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Abstract:

Distribution static compensator (DSTATCOM) is a shunt
compensation device that is generally used to solve power
quality problems in distribution systems. In an all-electric
ship power system, power quality issues arise due to high-
energy demand loads such as pulse loads. In this proj-
ect a new algorithm to generate reference voltage for a
distribution static compensator (DSTATCOM) operating
in voltage-control mode. Three filter capacitors, one for
each phase, are connected in parallel with the DSTAT-
COM to eliminate high-frequency switching components.
The voltage across the filter capacitor is controlled by a
dead-beat controller to maintain the AC bus voltage. The
magnitude of the bus voltage is chosen as nominal value,
i.e., 1.0 p.u., while its phase angle is obtained through a
feedback loop that maintains the voltage across the DC
storage capacitors.

The proposed scheme ensures that unity power factor
(UPF) is achieved at the load terminal during nominal op-
eration, which is not possible in the traditional method.
Also, the compensator injects lower currents and, there-
fore, reduces losses in the feeder and voltage-source in-
verter. Nearly UPF is maintained, while regulating voltage
at the load terminal, during load change. The state-space
model of DSTATCOM is incorporated with the deadbeat
predictive controller for fast load voltage regulation dur-
ing voltage disturbances. DSTATCOM to tackle power-
quality issues by providing power factor correction, har-
monic elimination, load balancing, and voltage regulation
based on the load requirement and simulation results are
presented by using Matlab/Simulink platform.

Index Terms:

Current control mode, power quality (PQ),voltage-control
mode, voltage-source inverter.
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I. INTRODUCTION:

Power Quality (PQ) is the key to successful delivery
ofquality product and operation of an industry. The in-
creasedapplication of electronic loads and electronic con-
trollerswhich are sensitive to the quality of power makes
seriouseconomic consequences and of revenues loss
each year. PoorPQ can cause malfunctioning of equip-
ment performance,harmonics, voltage imbalance, sag
and flicker problems,standing waves and resonance — are
some of the issues thatadversely affect production and its
quality leading to huge lossin terms of product, energy
and damage to equipment. Thus, itbecomes imperative
to be aware of quality of power grid andthe deviation of
the quality parameters from the norms /standard such as
IEEE-519 standard [1] to avoid breakdownor equipment
damage.In present day distribution systems (DS), major
powerconsumption has been in reactive loads.

The typical loads maybe computer loads, lighting bal-
lasts, small rating adjustablespeeds drives (ASD) in air
conditioners, fans, refrigerators,pumps and other domes-
tic and commercial appliances aregenerally behaved as
nonlinear loads. These loads drawlagging power-factor
currents and therefore give rise toreactive power burden
in the DS. Moreover, situation worsensin the presence
of unbalanced and non-linear loads, affect the quality
of source currents to a large extent. It affects thevoltage
at point of common coupling (PCC) where the facilityis
connected. This has adverse effects on the sensitiveequip-
ment connected to PCC and may damage the equipmen-
tappliances. Excessive reactive power demand increases
feederlosses and reduces active power flow capability
of the DS,whereas unbalancing affects the operation of
transformers andgenerators [2-3]. In this paper, a five-
level cascade H-bridge inverterbased DSTATCOM con-
figuration has been presented.The adoption of cascade
H-bridge inverter forDSTATCOM applications causes to
decrease the devicevoltage and the output harmonics by
increasing thenumber of output voltage levels.
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Inverter circuit is heartof DSTATCOM and various in-
verter topologies can beutilized in applications of DSTAT-
COM such as: cascadedh-bridge, neutral point clamped
(NPC) and flyingcapacitor (FC) [4]. In particular, among
these topologies,CHB inverters are being widely used be-
cause of theirmodularity and simplicity. Various modula-
tion methodscan be applied to CHB inverters. There are
variousmodulation methods, but phase shift modulation
has usedin this paper. CHB inverters can also increase
thenumber of output voltage levels easily by increas-
ingthe number of H-bridges cells [5]. This paper present-
sa DSTATCOM with a PI controller based five-level CHB
multilevel inverter for the current harmonic,voltage flick-
er and reactive power mitigation of thenonlinear load.

I1. PROPOSED CONTROL SCHEME:

Circuit diagram of a DSTATCOM-compensated distribu-
tion system is shown in Fig.1. It uses a three-phase, four-
wire, two-level, neutral-point-clamped VSI. This struc-
ture allows independent control to each leg of the VSI
[7]. Fig.2 shows the single-phase equivalent representa-
tion of Fig.1. Variable uis a switching function, and can
be either +1 or -1 depending upon switching state. Filter
inductance and resistance arelL fand R f respectively.
Shunt capacitorC_fc eliminates high-switching frequency
components. First, discrete modeling of the system is pre-
sented to obtain a discrete voltage control law, and it is
shown that the PCC voltage can be regulated to the de-
sired value with properly chosen parameters of the VSI.
Then, a procedure to design VSI parameters is presented.
A proportional-integral (PI) controller is used to regulate
the dc capacitor voltage at a reference value. Based on in-
stantaneous symmetrical component theory and complex
Fourier transform, a reference voltage magnitude genera-
tion scheme is proposed that provides the advantages of
CCM at nominal load. The overall controller block dia-
gram is shown in Fig. 3 These steps are explained as fol-
lows.
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A. System Modeling and Generation of the
Voltage-Control Law:

The state-space equations for the circuit shown in Fig. 2
are given by

x'=Ax+Bz (1)
0 — o0
Cfe
1
Ly
1 9 _Bs
Ls Ls
_* 9
Cfe
Vae
B= > 0 0
o o0 X
L'S
=[Vee I L] z=[u iy vf

The general time-domain solution of (1) to compute
the state vector x(t) with known initial value x(t;), is
given as follows:

X (1) = X (e4¢~%) x (o) + [, e*C~Bz (1) dr (2)

o

The equivalent discrete solution of the continuous
state is obtained by replacing t,= kT,and t= (k+1)T;
as follows:

X (k1) = e4Tax (k) + [ e4Ta+ita=0B 7 (1)

dt(3)
In (3), k and T; represent the K, sample and
sampling period, respectively. During the

consecutive sampling period, the value of z(t) is
held constant, and can be taken as z(k).After
simplification and changing the integration variable,
(3) is written as [12]

X (k+1) = e4Tex (k) + [[* e4*BAB z (K)

(4)
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x (k1) =Gx (K) + Hz (k)(5)

Where G and H are sampled matrices, witha
sampling time of T,;. For small sampling time,
matrices and are calculated as follows:

GZ 1 GE 2 GE 3

Gi1  Gyp  Gyg
G=
Gy Gz O3

H11 H12 H13 T4
H=|H,, Hy, Hy|=[ "e**BA
31 HEZ HEE
(6)
=[(1 + A2)BA (7)

From (6) and (7) Gy;= 1 - T*/2L pcf.
Gy2=Tya/ o= Ta R/2L s,
Gi3 =0,

Hy; = szvdc/ZLFCfc:

H]_z: _Td."llec:.

H,; = 0. Hence, the capacitor voltage using (5) is
given as

Hy, igy ().

(8)
As seen from (8), the terminal voltage can be
maintained at a reference value depending upon the
VSI parametersV..Ce..LpRe, and sampling timeT,.
Therefore, VSI parameters must be chosen carefully.
Let v,” be the reference load terminal voltage. A cost
function T is chosen as follows [8]:

I=[vp(k+1) — v (k+ 1)
)

The cost function is differentiated with respect to u(k) and

its minimum is obtained at

The deadbeat voltage-control law, from (8) and (10), is

given as

ut*(k) - vtg(k+1]—ﬂ'111)fc(k]f; Gyoify (k)—Hyp if (k)
11

(11)
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In (11).v,"(k+ 1) is the future reference voltage
which is unknown. One-step-ahead prediction of this
voltage is done using a second-order Lagrange
extrapolation formula as follows:

vk +1) =30 (k) — 3ul(k— 1)+ v} (k — 2). )
The termv,”(k+ 1) is valid for a wide frequency
range and when substituted in (11), yields to a one-
step-ahead deadbeat voltage-control law.
Finallyu,*(k), is converted into the ON/OFF
switching command to the corresponding VSI
switches using a deadbeat hysteresis controller.

B. Design of VSI Parameters:

DSTATCOM regulates terminal voltage satisfactorily, de-
pending upon the properly chosen VSI parameters. The
design procedure of these parameters is presented as fol-
lows.

Voltage Across DC Bus (V ):

The dc bus voltage is taken twice the peak of the phase
voltage of the source for satisfactory performance. There-
fore, for a line voltage of 400 V, the dc bus voltage is
maintained at 650 V.

DC Capacitance (C):

Values of dc capacitors are chosen based on a period of
sag/swell and change in dc bus voltage during transients.
Let the total load rating be S kVA. In the worst case, the
load power may vary from minimum to maximum that
is, from 0 to S kVA. The compensator needs to exchange
real power during transient to maintain the load power
demand. This transfer of real power during the transient
will result in the deviation of capacitor voltage from its
reference value.

The voltage continues to decrease until the capacitor volt-
age controller comes into action. Consider that the voltage
controller takes a p cycle that is pT, seconds to act, where
T the system is time period. Hence, maximum energy ex-
change by the compensator during transient will be. This
energy will be p S T equal to the change in the capacitor
stored energy. Therefore
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_("df‘ (1':'12:'”1' o "’d‘zc) = j’JS-I‘

B (13)
WhereV,,, . and Vj.are the reference de bus
voltage and maximum-allowed voltage during
transients, respectively. Hence
. 2pST
(’d(' = ﬁ-

derel de (14)
Here,S=10kV AV, s 650V.p=1,and,
Vicref= 0.8V epor 1.2V4 ¢ Using (14), capacitor
values are found to be 2630 and 2152uF. The
capacitor wvalue 2600uF is chosen to achieve
satisfactory performance during all operating

conditions.

Filter Inductance(L,) :

Filter inductance L. should provide reasonably high
switching frequency (f ) and a sufficient rate of change
of current such that VSI currents follow desired currents.
The following equation represents inductor dynamics:

I da'.-!j

= (15)
The inductancel; is designed to provide good
tracking performance at a maximum switching
frequency(f,,.,.) which is achieved at the zero of the

source voltage in the hysteresis controller.
Neglecting Ry, L; is given by
2V 0.5V,

Lf= =
¢ (2he) (2 fmax) he fmax (16)

Where 2h, is the ripple in the current. With f,, =
10 kHz and h, = 0.75 A (5% of rated current), the
value Ly of using (16) is foundtobe2l.8mH, and
22Mh is used in realizing the filter.

Shunt Capacitor (Cg.):

The shunt capacitor should not resonate with feeder
inductance at the fundamental frequency (@,).
Capacitance, at which resonance will occur, is given
as

Sl wy L 17)
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For proper operation, Cs. must be chosen very small
compared to Cg.,. Here, a value of 5uF is chosen
which provides an impedance of 637 ohm ate,. This
does not allow the capacitor to draw significant
fundamental reactive current.

III. CONTROLLER FOR DC BUS CAPACI-
TOR VOLTAGE:

Average real power balance at the PCC will be

Pprr — Pfall_q -+ Plr,m!-

(18)
WhereB,.c.Piayg, and Pg; are the average PCC
power, load power, and losses in the VSI,
respectively. The power available at the PCC, which
is taken from the source, depends upon the angle
between source and PCC voltages, that is, load
angle. Hence 6 must be maintained B,  constant to
keep constant. The voltage of the dc bus of
DSTATCOM can be maintained at its reference
value by taking inverter losses P, from the source.
If the capacitor voltage is regulated to a constant
reference  valueP,..., is a constant wvalue
Consequently, 8 is also a constant value. Thus, it is
evident that de-link voltage can be regulated by
generating a suitable value 8 of .This 6 includes the
effect of losses in the VSI and. therefore, it takes
care of P, . the term in its action. To calculate load
angle 6, the averaged de-link voltage (Vy.; + Vicz)
is compared with a reference voltage, and error is
passed through a PI controller. The output of the PI
controller, which is load angle 6, is given as follows:

é - 'R-ph Cyvde + Kh‘) /c\‘(ll' d"
(19)

Where e€yq; = 2Vacref—(vge, +Vae,) 15 the voltage
error. Terms Kz and Kj; are proportional and
integral gains, respectively. 8 must lie between 0 to
900 for the power flow from the source to PCC.
Hence, controller gains must be chosen carefully.

IV. PROPOSED METHOD TO GENERATE
REFERENCE TERMINAL VOLTAGES

Reference terminal voltages are generated such that,
at nominal load, all advantages of CCM operation are
achieved while DSTATCOM is operating in VCM. Hence,
the DSTATCOM will inject reactive and harmonic com-
ponents of load current.
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To achieve this, first the fundamental positive-sequence
component of load currents is computed. Then, it is as-
sumed that these currents come from the source and con-
sidered as reference source currents at nominal load. With
these source currents and for UPF at the PCC, the mag-
nitude of the PCC voltage is calculated. Let three-phase
load currentsi_la,i_Ib, and i_Icbe represented by the fol-
lowing equations:

i (t) = Z \./EIU,, sin (nwt + &yjn)
n=1

(20)
Where j= a, b, ¢ represent three phases n, is the
harmonic number, and m is the maximum harmonic
orderd, = represents the phase angle of the nth
harmonic with respect to reference in phase-o and is
similar to other phases. Using instantancous
symmetrical component theory, instantaneous zero-
sequencei;, ?(f),  positive-sequencei,,*(t),  and
negative-sequence currenti,” (f), components are
calculated as follows:

i (1) Lo ita(t)

'r.';:{r} =3 1 a a® i(t)

i (1) 11 a® a i1c(t)
(21)

Where o is a complex operator and defined
b j21l /s

ye /3,
The fundamental positive-sequence component of
load current I}, , calculated by finding the complex
Fourier coeficient, is expressed as follows:

— 2 . ane
It = I£/0 i, (t)e iotami gl 8

(22)
It is a complex quantity, contains magnitude and
phase angle information, and can be expressed in
phasor form as follows:

f{.ll - |Iful| £ Iu]

(23)
Hence, the instantaneous fundamental positive-
sequence component of load current in phase-a, I} is
expressed as

:ial v"_‘ l‘sin .L.IT+£I;;1} 24)
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The fundamental positive-sequence component of
load currents must be supplied by the source at
nominal load. Hence, it will be treated as reference
source currents. For UPF at nominal operation, the
nominal load angle &, is used. By knowingl;,
fundamental positive-sequence currents in phases b
and ¢ can be easily computed by providing a phase

displacement of — an 3a_ndznf 3. respectively, and

are given as

‘;:n _."fu:l "'/_l lal
2
ﬁ—-'”)] V/_ I.f “5111( _%_"JO)
= 27
it, =ik () = V2 |It, | sin (.-,ur + TT - .50) :

(25)
When reference source currents derived in (25) are

supplied by the source, three-phase terminal voltages
can be computed using the following equations:

sin (wt — ég)

n"",-_.-Ji -
vej(t) = vsj(t) — Lu—= — Rii;.
(26)

Let the rms value of reference terminal and source
voltages be V,” and V, respectively. For UPF, the
source current and terminal voltage will be in phase.
However, to obtain the expression of V*independent
of 6, , we assume the PCC voltage as a reference
phasor for the time-being. Hence, phase-a quantities,
by considering UPF at the PCC, will be

Vtal \/"_1 sin wt
='o.v'"_|fl. ]|'+i11wf
Vsa(l =2V sin (wt+dp).
(27)

Substituting (27) into (26), the phasor equation will

be

It zo.

lr-;_. 0=V/ b‘U — I:R.‘ ‘i‘f--{'{'ﬂ) lal]

(28)

Simplifyving the above equation
V" = Veosdy + jV sindy |J'_J:1 It j]f_,:ll.\',.- (29)
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Equating real and imaginary parts of both sides of
(29), the following equation is obtained:

V cosdo =V;* + |}, | R,
V sindg = |I}},| X..

(30)

To remove &, from (30), both sides are squared and
added to obtain the following:

T 2 = 2

Vz = [:V:‘f + |I|T;1| 'R’) + {|jlnl| X") 5 (31}

After rearranging (31), the expression for reference
load voltage magnitude will be

Vi =\ V2 - (|5 X.)? - | T R.-
=V (R X Tl R

Finally, using v,” from (32), the load angle from
(19), and the phase-a source voltage as reference,
three-phase reference terminal voltages are given as

Via(t) = VBV sin(wt — 6)

vy (t) = V2V, sin (wt - 2{ - 6)

vi(t) = V2V sin (wt - 2_1:' - 6) .

(33)

V.MATLAB/SIMULINK RESULTS:
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Fig.5.Simulink circuit forconventional system

Fig. 6. Terminal voltages and source currents using the
conventional method.(a) Phase a (b) Phase b. (c) Phase
C.

Fig.7. voltage at the dc bus
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Fig.8.Simulink circuit for proposed system with PI
controller
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Fig. 9. Terminal voltages and source currents using the

proposed method using PI controller.(a) Phase a (b)
Phase b. (c¢) Phase c.
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Fig.10. simulation results for compensation currents
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Fig. 11. Load reactive power , compensator reactive
power, and reactive power at PCC for Proposed meth-
od with pi controller.
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Fig.12. FFT analysis for source current by using
PI controller

Fig.13. Simulation results for source voltage
during sag

Fig.14. simulation result for RMS value of source
voltage during sag

Fig 15. Simulation results for dc link voltage
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Fig.16. Simulation results for load voltage after com-
pensation

Fig.17. simulation results for compensation current of
statcom
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Fig. 18. Terminal voltages and source currents using
the proposed method using fuzzy controller.(a) Phase
a (b) Phase b. (c) Phase c.

T-\.hl-jil LA p-lll-ll..nql.
lll Jiilp- !]-Jf I.vll iwll {Irll I.rf FL"H ||I.' I|u1| .f '!;J'I J'. r Iy uf’vf #u

‘#vll' #vlf"l* ﬁ“lqu‘IIJ? III:,"II f‘ I“! W ’k M"Jl' 'k “ liﬂ. 1Ef'|1'\f'|’i“|l'ﬁh -"""l- |

b o T L L
I?firilrlirllf_ﬁifjif_'l+f_\$lt_|l‘ir|ﬂlHHHH?'HI,_H'HH

Fig.19. simulation results for compensation currents

Fig. 20. Load reactive power , compensator reactive
power, and reactive power at PCC for Proposed meth-
od with pi controller
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VI.CONCLUSION:

In this paper, a control algorithm has been proposed for
the generation of reference load voltage for a voltage-
controlled DSTATCOM. The performance of the pro-
posed scheme is compared with the traditional voltage-
controlled DSTATCOM. The proposed method provides
the following advantages:

1) At nominal load, the compensator injects reactive and
harmonic components of load currents, resulting in UPF;

2) Nearly UPF is maintained for a load change;

3) Fast voltage regulation has been achieved during volt-
age disturbances.

4) Losses in the VSI and feeder are reduced considerably,
and have higher sag supporting capability with the same
VSI rating compared to the traditional scheme.
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