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Abstract

Most research work on active power filter (APF) uses constant DC bus voltage. However, variable nonlinear load might affect
the stability of these APFs and increase the power switching loss and voltage stress on switches. In this work, the contribution
is twofold. First, regulate the DC bus voltage of APF, adaptively, with the nonlinear load variations and generate the reference
of the harmonic currents based on the instantaneous power theory. Second, track this reference to mitigate harmonics of the
grid-side current by the exact linearization control of three-phase multicellular power converter with reduced rating power
switches and reduced power switching loss under variable nonlinear load. Simulation results with comparison study with
classical topology of power converter demonstrate that the adaptive exact linearization control enhances the power quality
with a minimum power switching loss and reduces the total harmonic distortion of grid-side current to a value that satisfies
the limits of IEEE standard. Moreover, the DC bus voltage changes, adaptively, according to different values of nonlinear
load power.

Keywords Shunt active power filter (SAPF) - Multicellular power converter - Adaptive exact linearization control - Variable
DC bus voltage

List of symbols Ry Filter resistor
L; Load inductor
vs  (a, b, c) three-phase voltage grid Ly Filter inductor
is  (a, b, c) three-phase current grid S Switching function
ir  (a, b, c) three-phase current load P Active power
if (a, b, c) three-phase current filter q Reactive power
V4. DC bus voltage Eq4c DC bus energy
Cq4c DC bus capacitor Kr  Proportional regulator
vc  Flying capacitor voltage 1/s  Integrator
C  Flying capacitor value R;  Nonlinear load resistor
ic  Flying capacitor current &g Static error

¢s Phase angle between grid side voltage and current

B Boubakeur Rouabah
boubakeurrouabah @yahoo.fr

Lazhar Rahmani
lazhar_rah@yahoo.fr

Houari Toubakh
houari.toubakh @mines-douai.fr

1 Introduction

In recent years, the power quality of electrical distribution
systems has become a significant issue due to the widespread
use of controlled power converters or variable nonlinear loads
in domestic (computers, uninterruptible power supply, etc.)

Eric Duviella
eric.duviella@imt-lille-douai.fr

1 Automatic Laboratory, Department of Electrical Engineering, or industrial installations (high voltage levels such as arc
Ferhat Abbas University, 19000 Sétif, Algeria furnace, adjustable speed drive, etc.). To solve this issue
2 IMT Lille Douai, Univ. Lille, URIA, 59000 Lille, France and enhance the power quality, active power filters (APFs)

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40313-019-00510-w&domain=pdf

1020

Journal of Control, Automation and Electrical Systems (2019) 30:1019-1029

based on two-level power converter with high and constant
DC bus voltage have been designed. However, they present
some drawbacks that are caused to the dv/dt voltage stress
of power electronic switches and switching loss increase
with the increment of DC bus voltage. Therefore, it is still
necessary for APF to improve the power quality. Solutions
based on multilevel power converter and variable DC bus
voltage have been proposed in Yao et al. (2016); Ray et al.
(2018); Martinez-Rodriguez etal. (2017). In addition, nonlin-
ear loads absorb non-sinusoidal currents producing harmonic
pollution in the power grid, that can affect the equipment
connected in the same power grid by excessive heating in
electrical machinery, magnetic interference and low power
factor and can cause noise in communication circuit (Chang
et al. 2013; Yu et al. 2018; Alexandre et al. 2018).

Traditional solutions based on passive LC filters have been
used to avoid these undesirable effects (Mahanty and Kapoor
2008; Wu et al. 2005; Sakar et al. 2017). However, they
cannot deal with variations of the power grid characteristic,
resonance with LC loads and large size systems (Karuppanan
and Mahapatra 2014). It is the main reason why several APF
topologies have been recently designed benefiting to progress
in power electronics devices. These solutions are adjustable
and overcome the problems of harmonics and power quality.
They have the advantage to adapt the parameters of the APF
according to nonlinear load variations (Antunes et al. 2018;
Mesbahi et al. 2014).

Moreover, they are classified based on their topologies
(series, shunt and hybrid) and their types of power converter
(Belaidi et al. 2011). The series APF are connected with
power grid through coupling transformer and are used to
compensate the voltage harmonics; the shunt APF (SAPF)
is connected in parallel with the nonlinear load (Mekri et al.
2010; Litran and Salmer6n 2017; Roldan-Pérez et al. 2017).
The power converter in SAPF operates as current source by
injecting currents equal, but opposite to the harmonic of non-
linear load currents. It aims at reducing the total harmonic
distortion (THD) of grid-side currents, compensates reac-
tive power, and leads to a power factor close to the unity
(Chaoui et al. 2010; Ouchen et al. 2016; Hoseinpour et al.
2012). The performance of SAPF is not only based on the
power converter parameters, but also on the control method
and on the current reference synthesis method (Bouzelata
et al. 2015). Many topologies and methods have been sug-
gested in the literature to realize and control SAPF. Two-level
converter topology is more and more used in SAPF (Zafari
and Jazaeri 2016; Kale and Ozdemir 2005; Chen et al. 2010;
Zhao et al. 2009; Ait Chihab et al. 2016). In Chaoui et al.
(2010); Mesbahi et al. (2014), the direct power control for
SAPF with two-level converter offers sinusoidal grid current
and low THD for both ideal and distorted grid voltages. In
Hoseinpour et al. (2012), the SAPF is used to eliminate cur-
rent harmonics in wind energy system. In Bouzelata et al.
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(2015); Belaidi et al. (2011), a SAPF feed by solar pan-
els can assure both power quality enhancement and solar
power injection in the grid. However, a classical two-level
converter topology means a high voltage stress on power
electronic switches, a high dv/dt ratio and considerable THD
of grid-side current (Colak et al. 2011). It is the reason why, in
high power application and variable nonlinear load, a SAPF
with multilevel topology of power converter is used. In Singh
et al. (2017); Lee and Heng (2017); Chebabhi et al. (2016);
Babaei and Hosseini (2009); Taallah and Mekhilef (2014),
multilevel power converters with low voltage stress and low
power switches have been applied to generate more levels
of output voltage and low harmonic content in grid-side cur-
rent. It reduces the electromagnetic compatibility problems
and power losses in power electronic switches. Moreover,
the multicellular power converters have the advantage to
operate with high DC bus voltage, low power loss and low
voltage stress in power electronic switches and the DC bus
voltage being divided on flying capacitors naturally (Sadigh
et al. 2016; Meynard et al. 2002; Defay et al. 2008). In
Gateau (1997); Bensaid (2001); Olivier (1998), a multicel-
lular power converter with exact linearization demonstrates
good tracking of capacitor voltage reference and load current
with acceptable static error and time response. In Defay et al.
(2008), a predictive control without voltage sensors of multi-
cellular converter in SAPF shows low THD and power quality
enhancement of grid in both balanced and unbalanced loads.
In Aourir et al. (2018), a flatness-based control of multicel-
lular converter with SAPF for power quality improvement
has been designed. A direct control of four-leg four-level
multicellular converter with SAPF using a table calculated
offline to give appropriate control can enhance power qual-
ity as investigated in Fadel et al. (2012). However, when
using SAPF, the stability of DC bus voltage at the opti-
mal value is very important. Low DC bus voltage cannot
enhance the power quality as required, and high DC bus volt-
age increases the switching loss (Liu et al. 2014). Moreover,
as the nonlinear load power varies from time to time, the
SAPF with constant DC bus voltage can inject only a fixed
reactive power (Lam and Wong. 2014). Therefore, the use
of SAPF with DC bus voltage that changes adaptively with
nonlinear load power is very important. In Lam and Wong
(2014), simulation and experimental results of three-phase
four-wire center-split hybrid APF with two-level topology
are presented. The effectiveness of the proposed adaptive DC
bus voltage control in dynamic reactive power compensation
to reduce switching loss and switching noise is verified. In
this paper, we propose a new topology of a SAPF to collect
all advantages of linearization exact control, multicellular
topology of power converter, adaptive DC bus voltage con-
trol to enhance power quality in high DC bus voltage and
variable nonlinear load. The theoretical study is validated
through simulation using MATLAB/SIMULINK.
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For a better understanding of the important effects of vari-
able DC bus voltage and multicellular topology in SAPF, we
propose:

e The use of SAPF and power quality improvement based
on multicellular topology in variable nonlinear loads con-
nected to the power grid and high DC bus voltage.

e To regulate the DC bus voltage at the optimum value to
achieve a minimum switching loss and low voltage stress
in power electronic switches.

e The exact linearization control for multicellular power
converter to obtain a THD of grid-side currents less than
5% and compile with harmonic current standards (IEEE-
519).

The structure of this paper is as follows: Section 2
describes the power circuit of SAPF with three-phase mul-
ticellular power converter. The modeling of the proposed
SAPF is presented in Sect. 3, and the DC bus voltage regula-
tion with instantaneous power theory is introduced in Sect. 4.
The exact linearization control of three-phase multicellular
power converter is given in Sect. 5. Finally, the simula-
tion results and conclusions of this research are discussed
in Sects. 6 and 7, respectively.

2 System descriptions

Figure 1 shows the power circuit of a three-phase SAPF based
on multicellular power converter. In this system, the grid is
considered ideal. Consequently, the multicellular power con-
verter supplies the current harmonic and reactive component
to make the grid-side current sinusoidal and to obtain a unity
power factor in the power grid.

As shown in Fig. 1, the multicellular power converter
topology is based on the connection in series of three com-
mutation cells. Each cell is composed by a flying capacitor
(Ck1, Cx2) and two power switches (S, S‘lk) with comple-
mentary discrete control (if one switch is open (S = 0),
the other switch is close (S;x = 1). To divide the constraint
of DC bus voltage (V 4c) per 3 in power switches, the control
law balances the flying capacitor voltages at desired values
Ve, = %, Ve, = z‘g‘k) and generates four levels in out-
put voltage.

Table 1 shows how the output voltage levels in one phase
of multicellular converter are generated.

3 Modeling of three-phase four-level
multicellular power converter

The currents in the floating capacitors for three-phase mul-
ticellular power converter are given by Egs. (1) and (2)
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Fig. 1 Proposed shunt active power filter

Table 1 Output voltage levels of multicellular converter

Output voltage levels (S1i S2i S3i)

e 000)

e (100),(010),(001)
L (110),(011),(101)
Y. atn

(Gateau. 1997), where k = [a, b, c], i = [1, 2]. The volt-
age drop in the power grid impedance is neglected.

. d

ICyi = Ckiakai (1)
d 1 .

37 Ve = C—M[S(M)k — Sirli fx (2)

The current filter variations are given in Eqgs. (3) and (4):

di g

L}‘k? - Slk [UCkl] + SZk [kaz - UCkl]
. Vdq
+ 83k [vac — ve | — Rypki ik — 76 —VUsk  (3)
ik =1rk — sk 4

According to Egs. (2), (3) and (4), a nonlinear (coupled)
state representation of three-phase SAPF with four-level mul-
ticellular power converter is given in Eq. (5). This nonlinear-
ity is observed in the relation between the switching functions
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4 DC bus voltage regulation and filter
current reference generation

To regulate the DC bus voltage at a desired value, to com-
pensate the reactive power and to generate the current filter
references, there are several control techniques published in
the literature. In this paper, we use instantaneous power the-
ory proposed by Akagi (Zafari and Jazaeri. 2016). This theory
is detailed in (Kale and Ozdemir. 2005).

The instantaneous values of the active and reactive power
in o8 frame are expressed by Eqgs. (6) and (7) as follows:

p(t) = Vsa " iLa + VSB ' iLﬂ (6)
Q(l‘) = —Via - iLﬂ + Vsﬂ “iLa (7)

So the nonlinear load currents are given by:

|:iLoz:| _ 1 |:Vsot Vsﬁ ][P(l)] ®)
iLﬂ Vsza + V&S VS,B —Vsa Q(t)

The instantaneous active and reactive powers can be
expressed by Egs. (9) and (10) (Kale and Ozdemir 2005):

pt)=P+P ©)

qt) =q+q (10)
where P: DC component of the instantaneous power p(r),
P: AC component of the instantaneous power p(), g: DC
component of the instantaneous reactive power ¢g(t), g: AC
component of the instantaneous reactive power g(t).

The main objectives of the SAPF in this work are:
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Fig. 2 Instantaneous power theory

&

In steady state: to compensate the consumed reactive
energy, to eliminate harmonics caused by nonlinear load
and to track the reference with low oscillations and zero
static error &5, which means also to have a sinusoidal
current source (THD; & 0%), in phase with the grid-side
voltage ¢ ~ 0, and good regulation of the DC bus voltage
&5 ~0.

b. In transient state: to have a quick response with low
overshoot to sudden external conditions for both load
variations and DC bus voltage changes (rejected distur-
bance).

The reference filter currents in aff frame are given in
Eq. (11)

|:ifaref:|: 1 |:Vsa Vg ”:f’—AP:|
I fBref Vsza + Vjs Vs —Vsa qg+q

where AP is the active power necessary to regulate DC side
voltage at a given reference.

The reference of the filter currents in a, b, ¢ frame is given
by Eq. (12):

(11)

. o
I faref 3 ;

IR S
ifcref _Tl %i

The instantaneous power theory is represented in Fig. 2. To
extract the AC component of active power (p), a second-order
low-pass filter (LPF) is used with the following expression of

transfer function —, with wyg = 27 fy, where fy =

@0
52428 w0+ 0

40 Hz is the cutoff frequency, 6 = 0.707 is the damping
factor.

4.1 Calculation of AP

The reference energy of the DC bus side can be expressed by
Eq. (13):

1
Edcref - E Cdc decref (13)
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Fig. 3 Relation between DC voltage and phase-to-phase grid voltage
Vsab

The instantaneous energy of the DC bus side can be

expressed by Eq. (14):
1 2

Eq.(t) = ECchdC (14)

The difference between the reference energy and the
instantaneous energy is given in Eq. (18).

AEg = %(vdzcref —v3) (15)
AE4 = %(Vdcref — vde) (Videref + Vdc) (16)
Vicref — vde = AVic

Vdcret + vde = 2Vidcref (17)
AEgc = CdcVicret A Ve (13)

The difference between the reference active power and the
instantaneous active power AP of the capacity at the DC bus
side, that is necessary to eliminate current harmonics and to
compensate the reactive energy, is expressed by Eq. (19):

. AEq4c
At

AP (19)

4.2 Calculation of Vi ef

To compensate the absorbed reactive power and harmonics
caused by the nonlinear load, the multicellular power con-
verter that acts as SAPF must inject a current into the power
grid equal and in the opposite phase to the harmonic content
of the grid-side currents. To achieve this condition, the DC
bus reference voltage must be greater than the phase-to-phase
voltage Vgcref > Vsabmax- If the active power of the nonlinear
load increases, the Vgcret — Vsabmax must be also increased
to inject the necessary current as shown in Fig. 3. Vpmax 1s @
constant value. So, to increase the difference Ve — Vgabmax»
we must increase V gcref.

The fundamental idea in this research work is that the
reference voltage V ycrer of the DC bus must be varied adap-
tively with the variation of the nonlinear load power demand
in order that the SAPF can inject the required compensation
current. This current is used to eliminate the harmonics of

grid-side current and to compensate the reactive power with
minimum switching loss.

Therefore, the DC bus reference voltage V gcrer must be
adapted with the variation of the nonlinear load, by consider-
ing Rgy= Ry, Lia= Lgp, Va= V. Then, according to Fig. 3,
the worst case is when the grid-side voltage is at the extreme
value and the inverter must be able to supply the maximum
compensation current. Therefore, the DC bus voltage is given
by Eq. (20):

Viec = Vsabmax + 2 * Via (20)

If the nonlinear load current increases, the filter current
increases. Consequently, V gcref can be determined from cur-
rent filter. Hence, we can calculate the minimum value of DC
voltage by the following equation:

Aifamax .
Vdc(min) = Vsabmax + 2Lf T + 2Rflfamax 2D
V4c can be determined from ipymax values. In this adaptive
control, V ycrer values are determined from |igef|max value in

one period (0.02 s) as follows:

litreflmax < 8 A, Vdcrer = 1000 V,

8 A < lifreflmax < 13 A, Vieret = 1100V,

13 A < |ifreflmax < 18 A, Vicrer = 1200 V,

18 A =< |ifref|maX < 23Aa Vdcref = 1300 V,

23 A < |ifreflmax, Vdcret = 1400 V.

The V gcrer values (1000, 1100, 1200, 1300 and 1400) are
determined by choosing the minimum V gcrer Value that gives
acceptable THD according to IEEE standard using MAT-
LAB/SIMULINK.

5 Design of exact linearization control

The three-phase SAPF-based multicellular power converter
with three-cell four-level output voltage given by the system
Eq. (5) can be written in compact form as follows:

d
—x =Fx+ +T
dtx x+g(xX)u

(22)
Y=x

d
—Y=Fx+gx)u+T

o (23)
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integrator

Fig. 4 Exact linearization control

where x = [vcri, Ver2, iﬂ(]T is the state vector, Yief = [V4c/3,
2V 4c/3, ifret], the reference of state vector, and:

00 0
F=/100 0
Rk
O 0 Tic
—(lLk isk) (Lk—isk) 0
C . C . .
g(x) = 0 —(Lk—isk) (lLkE’sk)
V¢ UCkp ~VC1 Vdec —VCyo
L Lk Lk Ly
u=1[81, 95, S3]T, the input vector,
B 0
T = 0 , a constant vector.
—Vde __ _Vk_
L 2L sk Lk

Our objective is to find the input u and make the output
Y very close to the desired value Y ¢f, establishing a simple
linear and direct relation between the control input u and the
output Y. The idea consists of deriving the output Y until the
input u appears in the derivative of the output (Chen et al.
2010). The derivative of the output Y is given by Eq. (23).

According to Eq. (23), the output Y is indirectly related
to the input u. This input u appears in the first derivative of
the output Y.

A new input control v which is equal to the derivative of the
output Y is introduced and leads to the following equations
(Gateau. 1997):

v=Fx+gx)u+T (24)

u=g '@ —T]-g ' (0)Fx (25)

Finally, the exact linearization control given by Eq. (25) is
represented in Fig. 4. Considering the proposed topology, the
simplified scheme of exact linearization control in a closed
loop with a proportional regulator K, = (K,1 K;1 K;2) is
shown in Fig. 5, where K, is the proportional regulator for
voltage closed loop, which regulates flying capacitor volt-
ages Vc,, and V(,,, and K is the proportional regulator for
current closed loop to regulate filter currents (ir).

The closed-loop transfer function of system in flying
capacitor voltages is equal to ﬁ’ where 71 = KLI is
the time constant in voltage loop. The closed-loop transfer
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Fig.5 Simplified scheme of the closed loop
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Fig. 6 Proposed control for the three-phase SAPF-based multicellular
power converter

function of system in filter currents is equal to where

rzs+] ’
= L is the time constant in current loop.

The t1me responses of first-order systems (¢,59, = 3 7) are
supposed as follows:

e Involtage loop, to assure the rapidity of system we suppose
fr1 = 90 x 1073s; hence, 7; = 30 x 1073 s

e The current loop must be rapid than voltage loop so we
suppose t2 = 6 X 10~* s; hence, 7o = 2 x 10™4

Finally, to guarantee the stability of the system, the phase
margin given by gy = 180+ ¢, with ¢ = arg(K, ) — arg(s),
leads to ¢ = 0 — 90 involving ¢ = —90; 3y = 90 > O.
Therefore, the system is stable with K, values such as K, =
34, Ko = 5000.

In Eq. (25), the control v is continuous and the control u
is carried out based on a triangular signal (20 kHz) by pulse
width modulation method (PWM) to have a binary signal (0,
1).

The global scheme of combined instantaneous power
theory and adaptive exact linearization control of the three-
phase shunt active power filter based on multicellular power
converter with three-cell and four-level output voltage is rep-
resented in Fig. 6.

The instantaneous power theory generates the references
of the filter current according to the nonlinear load power
variations. If the nonlinear load power increases, the refer-
ences of current filter increase (instantaneous power theory)
and the adaptive control determines the appropriate value of
Vderet-

Therefore, the adaptive exact linearization control will
adapt with the nonlinear load power variations.
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Table 2 Design specification and circuit parameters 1200 ' ! J ' ' T Ve -
Switching frequency fsw =20kHz ] : : : : : :
K 800. ....... KIS SO O -v 444444 .
Power grid frequency 50 Hz = : ; : : : L TG
The RMS phase-to-phase Ve — 380V CHR E, e ‘‘‘‘‘‘‘ ,,,,,,, o ,,,,,,, E, . ‘‘‘‘‘‘ ]
supply voltage 200 k- /- i R S IR - VC'al': ‘‘‘‘‘‘ 4
DC buS VOltagC reference Vdcref — 1000 V ................................... . ..................... _
N . _ _ 0 i i i i i
Coupling filter impedance Ry =1mQ, Ly = 13 mH 02 03 04

Grid impedance
Nonlinear load parameters

Proportional regulator

Ry=1m, L, =0.110"3 mH
R;, =40, L; = 10mH
K1 = 34 (voltage loop), K,» =

5000 (current loop)
DC bus capacitor Cgc = 4000uF
Flying capacitor of C=400nF
multicellular power converter
1200
Two level 800
topology 408
0
Multicellular **0
topology 200
0.0005 0.001 0.0015 0.002
Time(S)

Fig.7 Voltage stress on switches

6 Simulation results

To demonstrate the validity of the proposed control, some
simulations are presented in this section. The instantaneous
power theory combined with the adaptive exact linearization
control is used to drive the three-phase SAPF-based multi-
cellular power converter with three-cell and four-level output
voltage as shown in Fig. 6. Simulation results are carried out
using MATLAB/SIMULINK platform. The performances of
the proposed control are evaluated in terms of THD of the
grid-side current, the DC bus voltage regulation, and the reac-
tive power compensation in both steady and transient states.
The used parameters in the simulation are given in Table 2.

6.1 Improvement of switching stress and switching
power loss

Figure 7 shows a comparison between voltage stress on
switches of two-level power converter and voltage stress on
switches of multicellular power converter with the same DC
bus voltage V4. = 1200 V and same switching frequency
f sw— 50 kHz.

According to Fig. 7, the voltage stress in two-level topol-
ogy (1200 V) is three times higher than the proposed
multicellular converter (400 V). This can prove the enhance-
ment of voltage stress on switches of multicellular power
converter.

Time(s)

Fig.8 DC bus voltage (V4.) and flying capacitor voltages (Vca1, Vca2)

10 VSO SISO\ O (S ST
<
2 0
=
10 T CAT CARI CART AT TR AT TAH
0.3 0.31 0.32 0.33 0.34 0.35
Time (s)

Fig. 9 Waveforms of the nonlinear load currents

Ifabe (A)
(=}

VY
0.32 0.33
Time (s)

-10 W W W

0.3 0.31

Fig. 10 Waveforms of the filter currents

Switching power losses are resulting from turn-on and
turn-off process of power switches (IGBTs); these power
losses are proportional to switching stress and switching
frequency (Sadigh et al. 2016). So, for the same switching
frequency and same DC bus voltage, the switching power
losses in multicellular power topology are minimized. More-
over, in high voltage applications, two-level topology uses
high-voltage IGBTs with augmented price and multicellular
topology uses medium- or low-voltage IGBTs with lesser
price.

6.2 Constant DC bus voltage and constant nonlinear
load

The simulation results of combined instantaneous power the-
ory and exact linearization control applied to SAPF based on
multicellular power converter given in Figs. 8, 9, 10, 11,
12 and 13 have been obtained using MATLAB/SIMULINK.
The nonlinear load is considered as three-phase diode recti-
fier with resistor Ry = 40 2 and inductor L; = 10 mH in
series.

@ Springer



1026

Journal of Control, Automation and Electrical Systems (2019) 30:1019-1029

W

”-‘_10 i I - W
VAT AV A VAV A
0.3 0.31 0.32 0.33 0.34 0.35

Time (s)

Fig. 11 Waveforms of the grid-side currents
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g
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Fig. 12 THD of the nonlinear load currents
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[S)
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Harmonic order

Fig. 13 THD of the grid-side currents

6.3 Steady-state performance

Figure 8 shows the DC bus voltage vq. and flying capacitors
voltages vca1 and vego. In steady state, the DC bus voltage
vqc tracks its reference V geref = 1000 V with static error g =
3 V. The flying capacitor voltages vcy| and vcgp are very close
to their references, Viairef = % = @ = 33333 V,
Veadret = % = w = 666.66 V.

The nonlinear load current as shown in Fig. 9 is totally
deformed and can affect the power quality of the grid. Fig-
ure 12 gives the total harmonic distortion of nonlinear load
current THD;;, = 23.74%.

To improve the THD of the grid-side current and mitigate
harmonics, Fig. 10 shows the filter current to be injected in
the power grid. Figure 11 shows the waveforms of the grid-
side current. It is clearly observed that the grid-side current
is very close to the sinusoidal waveforms and in phase with
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Fig. 14 Transient of the step change by increasing and decreasing non-
linear load power of 20% at t= 0.4 s and 0.6 s, respectively
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Fig. 15 The grid-side currents with increasing and decreasing the non-
linear load power of 20%

the grid-side voltage. The corresponding spectrum is given in
Fig. 13. The total harmonic distortion of the grid-side current
is THD = 4.35% as shown in Fig. 13. It is very low compared
to the nonlinear load current.

6.4 Transient-state performance

To demonstrate the robustness of the proposed topology, the
control technique against the sudden changes in the nonlinear
load and the DC bus voltage is described as follows:

6.4.1 Step change of the nonlinear load power

Figure 14 illustrates the transient of the step change by
increasing and decreasing the nonlinear load power of 20%
at t= 0.4 s and 0.6 s, respectively. Moreover, after a short
transient, the DC bus voltage vq. is maintained close to its ref-
erence value V gcrer With a good approximation and stability.
The grid-side currents isape have nearly sinusoidal waveforms
and in phase with the input voltage as shown in Fig. 15. The
corresponding transient values confirm that the vq. is well
kept with overshot of £4 V and time response of 0.06 s (about
three cycles of the frequency line), and the static error is &
=4 V. Although the linearized system is pure integrator, the
static error is different from zero. This is due to the saturation
MATLAB block that is used to generate the discrete PWM
control.
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Fig. 17 Waveforms of the grid-side currents isape With increasing V geref
of 10%

6.4.2 Step change of the DC bus voltage reference

The dynamic behavior of the proposed combined instanta-
neous power theory and adaptive exact linearization control
applied to SAPF based on multicellular power converter
under a step change of Vgcrer from 1000 to 1100 V (about
10%) is presented in Fig. 16. After a short transient, the DC
bus voltage is maintained close to its new reference with a
good approximation and stability and without overshot. The
grid-side currents have nearly sinusoidal waveforms as illus-
trated in Fig. 17. The corresponding transient values confirm
that the SAPF is stable with a time response of 0.05 s (about
2.5 cycles of the power grid frequency), and the static error
isegg=3V.

6.4.3 Variable nonlinear load power

It aims at comparing the constant DC bus voltage and the
adaptive DC bus voltage, for V4.= 1000 V. Figure 18 shows
sinusoidal grid currents when Ry, =40 © and L; = 10 mH.
The THD = 4.2% satisfies the limits of IEEE standard. When
the nonlinear load is increased to 300% as shown in Fig. 18,
grid currents are non-sinusoidal and the THD = 14.77%, i.e.,
out of IEEE standard.

When V4.= 1400V, Fig. 19 shows the grid currents when
R; =40 Q and L; = 10mH, the THD = 12.1% is out of
IEEE standard. When the nonlinear load is increased with
300% as shown in Fig. 19, grid currents are sinusoidal and
the THD = 3.5% satisfies the limits of IEEE standard.

According to previous results, SAPF with constant DC
bus voltage is not suitable for variable nonlinear load.

Fig. 18 Waveforms of isahe With increasing nonlinear load of 300% and
Vae = 1000 V
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Fig. 19 Waveforms of isapne With increasing nonlinear load of 300% and
Vac = 1400 V
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Fig.20 V., Vcia and Vo, with different levels of nonlinear load power

To validate the performance of the proposed control, six
perturbations or increase in the nonlinear load power is intro-
duced. In Fig. 20, the DC bus voltage changes adaptively with
the nonlinear load power variations to inject the required
harmonics. The nonlinear load power is increased by 20%,
50%, 100%, 200%, 400% and finally is decreased with 20%
of the initial value at the instants 0.4 s, 0.8 s, 1.2 s, 1.6 s,
2.1 s and 2.8 s, respectively. The adaptive exact linearization
control regulates the flying capacitor voltages at their refer-
ences (Veiret = Vac/3, Veoret = 2V4c/3) and generates the
appropriate value V gcref to guarantee a low voltage stress of
switches and low switching loss. These conditions are guar-
anteed because the DC voltage is divided on three cells and
achieved a low THD in the grid-side current.

Figures 21 and 22 show the nonlinear load currents and
the grid-side currents, respectively. As we can see, the grid-
side currents are sinusoidal. According to these figures,
the nonlinear load currents have a THD with initial values
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Fig.21 Waveforms of nonlinear load currents iy 5, with different levels
of nonlinear load power

\
e \\uw\.\d‘\‘u‘w\‘Hwv\‘Hw‘\h\"\‘\‘\“‘\‘\‘“H‘H‘“\“H‘N“‘H“‘H““‘“‘\\‘H‘N‘”““H‘ ‘
(oo Mu\wH‘\“MH“\\MM\“H‘\‘H\“\Hw‘\\h\whH»‘;\\‘\\\\\\H\M\\ ““‘M‘H‘M""M\M‘H‘“\M‘M .
1 l i

isabc (A)

0 0.5 1 1.5 2 2.5 3 35
Time(s)

Fig.22 Waveforms of grid-side current iz with different levels of
nonlinear load power

Table 3 Simulation results

Simulation DC bus THD;;, of THD;, of
time (s) voltage V dcret nonlinear load  grid-side
V) currents (%) currents (%)
0-0.4 1000 23.74 4.35
0.4-0.8 1000 22.97 4.20
0.8-1.2 1100 21.88 3.90
1.2-1.6 1200 20.21 3.85
1.6-2.1 1300 17.21 3.55
2.1-2.8 1400 12.31 3.05
2.8-3.5 1000 24.38 5.01

of 23.74% and the grid-side currents have THD value of
4.35%.

The THD of the grid-side currents, THD of nonlinear load
currents and DC bus voltage are summarized in Table 3.
These results confirm the improvement of the performances
of the adaptive exact linearization control while decreasing
the THD of grid-side current for different power levels of
nonlinear load connected in the power grid.

In Table 3, when the nonlinear load power increases, the
fundamental signal of nonlinear load current iy increases
also, implying a decrease in THD value of ir. So, it is eas-
ier to compensate the THD of grid current by the proposed
active power filter. It is the same case between the first and
the last values of THD, for which they have the same V gcref,
but with different levels of nonlinear load power. As it is
shown in Table 3, for the first case, i has THD = 23.74%
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and for the last case THD (i) = 24.38%. It is due to the
different magnitudes of i; with the same V gcrer. The com-
pensation of harmonics in the first case is easier than in the
last case.

7 Conclusion

In this paper, we investigated the design of three-phase shunt
active power filter (SAPF) based on four-level multicellular
power converter with exact linearization control using the
instantaneous power theory. The performance of the pro-
posed design control in different levels of nonlinear load
power was verified. The results show that the DC bus volt-
age regulates adaptively with nonlinear load variation with
minor static error, reduces switching loss and guarantees low
THD values of grid currents. As further directions, we pro-
pose to deal with the fault-tolerant control of active power
filter based on multicellular power converter.
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