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This work has derived a cascaded two-loop nonlinear integral-backstepping-based control for single-phase shunt active power
filter (SP-SAPF) to improve harmonic mitigation, reactive power compensation, and direct current link (DC-link) voltage
regulation. Two loops of nonlinear controllers based on an Integral-backstepping strategy are developed, which are robust and
stable in a wide range of output current, load variations, and DC-link voltage changes. First, the model of the SP-SAPF is exposed.
Then, an integral backstepping control strategy is applied to the current loop to provide robustness to global control. Moreover,
the compensation control system is then supported by another integral backstepping controller for DC-link voltage control to
enhance DC-link loss compensation capability and generate the required active power, which the SAPF should take from the
power supply. The active power filter (APF) control was designed and implemented using dSPACE 1103. The practical response
of the developed controller is studied in some tests; it is shown that the proposed controller can eliminate harmonic components

of the local load current with a fast dynamic response.

1. INTRODUCTION

With the increasing non-linear loads such as diode or
thyristor front-end rectifiers, switching power supplies, and
power electronic devices in power systems, power quality
problems are deteriorating and attracting more attention. Active
power filters (APFs) are widely applied in power systems to
deal with distorted currents caused by non-linear loads [1-4].
(SP-SAPF) It is a good solution nowadays since it can solve
harmonic current problems and compensate for the power
factor. The SAPF has various advantages over passive ones
since they don't need to be configured to a specific harmonic,
but all harmonics are simultaneously compensated [5-7].

A direct control approach usually (SAPF) includes three
control blocks [1,2,4]. The reference calculation unit performs
online calculations of the local loads’ reactive current and
harmonic components. The current control unit applies
appropriate switching signals so that the inverter output
current follows the reference value. The DC-link voltage
control unit adds an active component to the reference current
according to the corresponding voltage error. In this case,
despite power loss, the DC voltage of the inverter input can be
kept constant at the desired reference value.

The grid current can be adjusted indirectly instead of
controlling the inverter output current. The reference current
of the grid can be formed according to grid alternative
current (AC) voltage so that its amplitude is determined in a
separate control loop based on the inverter DC side voltage
error [1,2,4,8,9]. Considering that the SAPF is not capable of
active power exchange with the power utility, if the DC-link
voltage is regulated in the desired value and the grid current
becomes pure sinusoidal, it can be concluded that the local
load harmonic and reactive components are compensated
completely. In the indirect control method, reference current
calculation and DC-link voltage control units are combined,
significantly reducing required calculations in SAPFs;
hence, system dynamic response can be improved
considerably. In the indirect control approach, SAPF
includes only two control loops [10-15]. First, the voltage
outer loop determines the grid reference current based on the

DC-link voltage error for the inner loop, and second, the
inner current loop controls the inverter output current using
a pulse-width modulation (PWM) switching scheme.

In this paper, an integral backstepping controller design
for DC-link voltage and compensation current control of SP-
SAPF has been investigated and derived, which yields good
performance under load increase/decrease. The rest of the
paper is organized as follows: the model of SAPF is
described in section 2, the control design of integral
backstepping control for SAPF is developed and presented
in section 3, the experimental result using dSPACE 1103 of
different studied cases is defined in section 4. Finally, the
conclusion is drawn in section 5.

2. SYSTEM MODELLING

The SP-APF under study has the structure of Fig.1
considering the H-bridge inverter [6-8, 16-18]. It is assumed
that the inverter is switched using the bipolar PWM
technique. From the AC side, the APF is connected to the
primary AC voltage source through the filtering inductor L,
in parallel with a nonlinear load. The role of the SAPF is to
produce reactive and harmonic components to compensate
undesirable current harmonics produced by the nonlinear load
doing so; the filter-load association behaves as a pure resistive
load, which amounts to making the fundamental component
of load current in phase with the main AC voltage [8,10].
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Fig. 1 — Principle scheme of single-phase shunt active power filter SAPF.
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To study the SAPF's behavior with the electrical network,
a mathematical model of the whole network must first be
established, and an active power filter and nonlinear load
must be shunted.

Applying the usual Kirchhoff’s laws to the SP-SAPF, one
quickly gets [5-7, 15-21]

Lf_ =V, 'Rfif_vAB'

dvt/c —
Cd( dt ldc'

M)

where L, denotes the filter inductance, R, the filter resistor,
C,. —DC side capacitor, v, — the power supply voltage,
vy — the inverter AC voltage, v, — the DC-link voltage,
and the DC-side current.
The inverter equations
Vap~™H Ve,
{idczl’l'if; (2)
where the switching function p of the inverter is defined by:
{1 if (S,,54) are ON; (S,,S3) are ON, 3)
-1 if (S,,S,) are ON; (S,,S;) are ON.

Combining (1) and (2), one obtains the instantaneous
model of the whole system [15, 16]

di,

f (v R/zf—uvdc)

e (4)
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3. CONTROL DESIGN

The synthesis of the controller is based on two steps. First,
an outer loop is constructed to achieve voltage regulation on
the DC-link of the SAPF. In the second step, an inner current
loop is designed to deal with the current harmonic
elimination and the power compensation problem.

3.1 REFERENCE CURRENT IDENTIFICATION FOR
HARMONIC CURRENT COMPENSATION

In literature, several methods and techniques have been
proposed to generate the reference current of compensation
for the SAPF [4, 22—-26]. This section discusses the reference
current identification for harmonic current mitigation based
on active and reactive instantaneous power techniques [26-
29]. This technique measures the power supply voltage v,
and load current i, and transforms it into a pseudo-two-phase
frame. The two phases are transformed to apply the
generalized single-phase instantaneous p-q theory. Based on
the instantaneous m/2 lead of the grid voltage v, and load
current #;, it’s considered a fictitious pseudo-two-phase
system [26]. So, the overall system can be expressed in a-
coordinates. The grid voltage and load current are considered
as the fictitious voltage and current of the a-axis (v, = vs,
i;q =1i7). Subsequently, v, it produces source voltage and
load current on the B-axis (v, irg). Therefore, the single-
phase source voltage and load current representation in
ap-axes is given by [26,29]:

[vw] -[, (;st/z)]’ ()
el ) (6)

The instantaneous active and reactive power, p and ¢, are
expressed as [26, 29]:

P _[ptD Vsa Vs [PLa

[ ] [q+q] “Vsp Vsa] iLB]‘ )
where p and g denote the DC components, which correspond
to the fundamental active and reactive power, whereas 5 and
g represent the AC components responsible for harmonic
power. So, the compensation current reference for harmonic
mitigation can be extracted by [26,29]
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The term p can be calculated from the active power p using
a high-pass filter. The block diagram, which generates the
reference current of compensation for the shunt active power
filter based on the instantaneous p-q power theory, is
illustrated in Fig. 2.
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Fig. 2 — Block diagram for generating the reference current of
compensation.
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3.2. OUTER-LOOP CONTROLLER DESIGN

This loop adjusts the grid reference current i, and
determines the filter reference current z, so that the DC-link
voltage equals its reference value v}

Define the first error variable as:

e=Vae—Vide ©)

where ‘*’ denotes the reference values.
We introduce then a new tracking error given as:

el=k1 €+k2 f @'dt, (10)
with &, and k, are positive constants.
Compute the derivative of ¢,
é1=k étkye
1 1 2 (11)

=k (Vae—ac ) Hhae.

Considering the equation system (1), the expression of ¢,
can be written as:

&=k ity —2 +hpe, (12)
Cde Vde
with
. Pac
L a— (13)
Vdce
where P, represents a direct component of the power.
Lyapunov function ¥, is chosen as
V] —el (14)
We differentiate (14) to get:
I./l =el'é1, (15)
then substitute eq. (11) into (15) to obtain
Vi=e (kl"’:lc—k1 o +k2 )
L k] (16)
=—Cefte (kl Vae— o vie oty )
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where C is a positive design constant. The tracking DC
voltage objectives are achieved if the control law is designed
as

Py=Ste (Ceey ey Vi thye). 17
ky
Substituting (17) into (16) yields
V =—Cé. (18)

Thus, the virtual control is asymptotically stable.

3.3. INNER-LOOP CONTROLLER DESIGN

This controller adjusts the converter switching signal to
regulate the filter output current in its corresponding
reference value z}" =i,—i,. SAPF will supply the reactive and
harmonic components of load current in this case.
Considering the non-linear nature of the SAPF, in this paper,
an integral backstepping controller has been employed for
the system's inner loop. System model parameters are
uncertain. The integral backstepping controller for single-
phase SAPF is designed as follows

ez=z_';—i/-, (19)
where zf represents the reference compensating current.

We define a new tracking error as follows:

zZ=C 'ez+cl /ez'dt, (20)

with ¢, ¢, are positive constants.
It is possible to write the derivative of the first error
variable as
é =C 'é2+02'92

e (i) reve
Taking into account the model of the SAPF, we can write:

. R .
z=¢; (zf -5 (VS*R/lf* u~vdc)) +cye,. (22)

(21)

Then, the Lyapunov function ¥, can be considered as

1
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Fig. 3 — Block diagram of the proposed controller for single-phase APF
(a) Outer loop controller design, (b) Inner loop control.

We differentiate the Lyapunov function ¥, in (23) and
substitute the error dynamic equation to get
i/z =zz=
. (24)
=z (Cllf - 2—1/ vs+2—1fRflf+ 2—1/ uvdc+c2e2) .

Then, we can write

Vy=Kz>+z <cli': - (L—l (Vs+Rjif+ uvdc)+czez). (25)
f

If the control action p is selected as follows:
L

¥ c1Ryr .
p= (K z+cllf+z—lvs - z—flf-%czez), (26)
’ S S

C1Vde
where K is a positive design constant. Thus, the eq. (25)
becomes
V,=—Kz*<0. (27)
Thus, the control signal is asymptotically stable. Figure 3
illustrates the principle scheme of the integral backstepping
control for SP-SAPF.

4. EXPERIMENTAL RESULTS

The effectiveness of the SP-SAPF based on the proposed
integral backstepping controller for current harmonic
mitigation has been experimentally verified using the
dSPACE 1103 R&D board and Control Desk experiment
software. Circuit topology and the overall experimental setup
are illustrated in Fig. 4. As shown in Fig. 4, the experimental
platform consists of the nonlinear load, which is composed of
a full-bridge diode rectifier with RL load, a full-bridge inverter
IGBT modules (SK40GB 123 Semikron) employed as a
primary circuit of the SP-SAPF. The compensation and load
currents are measured using Hall-effect LEM current sensors,
whereas two voltage sensors measure the source and DC link
voltages. The specific nominal circuit parameters of the SP-
SAPF prototype are vi"*=41V, R; =100Q, L; =35mH,
R;=025Q, L/=9mH, vpc=79.8V, Cpc=2200x 10°F.

To increase the load value, a switch-insulated gate bipolar
transistor (IGBT) is controlled via the digital output of
dSPACE-1103 to short-circuit an additive resistor, which is
connected in series with the main RL load. At the starting time,
the IGBT is in an OFF state, and at a specified time (6.067 s
for the scenario test), the switch state is converted to “ON’’ by
sending a stop signal to suppress the additive resistance.

In this paper, an experimental test platform has been done
for one test operating conditions scenario to verify the
effectiveness of the proposed method analysis. The test
scenario consists of a step change in DC-link voltage value
from 0 V to 78.75 V (which is equal to 1.8 v{", see [4,8] for
more detail). The SP-SAPF circuit is started with a constant
load, and then, the additive resistor is removed (short-
circuited) using an IGBT switch at t = 6.054 s. The additive
resistor is then added to the main load at t = 8.05 s when the
IGBT state is converted to OPEN by sending a 0 V from the
digital output of dSpace-1103.

The different experimental waveform results are shown in
Figs. 5-15. The load current waveform is shown in Fig. 5.
It’s highly distorted and has rich harmonics due to the
nonlinear load characteristic. Figure 6 shows the source
current waveform without and with active power filter
compensation. From this figure, we can observe that the
source current has a sinusoidal form. The waveforms
presented in Figs. 6b and 6¢ show that the value of the source
current increases and decreases against the rising or
decreasing load resistance value. The experimental results
show that the integral backstepping controller forces the
generated filter current to track its reference correctly when
the value of the nonlinear load changes (see Fig. 7).

Furthermore, it is clearly shown that when the
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measurement is started, the source current is equal to the load
current before the SAPF activation (¢,.,=1.39s; its form
becomes sinusoidal when the compensating current is
injected due to the SAPF activation, as presented in Fig. 8.

Moreover, the DC-link voltage is kept using the proposed
controller around its desired value with minimal rising time,
small undershoots, and overshoot against load
increasing/decreasing (see Fig. 9).

Figure 10 illustrates a comparison result between the
classical Pl controller and the proposed integral
backstepping controller. The proposed nonlinear controller
provides better control performance than the Pl control.
Figures 11 and 12 illustrate the harmonic spectrum of the
load and the source currents, respectively. From Fig. 11, it
can be observed that the load current presents a high value of
around 23%. Moreover, it’s seen in Fig. 12 that the total
harmonic distortion (THD) of the source current was reduced
considerably to 4.2% by compensation, which is below the
requirement of the IEEE 519 standards (5%).

Figure 13 depicts the grid current and the source voltage.
As can be easily shown from this figure, the grid current is
in the same phase as the source voltage, which confirms that
the power factor under operation conditions is equal to 1.
From the results, the proposed controller for SP-SAPF
current harmonic mitigation shows good performance and is
effective against increasing and decreasing loads.

Table 1 compares the proposed integral backstepping
controller with related works in the literature to further
demonstrate its effectiveness.

Fig. 4 — Experimental setup of the single-phase APF: a) single-phase APF;
b) PC and dSPACE 1103.

Measurement start

SAPF activation

(b) (c)

Fig. 5— Load current i, : a) load current waveform; b) i, during load
increasing; c) i, during load decreasing.

Fig. 6 —Source current i;: a) source current waveform; b) i, during load
increasing; c) i, during load decreasing.
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Fig. 7 — Compensation current, i;: a) compensation current waveform;
b) i, during load increasing; c) i, during load decreasing.
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Fig. 8 — Source, compensation, and load currents waveforms.



Sabouni Elhadj et al.

67

Fig. 10 — Comparison of DC-link voltage v, responses between Pl
controller and integral backstepping control. robust

Fig. 12 — Source voltage and current waveforms and their THD:

Table 1
Comparison with related works
[30] Proposed
Outer loop controller | PID controller Integral backstepping
Inner loop controller | Backstepping Integral backstepping
Compensating | Indirect current Instantaneous
current identification | extraction active/reactive
method | method method
Experimental setup | No Yes
Vqc response rising- | 0.3 s 0.26s
time
Source current THD | Not mentioned 42 %

80

U/«v v This paper proposes Nonlinear SP-SAPF control using a
s wr i o w— backstepping controller to enhance current harmonic and
“ AN Ay Sy reactive power compensation in the presence of nonlinear and
] A I ] uncertain loads and tight voltage regulation at the inverter
) ——Backstepring contrllr . output capacitor. The accuracy and effectiveness of the
20f 1 designed nonlinear controller for the SP-SAPF are

0 2 4 6 8 10 12 14

5. CONCLUSION
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Fig. 11 — Harmonic spectrum of load current i;.
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