must be less than 5%.

Passive filters [3] can be used to partially resolve this
problem. However, unanticipated instabilities in the load
current and voltage wave forms would not be resolved by this
type of filter. On the other hand, there is a recommendation
that an indemnification device be used in order to obtain good
power quality, such as Parallel Active-Filter (PAF), Static
Var-Compensator (SVC), hybrid filters and Series Active-
Filter (SAF) [4]. Nevertheless, since they can only fix one or

Gorel [8] have implemented a Circuit Constants Based
approach. The non-active power parameters for harmonic
source detection are suggested by Devassy and Singh [9]. An
intelligent extraction method has been applied by Yu etal. [10].
A four-wire UPQC using p-q-r theory has been examined by
da Silvaetal. [11].

This article includes two goals. Firstly, to develop a new
multi-variable based harmonic voltage extraction technique.
Compared to other techniques, the proposed multivariable
filter methodcharacterized by its simplicity of implementation,
and its robustness.

Secondly, to design feedback linearization-based SVM
controller with balancing DC Capacitor voltages by using
energy minimization approach and compare the suggested
technique's performance to that of classic PQ theory to validate
the proposed technique by a diverse result for a nonlinear load.

two power quality problem, their abilities are usually limited.
Previous works have reported that combined conditioners of
power quality, which consist of active filters in their two
branches, can try to solve the plurality of problems of power
quality [5].

There is a UPQC can conserve the load end-voltage constant
and prohibit voltage droop/hugeness of entering the system [6].
Furthermore, the UPQC proved efficaciously to deliver the
load's reactive power necessities and quell generated harmonic

2. CONTROL DESIGN

The control technique functioning of the UPQC is presented
in Figure 1 in which it is related to a nonlinear load. The
operation is based on the switch control signals generation
offered by a three-level Space Vector Modulator. The voltage
references are offered to the SVM by the feedback

currents, prohibition them from growing back to the efficacy, linearization contro?lers, . In order to find the harmonic
provoking deformation of voltage and current to another client references, the theories of instantaneous PQ and FMV-PQ are
[7]. utilized for the currents and for the voltages, the FMV-PLL

Diverse harmonic extraction methods are found. Mahdi and and PQ-PLL methods are used respectively [12-14].
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2.1 Mathematical model of GPV-UPQC

In order to achieve effective control over our system, the
development of a robust and accurate mathematical model is
of utmost importance. By formulating a mathematical of the

system, we can gain a deep understanding of its underlying
dynamics, behavior, and interconnections. This model serves
as a foundation for designing and implementing control
strategies that can optimize system performance, enhance
stability, and achieve desired objectives.
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Figure 1. Feedback linearisation-based SVM control scheme of the UPQC

Eq. (1) and Eq. (3) in a-f stationary frame illustrate the
dynamic model of the UPQC’s. The following equations
present the model of parallel filter:
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iap and vpep present the currents and voltages of the shunt

filter and vsp are the voltages.

Model of series filter is given:

difsa __&-fsa _Vinja +Vfi
dt Lfs Lfs Lfs
i 3)
Ifs/} _ fp - Vinj,/j stﬂ
=y —— + —=
dt Lfs Lfs Lfs
Eq. (3) is given by:
X = £.06) + 9. (%), )
in which,
e Ve 1
L, ™ L, L,
)= o | gx)=
Rfs H vinjﬂ 1
-7 Ifs,B - 0 T
Lfs Lfs Lfs

X = ifsa U = sta y _|:ysl:|_|:hsl:|
s — | - s Ug — > s -
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where, vsap: voltages, irqp: the a-f axis currents and viyjqp: the

injected voltages in the a-f coordinates of series filter.
The DC-Bus is modelled as follows:

o 2R .
dt C, ®)
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and
Xdc = fdc (Xdc) + gdc (Xdc )udc (6)
where, fdc (xdc) = 0, Yac (xdc) = %dc and Uge (xdc) = Pc~

2.2 Classification of harmonicextraction methods

The active filter performance should be improved and that
passes by identify an applied strategy in order to eliminate
harmonics caused by disturbed waveforms [7, 14]. These
strategies are well detailed in the following sections.

2.2.1 Muti-variable filter

Multi-Variable Filter FMV is based on the Song Hong-Scok
functioning in which the fundamental signals extraction is
done directly from the axes (of) [6].

On the other hand, this filter can be used to separate a
particular harmonics order in its direct or inverse form. the
following equation gives the integration equivalent transfer
function in the synchronous references frame:

O =G e s )

It is clear from this transfer that the output signal is in phase
with the input one, caused by the integration effect of the
amplitude. In addition, the Bode diagram shows that the effect
of this transfer function is similar to a bandpass filter. If
constants k1 and k, are added to the previous transfer, the
following equation can be obtained:

_ny(s) _, +k)+jo
HO=5 G i )

The choice of k; = k> = k is necessary to obtain (H(s)=0dB)
and a zero-phase shift angle between input and output, the
transfer function becomes:

V() _ | (s+K)+jo

If now V,, by X,p and Uy, by X'aﬁ are replaced, it can be
obtained:

X, (8)+ X ,(9) _k (s+K)+ jo

B W & R S (10)
That gives us

X,0-<1X, - X, 61- 2%, (an
Similarly, from (10) we find X,(s):

X,(9)=51%, )~ X, 61+ X, (9 (12)

where,
Xqp: Input signals in the stationary reference frame;

X «p: Fundamental components of X z;

w = 27 f;: Fundamental pulsatance of X,g;

k: Constant to be fixed.

Finally, the diagram of this filter is represented by the
Figure 2.
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Figure 2. FMV schematic diagram

2.2.2 Classification of harmonic currents extraction methods
(a) PQ-theory

H(s) = K)2 2 ©) . . . .
U,,(s) (s+k)" +w In this section, The common technique of the instantaneous
power theory PQ (Figure 3) is explained.
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Figure 3. Diagram of PQ technique for extracting of harmonic currents
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The following equation presents the powers of the load:

P| _ Vsa Vsﬁ' ila
QI - Vsﬁ _Vm ilﬂ (13)
Also,
{R=ﬁ+ﬁ
L (14)
Q| :Q| +Q|

In order to compensate reactive power and also to extenuate
harmonics, the reactive power components and the active
power component are selected as references of compensatory
power, next, the reference for currents compensation are
computed by:

-

pra _ 1 vsa Vsﬁ R
- -2 2
i Ve, +Ves [ Ve Voo || Q)

fop

(15)

(b) FMV-PQ theory

The Concordia transformation reduces the three-phase
system of voltages and currents to a two-phase system of
voltages and currents. The FMVs used at the level of voltages
and currents, allows filtering efficiently their harmonic
components.

*

The DC component of the active power can be calculated

by:

The active power that the source must provide expressed as

follows:

The reactive power of the source is imposed as zero
(Qsges = 0). The fundamental currents in the stationary

R =Vsaila +Vspiip

Sdes

P =—R+P,

reference frame are calculated by:

Isades _ lix 1

s fe 1y

Finally, the reference harmonic currents in the stationary

Vsa Vsﬂ

-2 =2\ -
Vsa +Vsp Vsp -Vsa

reference frame are calculated by:

Figure 4 depicts the schematic diagram of the FMV-PQ
method, while Figure 5 shows the schematic diagram of the

praﬂ = Ilzxﬂ -

PQ-PLL technique.
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Figure 4. Diagram of FMV-PQ technique for extracting of harmonic currents
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Figure 5. Extracting of harmonic voltages with PQ-PLL technique
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2.2.3 Classification of harmonic voltages extraction methods
(a) PQ-PLLtechnique
First, this method extracts voltage harmonics, as presented

in Eq. (20).
V_a 1 ila il Y 3
== S - (20)
Vss e Ty g e || Q
The harmonic voltages are calculated by:
v v v,
Vhﬁ Vsﬁ Vsﬂ

(b) FMV-PLL theory

The proposed method in this article is a new method qualified
by its simplicity of implementation, and its robustness. Indeed,
it only requires a Concordia transformation block and an FMV.
So, by passing the perturbed voltage expressed in (a-B)
reference frame through a multivariable filter (FMV) with a
sub tractor, the harmonic voltages is simply obtained, and by
adding the voltage drop of the load (common part), the
schematic diagram of this method is illustrated by Figure 6.

2.3 Synthesis of feedback linearization controller

Eq. (23) presents a nonlinear system in which f{x), 4(x) and
g(x) are scalar functions:

The reference voltages are presented in Eq. (22) and this can L, . _ .

be obtained by adding the voltage drop through the load: X=1(x)+ IZ::, gu, y; =h(x) 1=12....p (23)
V;Sa | Vhe N Av,, 22) f(x), h(x) and g(x) represent a scalar functions.
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Figure 6. Diagram of FMV- PLL technique for extracting of Harmonic voltages

The feedbaclf llqearlzatlon law of the‘ system in Eq. (23) is [ylfj y’f)p Tt =) +D(X)u (25)
well presented in Figure 5 [15]. to establish the relative degree
of the system vector Eq. (13) which requires the separation of b
each output signal until one of the input signals is clearly where,
integrated in the differentiation. o

u=D(X)"(=¢(x)+V) (26)

In yj(rj ) is defined as the minimal integer [6]:

24

i=1

where, L¢h; and Lgi(Lfrf_lhj) signify the derivatives of &
with respect to fand g.

By using Eq. (24), The total relative degree equals to
computed all relative degrees. This relative degree must be
less than or equal to the system's order: r = ?:1 n<n

In order to get the linearising law expression, the Eq. (24)
in its matrix form can used and makes the link between inputs
and outputs linear:

557

U is law of the linearizing control.
The linearization can be obtained if only the decoupling
matrix D(x) is reversible.

2.3.1 DC-link voltage FLC design

Based on Eq. (6), The controller of DC link voltage
configuration can be obtained. The output derivative
y =hvZ can be calculated:

. 2
y=Lih0)+Lh(xu =R 27)

dc



The relative degree » of the control Pdc is equal to 1. this
output relative degree is equal to the system order and this
obviously corresponding to an accurate linearisation [7].

The control can be given:

(28)

where, y = v.
V. (t) dentified course tracking problem, so the law of
linearizing regulation v is described by:

%2 CIV*2
V= kdc (Vdc _Vsc) + d_;i:c (29)
where, kg4 is aconstant.
2.3.2 Parallel currents FLC design
The Eq. (2) is transformed to the following matrix:
R
‘ __* o 1 0
ypl pr pr upl
= + (30)
yp2 __fp 0 i upZ
pr P pr
.V(Il v]
vrfp — v p
— ) ek > u=D)(={(x)+v)
A

A

By applicating the linearisation law, the regulation law can
be obtained by:

x

* . - . dlf o
pra = prlfpa +Vs, + pr (kpl(lfpa _pra)+ d: )
- 3D
* . x . f
Vipg = Rglips TV + L, (Kp, (prﬂ - prﬁ’) +d_:ﬂ)

2.3.3 Series currents FLC design
The Eq. (4) can be written in the matrix form as:

R
. _L_fS s1 Li 0

S S u
E N R S
ysz _E 0 i usZ

Lfs 2 Lfs

Using Eq. (25) and Eq. (26), the regulation law can be
obtained by:

*

I . diy,
Vi = Rfslfsa' +vinja + Lfs(ksl(l fsa Ifsar) + dt )
- (33)
* - -k - Ifﬂ
stﬁ = Rfslfsﬂ +Vinjﬂ + Lfs (ksz(lfsﬂ _Ifsﬁ)+ d: )
u
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Figure 7. Linearised system configuration

2.4 Three-level space vector modulator
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For generating PWM control signals (sa, sb, and sc) of
switches, a three-levels SVM algorithm is illustrated. The
space vectors given to the three-level inverter in the o-f



coordinate system is shown in Figure 7. The space vectors
given in the frame of the three-level inverter is given in Figure
8. There are 27 states. 3 zero states in the middle, 12 on the
inner hexes and 12 on the outer hexes. For these conditions ,
'2','0', and '1' mean that the output voltage can have 'v4./2', '0',
and '-vg /2' correspondingly.

Each sector consists of four triangular regions, as shown in
Figure 9. The objective from the use of space vector
modulation is to restructure the reference voltage vector in
which that the sum of its three adjacent vectors becomes equal
to this reference. Therefore, the first step is to find the
reference voltage vector. This first step is to identify the sector
number and then to compute the triangle in order to place the
vector [15-19].

The reference voltage vector magnitude and also its angle

can be defined by:
Vi = Ve, +Va (34)

V*
O=tan2™ [ L ] (35)

Vda

(a) Determination of sector
The numbers of sector can be obtained by:

S = cail (%) {1,2,3,4,5,6} (36)

In which ceil is a function in which a number is rounding to
the next larger integer.

(b) Triangle identification

The vector of reference is projected on two axes in which
there is /3rad between them. The projected components can
be regularized by:

v =

V] ey Lo e T (37
Z—N/dec (cos(@ (S 1)3) J§SIH(9 (S 1)3)J

VS :2ﬁ(%sin(0—(3 —D%)j (38)
dc

For finding the triangles number in a sector S, it is necessary
to define the two integers [20]:

1> =int(v;®), 15 =int(v;°) (39)

where, int is a function in which a number is rounding to the
nearest integer near zero.

To verify the reference vector s situated in the triangle
shaped by the vertices K, H and G or in that shaped by the
vertices M, K and H, one of the situations should be confirmed
[21]:

v is positioned in GHK triangle if:

VS v <P +15 +1 (40)

v is located in the triangle HKM if:

*S *S S S
VT v, 21+ +1 (41)

With the similar process, the numbers of other triangles in
every sector can be determined.

Table 1. Time period in sector s for each triangle

Period of Time

Number of — s s
Triangle t! t, i to
4{(GHK) T, — t;‘is e ;ST V3T,
BMKH)  T—t% - A-vDT A-vdT
A5(HN,M) T, — tjis e @ - V3T,
BEML) T VST, W3S — DT,

(c¢) Duration times calculation
If the reference vector is positioned in HKM triangle, it is

N S
restructured from the three neighboring vectors v, “, v),* and
S
a7 . . .
v, * using the following relation:
S S S S S S *
Vet VT v =T,
(42)

X

T i

S S S
A3 AS A3 . .
where, t,*, ¢, and t," are the duration times of vectors.
By replacement the coordinates of vy, v, and v,, in each

triangle, the on-duration time intervals are cited in Table 1.

2.5 Energy minimization based balancing dc capacitor
voltages

As illustrated in Figure 10, in a three-level diode-clamped

converter, the two capacitors total energy is presented in
reference [6, 22]:

E=>2Cv; (43)

Figure 10. Three-level diode-clamped inverter cell

Assuming that the two capacitors have equal capacitances,
CI1=C2=C, the total energy E reaches its minimum (E,,;;,)
when the two capacitors’ voltages are balanced. The minimum
total energy is given as follows:



(44)

The energy minimization property can be used for capacitor
voltages balancing. For this reason, a cost function J is defined
based on the quadratic sum of the differences between the
voltages v.; and their reference values as follows:

(45)

1 o v 2
J==C) |v,——%
o8 %)

Based on a suitable choice of redundant vectors, the
function J can be minimized to zero and the voltages of the
capacitors will be maintained at their reference values. The
mathematical condition ensuring the convergence of the cost
function J to its minimum value is given in:

2

dJ .
—=> Av.i. <0
i Z (46)

where, i.; is the current through capacitor C;, i = 1,2.

3. RESULTS AND DISCUSSION

This investigation of voltage filtering and harmonic current
shows, that the compensation and the performance of reactive
power evaluation of the multilevel UPQC with the suggested
harmonic extraction technique has been analyzed in
MATLAB/Simulink underneath variation of nonlinear load
and sag/swell of voltage. All system parameters are cited in
the following Table 2.

Table 2. System parameters

Parameter Value
Source voltage for RMS value 220V
kdc 250
The impedance of sours Rs, Ls 3mQ, 2.6uH
The frequency of switching fs 12kHz
The impedances of series filter Rf, 1.5Q, 3mH, 0.1mF
Lfs,Cfs
ks1= ks2 1150
The impedances of Line Ry, Li 10.0mQ, 0.3uH
Diode rectifier load Rq , La 15.0Q, 2mH
The reference of DC-link voltage 900V
The parameters of Lyv,Cpvboost SmH, 55mF
converter
kplz kpZ 1120
Photovoltaic generator Ppv, Vinp,Imp, 150.0W, 34.5V,
Ise, Ve 4.35A,4.75A,43.5V
The impedance of the shunt filter for 20mQ, 2.5mH
(Rep, Ltp)

Dynamic demeanor beneath sudden differences in load, by
inserting another load including the same value at [t=1.25s]
which is explained in Figures 11(a) and (b) in which source
voltage and source current of a-phase before compensation
and after compensation is presented. It is obvious to notice that
the grid current, after using the control, is pure sinusoidal,
furthermore, actually, in this transient state, the unity power
factor purpose is successfully gained. the proposed technique
is well validated in Figures 11(c) and (d) in which the source
current harmonic spectrum before and after compensation is
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Figure 11. Different results with or under load variation by
using the suggested method (FMV): (a) A-phase source
voltage with source current before compensation. (b) A-

phase source voltage with source current after compensation.

(¢) Source current harmonic spectrum before compensation.

(d) Source current harmonic spectrum after compensation. (¢)

DC-link voltage vq.. (f) DC capacitors voltages. (g) Voltage

of the load before compensation. (h) Harmonic spectrum of

load voltage after compensation. (i) Load voltage harmonic
spectrum before compensation. (j) Load voltage harmonic
spectrum after compensation

The load variation has an insignificant impact about 2V on
the voltage of DC-link, and it recuperates about 0.05s as
shown Figures 11(e) and (f). it can be seen that the DC
capacitors voltages are balancing at their reference values (450
V) with small ripple around the balance point which confirms
the effectiveness of the three-level SVM based on a balancing
strategy. In Figures 11(g) and (h), the voltage of the load
before and after compensation is illustrated and Harmonic
spectrum of load voltage before and after compensation is
presented in Figures 11(i) and (j) with objective to verify the
effectiveness of the suggested method.

Figures 12(a) and (b) present the voltage of disturbed source
and the voltage of compensation under perturbed regime
respectively. As shown in these figures, the droop and swell
tests it can be regarded that the UPQC fast injects equivalent
positive voltage components, in the case of droop which is
phase-locked to the grid voltage, while in the case of voltage
swell, the UPQC insinuate negative voltage components in the
contrasting phase with grid voltage to fix and hold the load
voltage near to its regular value as shown in Figure 12(c) in
which the voltage of the load after compensation is given.

In case of FMV based technique, the study of the load AC
grid current spectral with and without compensation and also
for voltage are shown in Figures 11(c), (d) and (g) and (h)
respectively. In case of PQ-technique, the same spectrums in
Figure 13(c) for source current harmonic and in Figure 13(d)
for load voltage harmonic are illustrated after compensation
respectively. For this method, in one hand Figures 13(a) and
(b) show after compensation, the situations of voltages of
source and load respectively and in other hand Figures 13(¢)
and (f) illustrate DC bus voltage vdc and DC capacitors
voltages. In classic PQ-theory, the UPQC reduces in the grid,
the current THD from 28.11% to 2.45%. However, with FMV
based technique, the current THD is reduced to 1.63%. In one
hand with PQ-theory, the load voltage THD reduces from
24.59% to 2.83% and in other hand it is reduced to 1.45% in
case of FMV technique. It is clear that the later demonstrate
the effectiveness of the proposed harmonic extraction
technique.
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Figure 12. Sag and swell examination of the proposed method:
(a) Perturbed source voltage profile. (b) Compensation voltage
during perturbation. (¢) Voltage of the load after compensation
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Figure 13. Simulation results using conventional PQ-theory:
(a) A-phase source voltage with source current after
compensation. (b) Voltage of the load after compensation. (c)
Source current harmonic spectrum after compensation. (d)
Load voltage harmonic spectrum after compensation. (e) DC
bus voltage vqc

At the voltage of gird the grid voltage, The UPQC is
experimented in two situations (sag/swell). As result, the load

voltage is quickly obtained very close to a sinusoidal voltage.

Table 3. Comparison of PQ with FMV approaches

Factor PQ FMV
THDv (%) 2.83 1.45

DC link charging (s) 0.08 0.05
THDi (%) 2.45 1.63

In conclusion, the UPQC is qualified to provide the voltage
components of needed compensating to maintain constant the
voltage of load. Table 3 shows the FMV-based method quality
and efficacy compared to the classic PQ theory, because of an
exceed lack in DC bus voltage response through variation of
load, quickness and insignificant THD.

4. CONCLUSION

In this proposed work, a new technique for harmonic
voltage identification based on multivariable-filter applied to
three-level unified power quality conditioner controlled by
feedback linearization based on space vector modulation
(SVM) approach. The new method qualified by its simplicity
of implementation, and its robustness., a three-level SVM,
considering energy minimization based balancing DC
capacitor voltages approach are utilized For switches control
because of its advantages as implementation fixed frequency.
The obtained results show that during the functioning of
system, the currents of source side and the side voltages of load
are extremely close to a sinusoidal shape. Compared to the
case of conventional PQ-theory, it is obviously that UPQC
using the proposed FMV-based technique presents a large
amount performance.
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NOMENCLATURE
X5 Xrelated to the parallel filter
X5 Xrelated to the series filter
P Active Power (W)
(0] Reactive Power (VAR)
i Electrical Current (A)
v Electrical Voltage (V)
GPV  PhotoVoltaic Generator
UPQC Unified Power quality Conditioner
SVM  Space Vector Modulation
DC Direct Current
FL Feedback Linearisation
THD Total Harmonic Distortion





