International Journal of Power Electronicsand Drive System (1JPEDS)
Vol.2, No.3, September 2012, pp. 285~296
ISSN: 2088-8694 d 285

DSTATCOM Control Algorithms: A Review

Ambarnath Banerji *, Sujit K. Biswas**, Bhim Singh ***
* Department of Electrical Engineering, Meghnad &atstitute of Technology, Kolkata, India.

** Department of Electrical Engineering, Jadavpumivérsity, Kolkata, India
***Department of Electrical Engineering, Indian titate of Technology, Delhi, India.

ArticleInfo ABSTRACT

Article history: The concept that an inverter can be used as a ajzeer impedance
. converter to realize either inductive or capacitigactance has been widely

Received Jun 2, 2012 used to mitigate power quality issues of distribatinetworks. One such

Revised Jul 2, 2012 device is the DSTATCOM which is connected in shurthe load end. The

Accepted Jul 10, 2012 heart of the DSTATCOM is a converter. The contrajoaithm of the

converter is very important. It causes the conveideaddress the power

quality problems in efficient manner. This papescdisses the various control

Keyword: algorithms of the converter. The manners in whiwh power quality issues

DSTATCOM are mitigated by the converter are also explorégiufations of the control
algorithms are made on MATLAB platform to ascerttin effectiveness of

Hysteresis control each control method for power quality mitigation.

Power Quality

PWM
Symmetrical Components Copyright © 2012 Institute of Advanced Engineering &cience.
All rights reserved.

Corresponding Author:

Ambarnath Banerji,

Departement of Electrical Engineering,

Meghnad Saha Institute of Technology,

P.O. Nazirabad, East Kolkata Township, Kolkata AID1
Email: ambarnathbanerji@gmail.com

1. INTRODUCTION

The development of technology and consequent ugatjom of the loads of power system has
brought about a paradigm change in the custometlsak for the electrical power he is willing tocesve.
Adding to the problem of reactive power compensgfid, the proliferation of nonlinear loads is cengsa
higher level of harmonics in the received voltagen alert customer now asks for a power supply that
voltage regulated, balanced, flickers free, witHmautmonics and without any outages. The conceptstom
power was introduced by Hingorani [2]. Similar tAGTS devices which are used to solve issues retated
the transmission lines, the custom power (CP) @svielates to the use of power electronic contolie
solve issues related to the distribution systenigh® many CP devices available, DSTATCOM can solve
most of the customer’s load related power qualibbfems.

The concept of compensation has its genesis tdiveggower compensation [3], which initially was
conceived with fixed or passive capacitors. Lat8tatic var Compensator came into use for var
compensation and voltage regulation at the load [éh{l7]. These systems suffered from the following
drawbacks: suffered from granularity or the minimamount of var compensation possible; they exhibite
poor dynamic performances; they had to be suppledewith filters as they injected harmonics inte th
network; they failed under low voltage conditiomsid they did not provide for load balancing anddloa
leveling.

The answer to the above was found in the DSTATC@Hich was conceived from the concept of
STATCOM [8]-[10] used for transmission line compatisn. A DSTATCOM [11]-[13] is basically a shunt
connected bidirectional converter based device lwwhamn act as generalized impedance converter liaeea
either inductive or capacitive reactance by chamdfis output voltage levels [14]. By proper traakiof the
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load current the converter can generate such \@dtamd currents so that the harmonics and osoiikti
generated by the load current do not get transtnittehe supply side. A state of art DSTATCOM apable
of cancelling or suppressing; the effect of po@dower factor, the effect of poor voltage retioka the
harmonics introduced by the load, the dc offsdbats such that the current drawn from the souasero
offset, the effect of unbalanced loads such thatctirrent drawn from the source is balanced, apdoifided
with an energy storage system, it can perform leaeling when the source fails.

2. PRINCIPLE OF LOAD COMPENSATION BY DSTATCOM

The schematic diagram for load compensation usi8§ATCOM is shown in Figure 1. A current
controlled voltage source converter is assumebeaheart of the DSTATCOM. Hence for an ideal cése,
DSTATCOM is replaced by an ideal current sougc€&irther, as is generally the case, the loadsisrasd to
be reactive, nonlinear and unbalanced. First, asghmload L-1 is without a compensator. Hencgwing
through the feeder is also unbalanced & distorted eonsequently, voltage at PCC bus will also be
unbalanced & distorted.

V, . PCC L-2
—
FEEDER
INFINITE Ideal
BUS Shunt
Compensator

Figure 1. Schematic Diagram of Load Compensation.

Ideally, the utility would like to see a load drangi unity power factor with fundamental and
positive sequence current. Without the compensatawjll be same as,ii.e. reactive, unbalanced and
distorted. To mitigate the problem, the compensatast inject current such thatbecomes fundamental,
positive sequence and in-phase with the PCC valiagelying KCL to PCC,

ist+ic=1i
hence § = i-i. 1)

Thus, the compensator must generate a cugsath that it cancels the reactive, harmonic andittelance
components of the load current.

3. SYSTEM CONFIGURATION

A typical distribution system has been considemdsfudying the working of the DSTATCOM and
its controls there in. Figure 2 shows the propodisttibution side of the power system, consistificao
Infinite bus, the DSTATCOM and the delta conned®dload.

4. OVERVIEW OF CONTROL ALGORITHMS
The essential features of any control scheme aterésponse, flexibility, robustness and ease of
implementation. For a DSTATCOM, the control algomit is implemented by using the following steps:
- The supply and the load voltages & currents aresorea using either Hall Effect transducers or any
other sensor.
- The supply reference current is calculated first.
- The compensating current of the DSTATCOM is theowated.
- Comparing the load current with the compensatingeei, the triggering pulses for the IGBTs of the
inverter bridge are then produced.
- This causes the inverter to produce the requisitepensating current to perform the load compensatio
Generation of proper triggering pulses for the IGBdf the VSC is very crucial for proper
implementation of the load compensation.
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Figure 2. Schematic of a typical Distribution &ystcompensated by DSTATCOM.

The advent of the low switching loss IGBTs has ésdlthe designers to shift from Fundamental Frequen
Switching (FFS) to Pulse Width Modulation (PWM).rfher, custom power being a relatively low power
application, PWM methods offer a more flexible optithan fundamental frequency switching methods
favored in FACTS applications. Though various togids of VSC have been reported, single 3-phasigéri
with six IGBT switches is widely reported for DSTADM. From time to time, various schemes were
reported to generate the pulses for turning onirilkerter switches, with each scheme having somgher
other advantages. It has been observed that afidemes broadly fall into the following categoriphase
shift control, carrier based PWM control, and aartess hysteresis control.

DSTATCOM is simulated on MATLAB platform using eadi the control schemes and their
performances are compared. The parameters of shensysed are given in the annexure.

5. PHASE SHIFT CONTROL

The Phase Shift Control [15] scheme is simple. dbjective is to maintain a constant voltage at the
load terminal. The control algorithm exerts a vg#taangle control and generates a phase shift inutput
voltage of the VSC with respect to the ac supplitage. An error signal is generated by comparirg th
measured PCC voltage with the desired or the nefergoltage. The error signal is fed to a Pl cdlgrdo
generate an angteto drive the voltage error to zero. Thus the R@{fage is regulated at the desired value.
The PWM generator phase-modulates the sinusoidege signal by anglé and generates the switching
signals for the VSC switches by comparing it withtrangular carrier signal. The dc side voltage is
maintained by a separate dc source. A schematicadiafor phase shift control of DSTATCOM is shown i
Figure 3.

V
E@_. PI Controller o PWM
pulse

f generator
V Phase angle
tabc Supply volage

Pulses to IGBTs of VSC
Figure 3. Schematic diagram for phase shift control
The positive aspects of this type of control ahés tontrol algorithm is easy to implement and is

sufficiently robust, and requires only voltage meament. Current and reactive power measuremeascar
required. However, it suffers from the followingsddvantages:

DSTATCOM Control Algorithms: A Review (Ambarnatm&)
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= |t does not have a self supporting dc bus and rega separate dc source to pre-charge the dc side
capacitor & maintain its voltage during the operatof DSTATCOM.
= |t assumes that the supply side voltage is balamcet without harmonics, since fundamental wave
form is used to obtain the phase angles of thelgupgve form.
=  There is no provision for harmonic suppressionasecthe load connected to PCC is nonlinear.
=  This method results in generation of active powethe VSC along with the var.
This method is not much reported because of thealleficiencies. Hence simulation of this
method is not carried out.

6. CARRIER BASED PWM CONTROL.

The schematic diagram for the Carrier based PWMiGbis shown in Figure 4. A fixed frequency
carrier based sinusoidal PWM is used for generatiegswitching pulses for the IGBTs of the VSC [16]
[19]. This algorithm is based on the instantanemastive power theory. The instantaneous voltageé an
current of the supply system and the load are medsurhe three-phase system is transformed to a
synchronously rotating reference frame using Parkissformation [20] [21]. Compensation is achietsd
control of jj and j. The real power p and the reactive power g injeatéo the system by the DSTATCOM,
under dq reference frame is given by :

P = Valg + Vy ()
9 = Vgld ~Valq ®3)

For a balanced three phase systen¥ W0 [16]. Thus the id and ig completely descrilies instantaneous
value of real and reactive power produced by th& SSCOM.

p=Vwig and q=-¥q 4)

The instantaneoug reference current is generated by Pl regulatiothefdc terminal voltage with
respect to a reference dc voltage. Similarlyreference current is generated by PI regulatiorthef ac
terminal voltage of the VSC with respect to a refee ac terminal voltage [18][19]. In case only pow
factor correction is desired, the referengis iset to zero. The decouplgdand j components obtained from
abc to dq transformation of the measured instantaéhree phase current, are then regulated with tw
separate Pl regulators with respect to the refergrand j, currents obtained earlier. In order to synchronize
abc to dqgO transformation, a Phase Locked Loop Jd.-used.

| Vq
Vie PI Controller | PI Controller PWM
(outer) (inner) pulse
generator
Calculation of Vt | lq
T i abe to dq lg PI Controller
T T pcc | Converter (inner) Vs
Ve Vi Vi Bus
Vac_ret PI Controller | '4-r! Pulses to IGBTs of VSC
(outer)
Vdc

Figure 4. Schematic diagram for carrier basedrobnt

7. ALGORITHM OF CARRIER BASED CONTROL OF DSTATCOM.

The control of VSC of the DSTATCOM, shown in Figutgis modeled in discrete mode using
ode23tb on MATLAB platform [22]. The discrete-tinigtegrator block [23] is used to implement the PI
controller. Forward Euler method is used for inggign. The discrete-time integrator block approxisal/s
by T/(Z-1), which results in the following expressifor the output Y(n) at thé'nstep .

Y(n) = Y(n-1) + KT* U(n-1) (5)
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Where U(n-1) is the input to the controller at ¢hel)" step. T is the discretization time interval.

7.1. Terminal Voltage Control.
The three phase supply voltages,({, and . ) are considered sinusoidal and hence their
amplitudes are computed as:

V= ol {(2/3) (sta"' stb"' stc)} (6)

The value of Ycomputed above is compared with the desired tetmiolgage ... The ac voltage error
Verm at then™" sampling instant is

Ver(n) = (Vtref - Vt(n)) (7)

Where V) is the amplitude of the sensed three phase acgeotihithe PCC terminal at th® instant. The
error Vernis fed to an outer Pl controller, using discretetintegration, to generate thgql.

Iqref (n) = Iqref (n-1)+ K ap{V er(n) ~ Ver(n-l)} + KaiVer(n) (8)

Where K,,and K; are the proportional and integral gain constaritshe outer Pl controller of the ac
terminal voltage at the PCC

The actual value ofylis generated by an abc to dg convertor using Bdrihsformation over the
load current. Theglesand |, components are compared and the error is fed torean Pl current controller to
generate .

Iqer(n) = (Iqref (n) ~ Iq(n)) (9)
Vq(n) = Vq(n—l) + Kbp{I ger(n) ~ |qer(n-1} + Kbi Iqer(n) (10)

Where Kand K, are the proportional and integral gain constanth@fnner Pl controller of the ac terminal
voltage at the PCC

7.2. Control of the Voltage at the dc terminal of the DSTATCOM.
The V. of the dc bus is compared with the desired dovbitage Vic_res
The dc voltage error §n at then™ sampling instant is

Vdcer(n) = (Vdc_ref - Vdc(n)) (11)

Where Vjnis the sensed dc voltage at the dc bus of the DIV at then instant.
The error is then fed to an outer Pl controllegémerate .

Idref (n) = Idref (n-1)+ K ap{V decer(n)~ Vdcer(n-l)} + Kaincer(n) (12)

Where Kg,and Ky are the proportional and integral gain constantthefouter PI controller of the dc bus
voltage.

The actual J is generated by an ‘abc to dg convertor using par&nsformation over the load
current. The signalg,k; and | are compared and the error is fed to an inner Renticontroller to generate
Vyg

ldertny = (laref my = lamy) (13)
Viam = V1) + Kop{l derny = lgern-1} + Koi lder(n) (14)

Where K, and K, are the proportional and integral gain constantthefinner PI controller of the dc bus
voltage.

7.3. PWM current Controller.

The Vyand V;signals generated above are converted into modulattdex ‘m’ and phasep’ which
are then used by the PWM modulator for producimgréguired pulses for triggering the IGBTs of theG/
This causes the VSC to maintain the terminal veltafythe generator by generating / absorbing thaired
reactive current and supplying / absorbing actioegr from the generator to maintain the dc sideéaga of
the inverter.

DSTATCOM Control Algorithms: A Review (Ambarnatm&)
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The advantageous features of this scheme are:

- Itincorporates a self supporting dc bus

- The active and reactive power control achievedutinoy and j, control are decoupled from each other.

- The dc bus control/ regulation are decoupled frbm dc bus control like voltage regulation or power
factor correction and load balancing.

- Switching of devices of VSC is done at fixed fregeye Thus switching losses can be limited withia th
rating of the devices.

- This type of control is inherently linear & robustd uses Pl or PID controls, which are very easy to
implement in real time and are less complex in \vare.

However it suffers from the following disadvantages

- Very little harmonic suppression is achieved. Aiddial series and shunt filters need to be connefoted
removal of harmonics.

- As four PI controllers are used, response timeaseem

- The scheme is based on synchronization with thedomental frequency using a PLL. In the case of
distorted mains the PLL may produce errors.

- The scheme is applicable for balanced three plase tire systems. It cannot be used for singles@ha
systems.

- During transient conditions, the supply currentatBap to a very high value.

- A larger series filter can be connected on theide ® limit transients and harmonics. Howeverhials
reduce the var generating capacity of the VSC.
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Figure 5. Response of DSTATCOM using carrier bd®atM.

Figure 5 shows the simulated results of the DSTAMCr a linear RL load, demonstrating
voltage regulation, load balancing and load lewglBimulation starts with three phase delta comkldad.
The supply currentyd. g4 & supply voltage V. g4 are balanced with the supply voltage at 1.0 pu0.26s
one phase is disconnected from the supply at P@€n &t 0.3s another phase is disconnected, leaviyg
one phase connected to the supply. At 0.4s anagQofte phase followed by another phase is recosuhéat
PCC, giving again a balanced load.

During the period 0.25s to 0.45s, although the loagtent },. g3is unbalanced, the supply current
lane B4& VvOltage Vi g4 are very little affected, resulting in the voltalgeing regulated at 1.0pu and also
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demonstrating the load balancing capability of DSTLOM. During the period 0.55s to 0.65s, the supply
disconnected from the load,{J 4= 0). However the DSTATCOM maintains the power sypp the load
with the energy source connected at its dc bustlatbad currentyf. gsis maintained at the same level i.e.,
0.6pu. This demonstrates the load leveling capglmfiDSTATCOM.
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Figure 6. Harmonic Spectrum of source voltage &rier based PWM control.

Figure 6 demonstrates the harmonic spectrum ofsth@ce voltage ¥ g4 with balanced and
unbalanced linear load. The total harmonic distortof the voltage is very small. The DSTATCOM
effectively compensates the harmonics of the coesuoads. This is achieved using series and sliltarist

8. CARRIER LESSHYSTERISISCONTROL.

This compensation scheme is very versatile anddelwreported for power factor correction and
voltage regulation, in addition to load balancihgrmonic suppression and load leveling [24]-[27&ridus
methods are reported for deciding the magnitudth@freference active and reactive current to bergeed
by the DSTATCOM. Simplest method reported is it use of Pl controller.

Figure 7 shows the control scheme for Pl contrdikesed carrier less hysteresis controller. The unit
vectors for the in-phase and the quadrature vaitage obtained from the supply voltage. The in-phast
vectors (4, W, and y) are computed by dividing the ac voltaggsw and v by their amplitude YV Another
set of vectors called the quadrature unit vecters 4, and w) is a sinusoidal function, obtained from in-
phase vector set {u, and y). To regulate the PCC terminal voltage, its amglit \ is compared with the
desired voltage M and the error is processed by a Pl controller. dtigput of the PI controller ()
decides the amplitude of the reactive current togéeerated by the DSTATCOM. Multiplication of the
quadrature unit vectors fywv, and w) with I*¢yq yields the quadrature component of the referenceeot
(i*saq iiksbq and i*sco)-

To provide self supporting dc bus for the DSTATEQhe charging current must be provided from
the PCC. In order to achieve this, the dc bus geltf/y,) is sensed and compared with the dc reference
voltage (Micref. The error voltage is processed by a second Rirater. The output of the PI controller
(I*smg decides the amplitude of the active power compboé the source current. Multiplication of the in-
phase vectors guu, and y) with 1*5,4 yields the in-phase component of the referencecsoturrents (i
i* a0 @nd i%.9). The reference source currents, (i, and i) are obtained by adding the corresponding in-
phase and the quadrature components. A pulse widdtulation (PWM) current controller then compares
the reference source currentsg{if*, and i*y) with sensed source currents,(is, and i) to generate the
switching signals for the IGBTs of the DSTATCOM.

The hysteresis controller adds a hysteresis Bahdaround the calculated reference current. When
(isa - i*s9 > +h, pulses are generated for the lower levdatches and when { - i*s) < -h, pulses are
generated for the upper level switches of the VSC.

DSTATCOM Control Algorithms: A Review (Ambarnatm&)
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Figure 7. Schematic diagram for Carrier-less hgsiercontrol of DSTATCOM.

9. ALGORITHM OF CARRIER LESSHYSTERESISCONTROL.
The three phase voltages at the PCE Yy and v) are sinusoidal and hence their magnitude is
computed as:
Vi= V{(%) (Va+ Vot Vo)) (15)
The unit vectors 4l u, and y are derived as

WL=Va/ Vs b=V/Vi; u=Vv/V, ; (16)

The unit vectors in quadrature {wwv, and w), are derived from the in-phase unit vectors (4 and y),
using the following transformation

W, =-U,/V3+u./V3; a7)
Wo=V3 Ww/2+ (u-w)/2V3; (18)
We= V3 W/2+ (b—Ww)/ 2V3; (19)

9.1. Quadrature component of the Reference Source Current.
The error of the ac voltage at the PCC at theampling instant is

Verm)= Viret = Vim) (20)
Where Vi is the amplitude of the reference ac terminatage at PCC and ) is the amplitude of the
sensed three phase ac voltage at PCC at'thestant. The amplitudéslnq(n) of the quadrature component of

the reference source current Atimstant, is derived as output of the PI controitermaintaining ac terminal
voltage constant at thd' mstantand can be expressed as :

I’ksmq(n): I*smq(n-l)"' Kpa{v er(n)— Ver(n-l)} + Kiaver(n) (21)
In the above, K, and K, are the proportional and integral gain constahtie Pl controller, V) and Ve

1) are the voltage error in thé"rand (n-1¥' instant. The quadrature components of the referesotirce
currents are estimated as

ix =ik . ik — ik . ik — ik .
"saq= 1" smqWa ; Psbg = 1" smg Wb » Pscq= 1" smqWe ) (22)

9.2. In-Phase Component of Reference Source Current.
The dc bus voltage errorg mat the # sampling instant is

Vcery= Vderet = Vace(n) (23)

where Vit is the reference dc voltage ang.)is the sensed dc link voltage of the DSTATCOM.
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The output of the PI controller for maintaining the bus voltage of the DSTATCOM at th& n
sampling instant is expressed as

I’ks,md(n): I*smd(n-l)"' Kpd {V decer(n)™— Vdcer(n-l)} + KidVdcer(n) (24)
I* smam) IS considered as the amplitude of the active paseenponent of the source currentgtand Ky are

the proportional and integral gain constants of dleebus Pl voltage controller, respectively. Ingda
components of the reference source currents areatstl as

*scd i*smd U, (25)

9.3. Total Reference Source Currents.
The total reference source current is the sum gfhse and quadrature components of the

!* sa— i_*saq"' i.*sad (26)
!* sb= !*sbq + _|*sbd (27)
¥ sc= Fseq+ ®scd (28)
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Figure 8. Response of DSTATCOM using carrier lggsteresis current control.
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9.4. PWM Current Controller.

The reference source currentésg i g, and Lc) are compared with the sensed source curregds (i
is and iy). The on/off switching patterns of the gate drofehe IGBTs are generated from the PWM curren t
controller. The current errors are computed as

= *5p—lsh ; bcerr= *gc— lsc (30)

These current

gbew
error signals are amplified and twnpared with the triangular carrier wave. If the
amplified current error correspondin

g to phase(iaey signal is greater than the triangular carrier evav

DSTATCOM Control Algorithms: A Review (Ambarnatm&)
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signal, the switch S4 (lower device) of the phasdeg of VSC is made ON, switch S1 (upper deviiethe

phase ‘a’ leg of VSC is made OFF. If the amplif@drent error signal corresponding te.d) is less than
the triangular carrier wave signal, switch S1 iKIm®N and switch S4 is made OFF. Similar logic igspo

the other two phases ‘b’ and ‘c’.

Figure 8 shows the simulated results of the DSTAMC(r a linear RL load, demonstrating
voltage regulation, load balancing and load lewglifhe simulation starts with three phase deltaneoted
load. The supply currentyt g4& supply voltage Y, g4 are balanced with the supply voltage at 1.0pu. At
0.25s, one phase is disconnected from the suppBC&t. Then, at 0.3s, another phase is disconnected,
leaving only one phase connected to the supply.4¢ and 0.45s, one phase followed by another pghase
reconnected to PCC, giving again a balanced loadnB the period 0.25s to 0.45s, although the lQgadss
is unbalanced, the supply curregi.ls;and voltage V. ssare very little affected, with the voltage being
regulated at 1.0 pu. This demonstrates the loaahbadg capability of DSTATCOM. During the perio®bbs
to 0.65s, the supply is disconnected from the Ifiad s4= 0). However, the DSTATCOM maintains the
supply to the load with the energy source conneateits dc bus and the load current is maintairtetthe
same level i.e., 0.6pu. This demonstrates the lagling capability of DSTATCOM.
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Figure 9. Harmonic Spectrum of Source Voltage farriér less Hysteresis control.

Figure 9 demonstrates the harmonic spectrum ofsth@ce voltage ¥ g4 with balanced and
unbalanced linear load. The total harmonic spectafnthe voltage is very small. The DSTATCOM
compensates the harmonics of the consumer loagdighio that specified by IEEE 519 standards withaniy
additional filters.

The negative aspects of this scheme are: theesppt the dc side are greatly increased (as shown i
Figure 8) and needs proper filtering; switchinglaf converters, depending on the dynamics of loeg, be
at considerable high frequency, causing excessiécling losses in the devices; and hardware
implementation of the control is complex and maféadilt to configure.

Some of the positive factors of this scheme are:

- The algorithm has built-in property of self supjrogtdc bus.

- Itis very simple, robust and has automatic curliemting capability.

- Its transient response is better.

- It can limit the THD of source current to aroun83%, which is within IEEE — 519 standard.

- It has two PI controllers as compared to four i@ darlier case. It also does not require a PLLtard
complex abc to dq transformation. This enhancesyitemic response.

- The algorithm can be easily modified to incorporatlvanced control methods in place of the two Pl
controllers to enable quicker estimation of refeeercurrents, resulting in better response for the
DSTATCOM.

- Compensation for three phase four wire systemsheaeasily achieved with addition of a fourth leg to
the VSC and a separate control for the same.
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10. CONCLUSION

A comparative study of the basic algorithms useadctimtrol of DSTATCOM is presented in this
chapter. The merits and demerits of each schemdrargght out by conducting simulation studies.slt i
found that a DSTATCOM, notwithstanding the algamitlused, does reactive power compensation, voltage
regulation, harmonic reduction, load balancing ladi leveling.

APPENDIX

DSTATCOM INFINITE BUS LOAD

Rated voltage = 415V, 3 Phase, 50 Hz. Rated Voltage =415V, 3 Ph. 50 3 ph. Delta connected load with
Interface inductor = 800uH, 0.004 Hz. Per ph. P =100 kW & Q =5 kvar.
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