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Abstract:

Loads connected to a stiff source cannot be protected
from voltage disturbances using a distribution static
compensator (DSTATCOM). In this paper, a new
control-algorithm-based multifunctional DSTATCOM
is proposed to operate in voltage control mode under
stiff source. This scheme provides fast voltage
regulation at the load terminal during voltage
disturbances and protects critical loads. In addition,
during normal operation, the generated reference load
voltages allow control of the source currents.
Consequently, DSTATCOM injects reactive and
harmonic components of load currents to make source
power factor unity. Simulation and experimental
results are presented to verify the efficacy of the
proposed control algorithm and multifunctional
DSTATCOM.

Index Terms—Distribution static compensator
(DSTATCOM); multifunctional; power factor; stiff
source; voltage regulation

I. INTRODUCTION

Large electric drives and utility applications
require advanced power electronics converter to meet
the high power demands. The evolution of power
electronic devices, nonlinear loads, and unbalanced
loads has degraded the power quality in the power
distribution network [1]. The distribution static
compensator is a shunt active filter, which injects
currents into the point of common coupling (PCC) (the
common point where load, source, and DSTATCOM
are connected) such that the harmonic filtering, power
factor correction, and load balancing can be achieved.
In practice, the presence of feeder impedance and
nonlinear loads distorts the terminal voltage (PCC) and
source currents. The load compensation using state
feedback control of DSTATCOM with shunt filter
capacitor gives better results [2]. The switching
frequency components in the terminal voltages and
source currents are eliminated by using state feedback

control of shunt filter capacitor. in this situation,
DSTATCOM should operate in CCM. However, due
to grid faults, source voltage (stiff or non-stiff) can
change at any time and then VCM operation is
required. DSTATCOM regulates the load voltage by
indirectly regulating the voltage across the feeder
impedance. When a load is connected to nearly a stiff
source, feeder impedance will be negligible [1]-[4].
Under these circumstances, DSTATCOM cannot
provide sufficient voltage regulation at the load
terminal [9]. This paper proposes a nhew control
algorithm based DSTATCOM topology for voltage
regulation even under stiff source. It is achieved by
connecting a suitable external inductor in series
between the load and the source point. Point of
common coupling (PCC) will be the point where
external inductor and source are connected.
DSTATCOM, connected at the load terminal, provides
voltage regulation by indirectly regulating the voltage
across the external inductor. Proposed control
algorithm to obtain variable reference load voltage is
formulated as a function of the desired source current.
This voltage indirectly controls the current drawn from
the source for a permissible range of source voltage.
There fore, the control algorithm makes source
currents balanced, sinusoidal, and in phase with
respective source voltages during normal operation.
During voltage disturbances, a constant voltage is
maintained at the load terminal. Hence, proposed
topology and control algorithm make compensator
multifunctional so that it provides fast voltage
regulation at load terminal and additionally provides
advantages of CCM while operating in VCM.

Il. DSTATCOM CONFIGURATION

A neutral point clamped voltage source
inverter (VSI) topology is chosen as it provides
independent control of each leg of the VSI [7]. A
single phase equivalent circuit of DSTATCOM in
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distribution network is shown in Fig. 1.VSI
represented by u V dc is connected to load terminal
through an LC filter ().

Fig.1.Single phase equivalent circuit of DSTATCOM in
distribution network.

The load terminal is connected to the PCC through
an external series inductance Lext. Vg is the voltage
maintained across the each dc capacitor and u is a control
variable which can be +1 or -1 depending upon switching
state. If i, if t, and if c are currents through VSI,
DSTATCOM, and Cfc respectively. Vs and Vt are source
and load voltages respectively. Loads have both linear and
nonlinear elements with balanced or unbalanced features.
Load and source currents are represented by | and is
respectively.

I111. SELECTION OF EXTERNAL INDUCTOR

Under normal operation, external impedance (Zext)
does not have much importance, whereas it plays a critical
role during voltage disturbances. The value of external
impedance is decided by the rating of the DSTATCOM and
amount of sag to be mitigated. At any time, the source
current in any phase by assuming balanced source voltage is
given as

_ Vs <0-Ve< -6
s Roxt + JXoxt

€y

where Vs, Vi, Rext, Xext, and o are the RMS source
voltage, RMS load voltage, external resistance, external
reactance, and load angle, respectively. For most practical
case, Xext _ Rext. As a worst case design, the reactive
source current (Im[Is]), which is supplied by the
compensator, will be maximum when ¢ is minimum. For
this, the source will supply only losses inthe VSI. Therefore,
o will be very small. Hence, Im [ls] is given as

_ Ve — V.
Im[f] = % (2)
ext
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During voltage disturbances, the aim is to protect
the sensitive loads with focus is on to improve the
DSTATCOM capability to mitigate deep sag. Therefore,
keeping it into account, the load voltage during voltage sag
is taken as 0.9 pu (per unit) which is sufficient to protect the
load. Assuming that the reactive current that a compensator
can inject is 20 A and load needs to be protected from sag of
40%, then the value of external reactance is found to be

09-0.6
ext — T X 230 = 3.45Q (4)
External reactance of 3.45 that corresponds to an inductance
of 11 mH for a 50 Hz supply is used.

IV. P ROPOSED CONTROL ALGORITHM

Proposed control algorithm aims to provide fast
voltage regulation at the load terminal during voltage
disturbances while retaining the advantages of CCM during
normal operation. Firstly, currents that must be drawn from
the source to get advantages of CCM are computed. Using
these currents, magnitude of voltages that need to be
maintained at load terminal is computed. If this voltage
magnitude lies within a permissible range then same voltage
is used as reference voltage to provide advantages of CCM.
If voltage lies outside the permissible range, it is a sign of
voltage disturbance and a fixed voltage magnitude is
selected as reference voltage. A two loop controller, whose
output is load angle, is used to extract load power and VSI
losses from the source. Finally, a discrete model is derived
to obtain switching pulses. All these steps are presented in
detail in this section. A. Computation of Reference
Voltage Magnitude (Vt*) During normal operation, load
voltage must be regulated in such a way that following
advantages provided by CCM operation are achieved:

e Source currents are balanced and
sinusoidal.

e  Unity power factor (UPF) at PCC.

e Source supply load average power and
VSI losses.

To achieve all aforementioned objectives,
instantaneous symmetrical component theory [15] is used to
get reference source currents. DSTATCOM makes the load
voltages balanced and sinusoidal, but still may contain some
switching harmonics which will give unacceptable reference
source currents when directly used. Therefore, positive
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sequence component of load voltages (v+tal, v+tbl, and
v+tcl) are extracted and used to compute reference source
currents (i*sa, i*sh, and i*sc) as follows:

- uf
lsg = All+ (Plavg + Plnss) (5)
1

L Ui
lsp = At + (Plavg + Plnss) (6)
1

, Uy
lge = F (Plavg + Ploss) ™
1

where A+1 = j=a,b,c(v+tj1)2, and Plavg is the average load
power that is calculated using a moving average filter
(MAF). The total losses in the inverter, i.e., Ploss, computed
using a PI controller, helps in maintaining the averaged dc-
link voltage (Vdcl + Vdc2) at a predefined reference value
(2vdcref ) by drawing a set of balanced currents from the
source and is given as follows:

Ploss = ;dc + Kidc f edt (8)

Where Ky, Kige, and e = 2Vdcref — (Vdcl + Vdc2)
are the proportional gain, integral gain, and voltage error of
the PI controller, respectively. Once the reference currents
to be drawn from the source are computed using (4),
reference voltages at the load terminal can be derived.
Applying Kirchhoff’s voltage law in the circuit shown in
Fig. 1:

Fig. 2. Controller to calculate ¢ and Ploss. From the
previous equation, the load voltage can be computed as
follows:

Vt = \/(Vs - IsRext )2 + (IsRext)z (9)

Based on standards, load voltage has a permissible range of
variations between 0.9 and 1.1 p.u. [14]. Therefore, as long
as Vt, obtained using (7), lies between 0.9 and 1.1 p.u., it is
used as reference load voltage (V #t), and the advantages of
CCM operation are achieved. Here, Vt is indirectly
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controlled by the desired source current. During sag and
swell, the load voltage magnitude will be between 0.9 and
0.1 p.u.and 1.1 and 1.8 p.u., respectively, for half cycle to 1
min [16]. Therefore, reference load voltage magnitude is set
to 0.9 and 1.1 p.u. during sag and swell, respectively. The
reason to keep load voltages at these values is to maximize
the DSTATCOM disturbance withstanding ability while
keeping load voltage at the safe limits for satisfactory
operation. B. Computation of Load Angle ()

The block diagram of a controller to compute load angle ¢ is
shown in Fig. 2. It ensures that the load average power and
losses in the VSI are supplied by the source [7]. Alternately,
Piss responsible for maintaining dc-link voltage must be
equal to shunt-link power Psh. Comparing Pjos and Psh, an
error is generated, which is passed through a PI controller to
compute ¢ as follows

6= Kpa |(Ploss - Psh) + Kia f(Ploss - Psh)dt (10)

where K, and Kia are the proportional and integral gains of
the inner PI controller, respectively. The value of shunt-link
power Pg, is computed using a MAF as follows:

1

t1+T
Psh = Tf (Uta ifta +Utb iftb + Utc iftc (11)
5]

A positive value of Psh represents power flow from
DSTATCOM to load terminal, whereas a negative value of
Psh represents power flow from load terminal to
DSTATCOM. In steady state, VSI losses are compensated
by taking power from the source. Hence, Psh will be
negative in steady state. Moreover, capacitor voltage
decreases from its reference value in steady state. The
deviation of capacitor voltage from reference voltage
represents losses in the VSI. Hence, Ploss will be negative
during steady state. Therefore, at all times, Psh and Ploss
should be equal. Hence, the difference of Psh and Ploss
should be minimized. The output of the inner PI controller,
as shown in Fig. 2, is delta, which ensures that shunt-link
power Psh drawn from the source equals to losses in the
capacitor Ploss.

C. Generation of Instantaneous Reference Voltage

By knowing the zero crossing of phase-a source voltage,
selecting a suitable reference load voltage magnitude from
(8),

and computing load angle ¢ from (9), the three-phase
reference voltages are given as follows:

Usrefa = V2V*; sin(wt — §) (12)
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Upresp = V2V*, sin ((ut -3 - 5) (13)
. 21

Utrefe = V2V*, sin (wt —3 6) (14)

where w is the system frequency
D. Generation of Switching Pulses

Each phase of the VSI can be controlled
independently, and hence, a discrete model of single phase
has been derived to generate switching pulses. The
dynamics of filter inductor and capacitor can be presented
by the following equations:
dufc 1 1 15
dt Cfc lfi Cfc lfi ( )

V. SIMULATION RESULTS

The  proposed  control algorithm  and
multifunctional DSTATCOM make three-phase source
currents balanced, sinusoidal, and in phase with respective
source voltages at the PCC, within the permissible range of
voltage. In addition, a fast voltage regulation at the load
terminal is provided to protect sensitive loads during voltage
disturbances. In addition, load harmonic and reactive current
components are supplied by the compensator all the time.
All aforementioned advantages are verified in digital
environment using PSCAD software. A three-phase stiff
source of 230 V rms per phase (1.0 p.u.) is considered. Filter
parameters are Lf = 20 mH, Cf = 10 xF, Vdc = 600 V, and
Cdc = 3000 uF. External inductance
Lext = 11 mH is used. Initially, a three-phase unbalanced
linear and nonlinear load of 6.9 kW is connected. At t = 0.2
s.It can be seen that both voltage and current are in phase
with
each other. The load is brought back to its normal value at t
= 0.32 s. The controller takes one cycle to detect this change
and brings back the source current at its normal value. The
current is in phase with source voltage. The entire transient
is shown in Fig. 3(b). To show the voltage regulation
capability of DSTATCOM, at t = 0.8 s, a sag is created by
lowering the source voltage by 30%, as shown in Fig. 4(a).
A fast voltage regulation is provided at the load terminal to
protect sensitive loads, while maintaining a voltage of 0.9
p.u., and is shown in
Fig. 4(b). During sag period, source current will increase, as
shown in Fig. 4(a). Voltage sag is cleared at t = 0.9 s, and
then, load voltage starts following the source voltage, as
illustrated in Fig. 4(a). Consequently, the source current and
the source voltage slowly come in phase with each other.
Fig. 5(a) shows the load angle ¢, which is regulated by a
controller to ensure that the average load power and inverter
losses are taken from the source during normal operation,
load change, and voltage disturbances. Fig. 5(b) shows the

International Journal of Research (1JR)

e-1SSN: 2348-6848, p- ISSN: 2348-795X Volume 2, Issue 10, October 2015
Available at http://internationaljournalofresearch.org

voltage at dc bus, which is regulated around 1200 V during
the entlre operatlon
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Figure (1): Phase-waveforms with sag Condition (a) Source
voltage and source current (current is scaled up ten times for
clear visibility). (b) Load voltage.
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Figure (2): Phase-waveforms with out sag Condition (a)
Source voltage and source current (current is scaled up ten
times for clear visibility). (b) Load voltage.
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Figure(3): Dc Voltage

Fig. 5. Phase-a waveforms before, during, and after load
change. (a) Load current. (b) Source voltage and source
current (current is scaled up ten times for clear visibility).

VI. CONCLUSION

In this paper, a new control algorithm based
multifunctional DSTATCOM has been proposed to protect
the load from voltage disturbances under stiff source. It has
been achieved by placing an external series inductance of
suitable value between the source and the load. In addition,
instantaneous reference voltage is controlled in such a way
that the source currents are indirectly controlled, and the
advantages of CCM operation are achieved while operating
in VCM for a permissible range of source voltage. The
proposed algorithm and multifunctional DSTATCOM are
able to mitigate voltage- and current-related PQ issues, and
confirmatory results have been presented.
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