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Abstract— In this work, a Volterra filter based control
algorithm is developed to generate reference currents for a solar
PV-DSTATCOM (Photovoltaic-Distribution Static Compensator)
system in the distribution network. The developed control is
analyzed for being stable under Lyapunov stability criterion,
consequently, the error function of the system converges to zero
asymptotically. The PV-DSTATCOM system is integrated to the
grid to compensate the nonlinear load while supplying solar PV
array active power to the grid. The system is modeled in
MATLAB and is executed on a developed prototype in the
laboratory, under balanced, unbalanced loading conditions and
variable insolation conditions. Moreover, the harmonic distortion
of the grid currents, is observed under the IEEE-519 standard.

Keywords— Volterra, Lyapunov’s stability, Power Quality, PV,
and DSTATCOM.

. INTRODUCTION

With the growing demand of electricity, the world has
seen a drastic shift towards distributed generation using
renewable sources of energy [1-2]. The distributed generation
not only reduces the burden on electrical grid, but also helps
the consumers to participate in the energy market by selling the
excess generated power. Solar energy, being one of the most
abundant resources, has been a major research focus in the past
two decades [3]. With the continuous decreasing costs and
subsequent increasing incentives, solar PV (Photovoltaic)
systems are installed worldwide in large numbers. However,
the integration of solar PV systems to the conventional
electrical grid, faces power quality challenges like [4-6],

e Harmonics- current and voltage harmonics are major
concern as the solar PV converter acts as a harmonics
injecting source in the grid.

e Fluctuations in voltage — an intermittent nature of solar PV
generation (as solar power generation is determined by the
operating temperature and irradiance levels), leads in voltage
fluctuations.

An |EEE-519 standard has recommended the total
harmonic distortion in grid currents to be lower than 5% [7].
Moreover, an IEEE-1547 standard recommends the voltage
fluctuations at the point of common coupling (PCC) to be
within 5% [8]. Therefore, for the mitigation of the problems
associated with the power quality and also to maintain the
IEEE standards, it is important to develop the control of solar
PV systems with improved performance.

The solar PV array is integrated to the grid using a
DSTATCOM (Distribution Static Compensator), which is
basically realized using a VSC (Voltage Source Converter).
The solar PV array is operated to attain maximum power using
various tracking techniques [9-10]. The most commonly used
MPPT (Maximum Power Point Tracking) technique is an

incremental conductance (IC) technique [11], wherein the
current and voltage of the solar PV array, help in acquiring the
operating point. An IC technique helps in obtaining true MPPT
without periodic tuning, thus provides an easier method to
obtain the maximum power point.

Other advantage of a solar PV- DSTATCOM (Photovoltaic-
Distribution Static Compensator) system, is that in the absence
of solar PV generation, the system has the capability to operate
as a DSTATCOM unlike the traditional solar PV systems
wherein zero solar PV generation implies idle system. The
main features of a DSTATCOM are as follows [12-13].

o |t help in correcting power factor at the grid side even with
the load operating at poor power factor.

e It maintains sinusoidal grid currents even with non-
sinusoidal load currents.

e |t helps to draw balanced grid currents while feeding
unbalanced loads.

These features of DSTATCOM remain intact while
operating as a solar PV- DSTATCOM system, thus, it helps in
mitigating the power quality issues.

Singh et al. [14] have reported numerous topologies for
DSTATCOM. The major criteria for deciding the correct
topology, are to have a compact, less bulky system and at the
same time to minimize the switching losses. The most widely
accepted topology is a nonisolated three-phase three-wire
topology, as it doesn’t contain bulky transformers and
inductors. Moreover, the number of switches, is optimum to
provide full control of grid currents and the voltage at the PCC.

The operation of a solar PV-DSTATCOM system is
basically dependent on the switching pulses given to the VSC.
The reference currents are used to generate pulses, which helps
in compensating the reactive power, eliminating the harmonics
and balancing the power at point of common coupling. The
basic objective is to control these switching pulses to minimize
the distortion in grid currents. Various control algorithms like
Adaline based control, instantaneous reactive power theory
(IRPT), synchronous reference frame theory (SRF),
instantaneous p-g-r theory, composite observer based, etc. have
been proposed in the literature [13,15-16]. SRF based control
uses a PLL in transforming three phase quantities to two
phases, and therefore, the system’s PLL has to be tuned prior
to its operation. Similar observation can be easily made for the
SOGI-PLL proposed in [17], wherein distortions and noise
easily affect the PLL performance. IRPT is implemented using
the power of the system, which in turn is calculated from the
voltages and the currents of the system. Consequently,
fluctuations in the voltages, are reflected on the reference
currents calculation. Instantaneous symmetrical component
theory based control algorithm also makes use of power
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calculations and is subsequently affected by voltage The IGBTs (Insulated Gate Bipolar Transistors) of VSC, are
fluctuations. A naive- back propagation based Icos¢ algorithm  controlled by an algorithm based upon second-order Volterra
has been implemented for the DSTATCOM control in [18], filter and improved with the Lyapunov’s stability.
however, rigorous calculations involved, make the algorithm
complex and difficult to implement. Loubassou et al. [19] have
developed kernel incremental metal learning algorithm to The control of PV-DSTATCOM system is shown in Figs.
generate the reference grid currents. The control has less 2 and 3. The solar PV system operates at maximum power
sensitivity to internal parameters variation. However, the using an IC algorithm, which basically uses the power-voltage
performance of the control has not been analyzed on a curve of PV array to determine the operating point [11].
hardware prototype. A nonlinear Volterra filter [20], being . . .
adaptive in nature can easily help in achieving the aim for the The control of VSC is developed using a Volterra filter
operation of a solar PV-DSTATCOM system. It is vital that based conFroI algorithm _W|th the Lyapun_ov s stability. The
the Volterra filter based control developed for the solar pv-  Volterra filter helps to include the previous values of the
DSTATCOM, should not result in an unstable system [21]. system, th_us addl_ng the memory element to the system. The
In this paper, a solar PV array is integrated to the grid, via Volterra fl’lter varlgbles are agaptlvely changed based upon the
a DSTATCOM. The operating point at maximum power of Lyapunov’s st_ablhty theory in order to converge the error to
solar PV array is tracked using an IC algorithm. A second-  Z2€ro asymptotically.

I11.  CONTROL APPROACH

order Volterra filter is used to estimate the reference currents First of all, the amplitude of terminal voltage (Vi) is
from nonlinear load currents. A Lyapunov function based upon  calculated as [13],

the error of the system is considered and the stability analysis >

is undertaken to ensure the system’s performance under V, = /—(vga +V§b +V§C 1)
transient conditions as well [22-25]. The proposed control 3

design is first modeled in MATLAB/Simulink environment ~ Where Vg, Vgo and v are the grid phase voltages of the three
and is then implemented in the laboratory. The proposed solar ~ Phases, which are evaluated from the line grid voltages vga» and
PV-DSTATCOM system is analyzed under load variation, load ~ Vabe 85,

unbalancing and varying insolation and the obtained results are Vg + Vg ~Vgar T Vgbe . “Vyab = 2Vgpe

evaluated as per the IEEE-519 and the IEEE-1547 standards. Vea 3 Vo= 3 Ve< 3 )

The V¢ is then used to find the in-phase unit templates as,

Il.  PROPOSED TOPOLOGY

To operate the given system, the solar PV array is tiedto || _Vea. ~_Voo. Ve 3)
the grid as depicted in Fig. 1. The solar PV system is modeled " v =" v "% vy

by using the procedure followed in [26] and uses IC-MPPT for

extraction of maximum power. The VSC (Voltage Source Moreover, using these in-phase templates, the quadrature-
Converter) is connected at the PCC via interfacing inductors ~ phase unit templates are evaluated as,

(L¢) to control current ripples. On the other hand, to minimize

voltage ripples, a ripple filter (Rt & Cs) is connected at PCC.
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Fig. 1 Proposed system.
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Ugy = _UAi/%rUAC Ugy = ?(uAa + = giuAc ) @)
V3 Uy —Up
Upe = 7(_uAa +%)

The current error of active component in each phase at n'"
instant is shown in Fig. 2 and is defined as,

eAm (n) = iLm (n) - WAm (n) *uAm (n)
where m represents phases a, b and ¢ individually.

Q)

The basic aim of the control is to minimize this mean
square error. Here, wam(n) varies in order to update the value
of eam based like,

Wam (n) =Wy (n _1) ~€pm (n) *G’Am (n) (6)
where aan(n) represents the adaptation gain, gan(n) is the priori
estimation error and are given as,

Ean () = i (1) = W (N=1) *U (1) (7)
and o, (N) = —U,, (N) {1_5w} @
| gAm (n) |

where 0<6<1.
Both aam(n) and €am(n) vary with time to minimize the error
given in (5).

Thus, Waa, Wab, and wa., are evaluated and are averaged to
calculate the total-load weight component as,
Wy + W,y + W,

Wi 3

2= 9)
The solar PV array power is used to find the PV weight

component as,

2P, (n)

3,

t

Wy, (n) = (10)

The error defined by the difference of the reference DC
link voltage and DC link voltage is fed to a Pl (Proportional-
Integral) controller to generate the DC link weight as,

w(n+)=w, (n)+K {e (n+1)-e (m}+K e (n+l) (11)

where e (n) =V, (n) -V, (n) (12)
The total active in-phase weight is evaluated as,

Wpas = Wiaa T Wpy _va (13)

The was is then used to generate the active components of
reference currents as,
Tha = Upa *Wpgihny =Ugy *Wyiiae = Uy, ¥ Wy

(14)

At n" instant, the quadrature-phase error of the phases is
given as,

€rm (n) = i|_m (n) = Wen (n)*uRm (n) (15)

where Wgrm is expressed as,

W (n) = Wen (n _1) ~Erm (n) *G’Rm (n) (16)

such that e () =i, (nN) —Wg, (=1 *u,. (n) @an

and o, (N) :—uRm(n){l—éw} (18)
| £qn (M) |

where 0<6<1.
The total reactive weight of load is calculated by taking a
mean of three reactive load weights i.e. Wra, Wrp, and Wgc as,
Wi, + Wy, + We,
Wiga = . ::b . (19)
The PI controller is fed with the difference of the nominal
voltage and terminal voltage to generate the weight of terminal
voltage error such that,
Wy (n+)=w, (n)+K {e(n+1)-e(n}+K, e (n+l) (20)

where e (n) =V (n) - V,(n) (21)

The total reactive quadrature phase component is given as,

Wrs = Wy —Wira (22)

This weight is then used to generate the reactive component of

u(n o . .
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Fig. 3 Structure of control scheme.
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reference grid currents as,

lra = Uga “Wasilgy = Ugy * Wil = Ugs Wi (23)
The reference grid currents are then calculated as,
Iga = IAa +|Ra ;Igb = IAb +|Rb ;Igc = IAc + IRc (24)

These obtained reference currents and sensed grid currents
are then compared in a hysteresis current controller for the
generation of the VSC switching pulses.

IV. SIMULATION RESULTS

The proposed second order Volterra filter based control is
first validated in MATLAB/Simulink. A solar PV-
DSTATCOM system consisting of solar PV array, three- phase
grid, VSC and a nonlinear load, is modeled and is analyzed in
power factor correction (PFC) mode. All parameters used for
simulation are provided in Appendix.

A. System’s Performance at Steady State with Nonlinear Load

Fig. 4 (a) depicts the waveform of Iy, Vv, Ppyv, Ve, Pg and
Qg while Fig. 4 (b) depicts the variation of vg, ig, iLa, iga» Vspy
and ispy at steady-state condition under a nonlinear load. The
grid currents (ig) are sinusoidal, although the load current is
nonlinear (iLa). It is because of the compensation provided by
VSC. As it can be seen, the solar PV extracts maximum power,
and the system works in PFC mode. Fig. 4 (c) shows the THD
in iLa, which is 25.74%. While Fig. 4 (d) shows the THD in ig,
which is 1.69 %, below a limit of the IEEE-519 standard [7].

B. System’s Dynamic Behavior at Unbalanced Nonlinear Load

Fig. 5 (a) shows the impact on Ve, Vgabe, ig, i, ig’, Vspy and
ispv, as the load in phase ‘a’ is disconnected. At t= 0.52 s, as the

50

load is disconnected, iLa becomes zero. The VSC currents
compensate the effect of load unbalance, maintaining
sinusoidal grid currents in all three phases. Fig. 5 (b) depicts
the variation of internal signals like eaa, €aa, 0Aa, WLAG, Wpy, WaAd
and was as the load is disconnected in phase ‘a’. wiaa and Was
are decreased as the load is disconnected.

C. System’s Dynamic Behavior at Variable Solar Insolation

Fig. 6 (a) illustrates an impact of changing the solar
insolation on Gpy, lpv, Vpv, Ppv, Vac and Py. A decrease in Gpy
from 1000 W/m? to 800 W/m? leads to a decrease in I, and
thus in Pyy. Fig. 6 (b) shows a change in vy, ig, iLa, ig’, Vspv and
ispv. The decrease in grid currents (ig) is compensated by an
increase in VSC currents (ispv), While load currents remain
same (iL).

D. Comparison of Proposed Control
Conventional Control Technique

Technique with

Fig. 7 shows a comparison of proposed technique with
synchronous reference frame theory (SRFT) and least mean
square (LMS). As it is seen from the figure, when the load in
phase ‘a’ is removed, the proposed technique has lower ripples
than SRFT. Lower ripples verify the stability claim of
proposed technique as herein, the error asymptotically
converges to zero (Lyapunov stability theory). Moreover, both
SRFT and proposed Volterra-filter based technique, have
shorter settling times in comparison to LMS. Although the
settling time for proposed technique is almost one cycle more

than SRFT, but a reduction in ripples is much more dominant.
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Fig. 4 (a-b) Steady state behavior with nonlinear load, (c) Harmonic analysis of load current, (d) Harmonic analysis of grid current.

0093-9994 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2018.2867324, IEEE
Transactions on Industry Applications

i — ] SR

1, RS + ey A————

100

‘

so <n ¥

s PRS2 £ B R——

sz I ——
ES

& PSRRI ;:zN
-50
200

Yl

;%&%&S&Qm %ﬂ

0.51 0.53 0.51 0.53 0.55 0.57
Time (sec) Time (sec)

(a (b)
Fig. 5 (a) Dynamic behavior under load removal and (b) Response of internal signals.

ED\'(

049 ot 053 05 0.57 7 e 051 053 0.5 0.57
Time (sec) Time (sec)
(@ (b)
Fig. 6 Dynamic behavior with decrease in solar insolation.

1 8 T T _>|I | T |

16k ST Phase “a” load removed T e
> : I'" longer

A

| | Settling |
12+ [ I time | (0135s)y

| 10.0765) |
10 I I -

3 m | |

. /
3 gt Large ripples M | | .
6l observed |n SRET__ ' |
—
4l M —Proposed Control (Volterra-filter)| |
AAAAAAAAS — Advanced Control (LMS)
20 1 Conventional Control (SRFT) 7
0 | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)
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(AMETEK made ETS600x17DPVF). Hall-Effect based
V. EXPERIMENTAL RESULTS current sensors (LA 55- P) and voltage sensors (LV 25-P) are

A prototype of proposed PV-DSTATCOM system is Used to sense currents and voltages, respectively. A power
developed. The system is realized using a solar PV simulator ~ analyzer (Fluke made 43B) is used along with four—channel
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DSO (Agilent made DSO7014A) to record the waveforms. The
proposed control scheme is executed using DSP-dSPACE-
1202 MicroLabBox. Parameters of the system, are stated in
Appendix.

A. System’s Behaviour under Steady State

The performance of solar PV-DSTATCOM system at
steady state condition is shown in Figs. 8-9. Figs. 8(a-b) depict
the grid voltage (vgoe) and grid phase current (iga), harmonic
spectrum and THD (Total Harmonic Distortion) of ig. The
THD of ig is 3.1% which meets the IEEE-519 standard [7].
Figs. 8(c-d) depict vgne and load current of phase ‘a’ (ia), THD
of iLa, while Fig. 8(e) shows vg,c and VSC phase current (iaspy).
Figs. 8(f-h) depict the power delivered by the grid, power
consumed by the load and VSC power. Fig. 9 shows the
waveforms of grid line voltage (vgne), phase ‘c’ grid current
(ige), phase ‘¢’ load current (iLc), and the VSC current in phase
‘¢’ (icspv). As it is observed, the load current is non-sinusoidal
but the grid current is maintained to be sinusoidal.

B. Behavior of the System as Phase ‘a’ Load is Disconnected

Figs. 10(a-d) depict the behavior of the system as the load
is disconnected from phase ‘a’, making the system unbalanced.
Fig. 10(a) shows the waveforms of DC link voltage (Vdc), iLa,
iga, and iaspv. Fig. 10(b) shows an impact of load disconnection
on Vgne, and parameters of phase ‘¢’ like ige, iLc and icspy. Fig.
10(c) shows a variation of internal signals like eas, €aa, 0.a2 and
Waa With the change in loads. Fig. 10(d) shows the impact on
the weights of the system as Wad, Wpv, Wiaa and Was. The Wiaa
component decreases to zero at disconnection of the load.
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Fig. 9 Behavior of the system at steady state.

C. Impact of Increased Solar Insolation

Figs. 11(a-b) show the system’s behavior as the solar
insolation increases from 700 W/m? to 1000 W/m?2. Fig. 11(a)
depicts the PV voltage (Vy), PV current (lpy), faspv and iga. The
increase in insolation leads to an increase in lp. Fig. 11(b)
depicts the impact on the weights of the system, Wad, Wpv, WiLaa
and was. The wp, component increases with the increase in PV
insolation. Figs. 11(c-d) show 100% maximum power tracking
at 700 W/m? and 1000 W/m?, respectively.

VI. LYAPUNOV STABILITY ANALYSIS

For system’s stability analysis, the adaptation gain a(n) is
changed as,

_le(n-1|

2% | &(n)|
such that 2>1. For a system to be stable as per Lyapunov
stability criterion, a positive definite Lyapunov function (V(n))
should have a negative definite AV/(n) [24]. Defining a positive
definite quadratic Lyapunov function for this system as,

V (n) = A"e*(n)
Then,
AV (n)=V(n)-V(n-1)

=A"e*(n)-A""e’(n-1)

a(n)=-u(n)|1 (25)

(26)

= 2"[i, () ~w(n)u(n) | - 2""e*(n-1)

a0 [iL(n)—{W(n—l)—g(n)@}u(n)T —A™e?(n—1)

= A" ()= w(n=1) +&(n)u(n) l_|en(n——l)| u(n)
A% | &(n)|
-1 (n-1)
= 2| i ()~ w(n~Du(n) - () u* (ny | 1- 122D
A% |e(n)]
-I'"'¢(n-1)
=A"| e(n)—&(n) 1_|en(n——1)| - A"%e*(n-1)
22| &(n)|
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Fig. 10 Intermediate signals of control algorithm under load disconnection in the system.
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For n>1 and A>1, AV(n) is negative definite, therefore, the
error asymptotically converges to zero from Lyapunov stability
theory.

VIlI. CONCLUSION

The solar PV-DSTATCOM system integrated to the
distribution system, has been studied using second-order
Volterra filter based control under various conditions like load
disconnection and variable PV insolation. The solar PV array
has been operated at maximum power using an IC-MPPT
algorithm. The second-order Volterra filter based control is
shown to be stable as per the Lyapunov’s stable criterion. The
developed control is easy to be implemented. Moreover, the
error of the system also converges exponentially to zero
asymptotically and thus helps in obtaining fast response. The
observed THD value of grid currents are found well under the
limit of the IEEE-519 standard. Moreover, the solar PV-
DSTATCOM system shows DSTATCOM capabilities even in
the absence of solar PV generation.

APPENDIX

Simulation Parameters: Solar PV array voltage= 360 V;
array power= 11 kW; DC bus voltage, V4= 360 V; ripple filter
R=5 Q, C= 10 pF,; Li= 2.5 mH; Cy= 12 mF; grid voltage,
Vi= 220 V (rms); Pl controller, Kn= 0.6, Ki1= 5, Kp= 1,
Ki>= 0, 6=0.65, non-linear load= 3-phase diode bridge, R=
20Q2, L= 100mH load.

Hardware Parameters: Sampling time, Ts= 35 ps; grid
voltage, VL= 240 V (rms); Vac= 340 V; VSC= 25 kVA,; solar
PV simulator voltage, Vivee= 340 V; array current, Impp= 15.7
A; Ns = 12; N, = 2 ; array power, Pvpp= 5.35 kW; DC bus
voltage, ripple filter R= 5 Q, C+~= 10 uF; interfacing inductor,
L= 2.9 mH; PI controller, Kn= 0.12, =0.9, non-linear load=
diode bridge with 1.20 kW load.
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