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Abstract- With increased penetration of renewable power and
the nonlinear loads in the distributed generation (DG) systems,
increased power quality concerns are exhibited, especially the
challenges associated with the current and voltage harmonics in
the system. Various conventional harmonic compensation
techniques are developed for voltage-controlled DG inverters in
past, majority involve either multiple proportional-integral (PI)
or proportional-resonant (PR) controllers in eliminating grid
current harmonics. The current-controlled inverters, on the other
hand, are not preferred in industrial applications, accounting to
their wide variations in the switching frequency. A novel and
adaptive harmonic-voltage control is developed here, for voltage-
controlled DG inverters, which neither uses any PI regulators, nor
imposes stability issues associated with non-ideal implementation
of infinite gains of PR controllers. Interestingly, the developed
control logic can be used for DG inverters, both in grid connected
and off-grid operational modes. Furthermore, this strategy allows
network operator to be used as an additional supplement that can
be enabled/disabled as per the network requirement. The control
logic exploits the property of optimal-switching-vector (OSV)
controller i.e. accurate output voltage tracking. Simulations
results demonstrate the effectiveness of the controller, to suppress
grid current harmonics and load voltage harmonics in grid-
interfaced and off-grid modes respectively, ultimately satisfying
the mandatory IEEE standard-1547. Experimental results verify
the viability of the controller for practical applications.

Index Terms- Distributed generation, harmonics,
quality, OSV Control and voltage source inverter (VSI).
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1. INTRODUCTION

An increased dissemination of distributed energy resources
(DERSs) has led to shift in paradigm toward the decentralized
generation of electricity. The energy industry is moving into a
new era of smart grids, which encourage distributed generation
systems with reliable, resilient and responsive control structure
[1]. The smart grid concept encourages decentralized network
structure that enhances reliability and performance of the grid,
reduces undesirable environmental impacts by incorporating
renewable energy sources and facilitates customer-operator-
power producer real time interactions [2]. To promote future
resilient power grids with flexible control structure, different
power quality standards are formulated. In many practical
applications, the distributed power network contains a
substantial number of harmonics when nonlinear loads located
in the network. These background harmonics make the output
current of grid-connected inverter distorted, which imposes
difficulty in satisfying the stringent grid standards, such as
IEEE 519 and IEEE 1547-2018 [3].

Different research work are reported in the past decade for
power quality improvement in grid interfaced DERs, both for

single-phase and three-phase DERs. These are broadly
classified into two categories- selective methods for harmonic
mitigation [4-7] and non-selective methods [8-12]. The
selective harmonic mitigation techniques generally use
multiple proportional-integral (PI) regulators in rotating frame,
individually for each harmonic, thereby involving dg-
transformations. Some methods like [4], [7] use multiple
resonant controllers at fundamental frequency and harmonic
frequencies, either in stationary or rotating frame. In the
selective harmonic compensation control for harmonic current
rejection, the reference currents are modified to provide
information about the prominent harmonics present in the load
current. These methods are computationally more intensive
and are sensitive to variations in system fundamental
frequency. Moreover, commonly used proportional-resonant
(PR) controllers or PI controllers are based on harmonic
compensators to eliminate the steady-state error and
compensate selective grid harmonics. In such cases, the current
loop needs a wide enough bandwidth to cover the resonant
frequencies of controller. Otherwise, the system may become
unstable [12]. Moreover, these resonant filters designed for a
particular frequency, can accurately compensate harmonics
only with a known utility grid frequency. In the case of varying
the grid frequency, the tracking performance of the current is
degraded. Thus, variable grid frequency can contribute to
significant performance degradation of the harmonic
mitigation for grid interactive systems.

The non-selective approaches generally use hysteresis
controllers [8-10], dead-beat controllers [11] and the repetitive
controllers [12-13]. The power quality improvement in the
distribution system using the hysteresis current control
techniques are widely reported, which have used indirect
current control technique, where the grid current is controlled
by feeding only the fundamental component of local load
currents. For instance, in [8-10], the local load currents are
sensed and the fundamental component of the load current is
extracted, and accordingly the reference grid currents are
generated. The reference grid currents are compared with the
grid currents and passed through hysteresis current controller.
These algorithms are successful in achieving harmonic current
elimination; however, the PCC load current measurements are
not readily available all the time. Moreover, the use of
hysteresis indirect current control is undesirable accounting to
its variable switching frequency. A comprehensive review of
different harmonic mitigation techniques, is reported in [14].

In majority, industrial applications, therefore, hysteresis
current controllers are avoided, and prefer reference voltage
based pulse width modulated inverters [9], [15]. However, in
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voltage-controlled inverters, in order to modify the inverter
reference voltages to include harmonic reference voltages, the
conventional methods employ multiple PR controllers. For
example, He et. al. [16] have used the cascaded voltage and
current control schemes for harmonic output voltage control in
DG based systems with multiple proportional resonant (PR)
controllers for different harmonics, to establish harmonic
output voltage control, which is computationally intensive. The
system performance with PR-controllers is degraded under
variation of the system frequency as it provides infinite gain at
selected harmonic frequencies. The non-ideal implementation
of infinite gains could cause series of instability issues for grid
interfaced DG systems [17].

To overcome these issues, in this paper, a harmonic
controller for three phase voltage-controlled inverter is
contemplated. Contrast to the conventional harmonic current
control techniques, this new strategy is capable of being
appended in any voltage-controlled inverter system, without
causing stability issues. It means that the harmonic
compensation algorithm becomes a subset of any voltage-
reference driven inverter systems, and it is possible to be
switched-on or switched-off at the convenience of the operator.
This controller facilitates direct harmonic voltage control,
where it neither uses cascaded voltage/current control loops
nor PI/PR regulators. It uses OSV controller [18], which is
based on finite future samples of input. It explicitly uses the
system model to produce control action that describes the
desired system behaviour. Thus, the OSV controller for power
electronic device, facilitates easier practical implementation.
Here, the system identification is performed in a certain way
by modelling the system through state-space equations,
thereafter, transforming the continuous state space model to
discrete domain. Model identification serves in estimating the
future control samples. Out of the future samples thus
computed, only the first prediction is applied to the plant. After
predicting the future control samples, a minimization criterion
is used to generate the control signal. Different minimization
criteria for OSV controller are described in [19] and this paper
uses quadratic cost function minimization to compute the
future control samples. The OSV controller for voltage-
controlled inverters, has been used in the past research work
[20-22], where the output voltages of an inverter, are strictly
governed by the minimization criterion, however, this property
is not fully explored for reference harmonic voltage injection.
This work explores this property to formulate a generalized
algorithm, which voluntarily injects harmonic grid voltages, to
improve power quality in the grid connected and off-grid
distributed generation systems.

Effectiveness of this new strategy is demonstrated through
various simulation results, in both grid connected and off-grid
modes of operation. The experimental validation is then
performed through dSPACE-1202 micro-lab-box controller
interface. The total harmonic distortion (THD) in the grid
currents in grid-interfaced operation are well within the limits
prescribed by the IEEE standard-1547 grid code.
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Fig. 1 System Configuration

IL SYSTEM DESCRIPTION AND MODELLING

The system configuration is as shown in Fig. 1. The system
simulation and experimental parameter specifications are
reported in Appendix-A and Appendix-B, respectively. The
DG output filter (‘L7 and ‘Cy in Fig. 1) design procedure is
described in Appendix-C. The dynamic equations relating to
the filter inductance and capacitance, are expressed as follows,

d lCll VCa voﬂ VCa lﬂa loa
L_/‘ E l‘cb = Ve |7 Vob |5 Cf E Voo | = l.cb - l.ob (1)
lCC VL‘C vOC VCC ZCC ZUC

In (1), ‘L7 represents the filter inductance and °‘C7
represents the filter capacitance, as indicated in Fig. 1. The
dynamics in (1) are expressed in terms of inverter voltages (veq,
Ve, Vee), filter inductor currents (ic., ics, Icc), filter output
voltages (Vos, Vob, Voc) and filter output currents(iog,ios Ioc)-
These dynamics are further expressed in aff reference frame by
means of Clarke’s transformation depicted as,

-1/2

\Fl ~1/2 o
u =,.[— u .
P N30 3/2 B2

where, ugs is vector in aff reference frame and uu. is vector in
abc reference frame. Transformed dynamic equations are
identified as follows,

di dv
L —<t=v -v;C,—=i -i 3
Tde T dr ®)

c o

The vectors ‘i.’, ‘v.’, ‘i,” and ‘v,’ in (3) are as follows,

Y i v i
v.=| “Li,=|“v,=| “|andi, =| " 4)
vcﬂ l(‘ﬂ Vo/? loﬂ

The formulation in (3) is represented as state-space model,

dx — >
_=AX+BVVC+Bila (5)
dt

The ‘x’, V.’ and 1,” are the vectors expressed in terms of ‘i.’,

‘v.’, ‘i,” and ‘v,’ as,
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i v Ve - 02><1
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Moreover, the matrices ‘A’, ‘By’ and ‘Bi’ in (5) are as follows,
0., (VL)L |
(1/Cf)12 02x2 '
Bv = _(1/Lf)12 02><2 : Bi _ 02x2 02><2
0. 0., 0. (I/Cf )Iz

It may be noted in (6) and (7), that the matrix ‘Omx,’ represents
a zero matrix with ‘m’ rows and ‘n’ columns, while ‘I’
represents an identity matrix of size ‘m’.

O]

III. CONTROL APPROACH

The control algorithm for the voltage source inverter is
described here. The OSV controller takes the reference values
of filter output voltages as its inputs and outputs the required
switching sequence for VSI switches to produce desired filter
output voltages.

A.  OSV Controller

Consider a system shown in Fig. 1, the dynamic behavior of
filter inductor and filter capacitor is identified from (1). The
corresponding state-space representation is given by (4). The
discrete time model of (4), is identified as follows,

X(k+1) = A_x(k)+ B,V (k) +B, i, (k) ®)
where, ‘K> represents the sampling instant, and the matrices
‘A, ‘Bv,” and ‘Bi,” are discretized form of the matrices ‘A’,
‘Bv’ and ‘Bi’ respectively, given by,

T,

T,

A =e*, B, = IeA’Bvdr, B, = _[eA’BidT 9

0 0
Here, ‘T’ is the sampling time. In this context, eMox 14 AT,

approximation holds true as ‘7’ is a small quantity (of the
order of micro seconds). Thus, are predicted values of currents
and voltages can be written as,

i, (k+) =i, () +(T /L, )(v.(k) v, (K)) (10)

v, (k+1) = v,(0)+(T,/C, ) (i.() =i, (k) an
The filter output current ‘i,” depends on load connected at

the filter output. The capacitor voltages- (11) is expressed for
(k+2)™ instant as,

v,(k+2)=v,(k +1)+(Ts/Cf)(iC(k+l) -i, (k) (12)
This is also represented as follows,
v, (k+)=E(z")v, () +F () v, (k) 03

+H(z)i, ()+G(z7)i, (k)
In (13), ‘z"” represents a backward time-shift operator. The
polynomials ‘E(z!)’, ‘F(z!)’, ‘G(z)’, ‘H(z!)’ in (13) are as,
B(=) =1 (1 /,6,)7s F(=)=(/1,C,)="

6(=")=(-1/c,)=" s H(z")=(r/C)="
The set of future finite control samples is then estimated by
extending (13). The estimates of the output voltages are thus

obtained as,

(14)

v,(k+n)=A(z")v,(K)+ N, B(z" )v, (k)

} 15
+H(z‘){Zic(k+j—1)}+Np.G(zl)io(k) (1

Here, (15) is computed for n=1,2,...N,, where ‘N,’ is the
prediction horizon. Depending on how far ahead the model
needs to be predicted, accordingly the prediction horizon is
chosen (three prediction samples are considered here). Thus,
the vector of future estimates of filter output voltages can be
represented as,

Vo=[v k) v,(k+2) o vGeN)] 16)

The future control samples of capacitor current i.e. ic(k),
ic(k+1),.ic(k+N,-1), are computed in parallel to the future
estimates of output voltages. From (15), the future estimates
(16) are expressed as,

V. =Ev,(k)+Fv (k)+HI_+Gi (k) (17)

Here, ‘E’ is a matrix of size ‘N,x1’ with all entries as ‘E(z")’
and ‘H’ is a lower triangular matrix with elements ‘H(z)’.
The rest of vectors, ‘F’, ‘G’ and ‘I’ in (17) are as,

F=[F(z") 2F(z") NF()]
G=[6(=") 26(") . . N,G(")]

1 =[i (k) i (k+1) i.(k+N, —1)]T
The objective of OSV control is to force future samples to
track the reference output voltages (vae/, vl , v2¢’) depicted

in Fig. 2. The reference output voltages (v;;f , vglff , vgﬁf ), are

considered as a sum of primary reference voltages (v}, vf,’b,
v}.), and the harmonic-compensating reference voltages (vS,,
Vip, VSe), as shown in Fig. 2. The primary reference voltages
are fundamental reference-voltage components, which are
obtained in state-of-art control techniques for DG systems, and
these are reported rich in literature. This is not the focus of
present work; and the grid-interfaced and off-grid control
strategy for obtaining primary reference voltages depicted in
[23] is directly employed in this work for obtaining the
primary reference voltages. The procedure for obtaining
primary reference voltages, is therefore reported in [23] in both
grid-connected and off-grid systems. The generation of
harmonic reference voltages and the capability of OSV
controller in tracking the harmonic reference voltages are
illustrated in later subsections. The succeeding stage following
evaluation of the future samples, is the predictive control,
which generates optimal switching sequences resulting in the
minimum error between predicted voltages (17) and the
voltage references, as depicted in Fig. 2. A minimization
function using quadratic minimization criterion, is used to
minimize the error between the both, which takes the following
general form,

(18)

M e = €' (F)R, (k)e(k) (19)

Here, ‘Mgpc’ is the minimization function, ‘R;’ is a square

matrix signifying the weights of individual vector elements,
and ‘e(k)’ is the error vector given by,
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e(k) =[vyd (k+1)=v,, (k+ 1),V (k+1) = v, (k +1), where S,, Sy and S are the gating signals for VSI. From Fig. 1,
; , the state ‘S,=1’ can be understood as a state where ‘Switch-

)"e re) . . . .

Vo (K +2)=v,, (k+2),v,5 (k+2)=v,,(k+2), (20)  Sw, is ON and the Switch-Sw, is OFF’ corresponding the first
ref ref leg of VSI, and vice-versa when ‘S,=0’. Similarly ‘Sy=1"
vl (k+N,)=v,, (k+N,),vyd (k+N,)=v,,(k+N )] 8 Of ¥OL . ,Dat . Simiary. o

implies ‘Sws is ON and Swy is OFF’ and ‘Sc=1" implies ‘Sws

where, vref and Ur;f are the aff-components of the reference 15 ON and Swe is OFF’. Table-I highlights the seven possible
ref ref re f voltage vectors generated by (24), corresponding to seven

output voltages (Voq » Vop » Vo ) For simplicity, the weights g yitching states (SSi-SSs and SSo). Out of these voltage

of individual vector elements in ‘R;” are considered unity and
thus the minimization criterion can be re-written as,

N/) Np
Mg =Y ec(k+i)+ Y e (k+i) 20
i=1 i=1
where,
e (k+i)=v(k+i)-v,, (k+i)
. (22)
eg(k+i)=v, (k+i)—v,,(k+i)
A limit on converter over-currents is imposed by

incorporating an additional constraint in (21) in terms of
change in VSI output currents and assigning appropriate
weights to them. However, more reliable method for limiting
the over currents during abnormal conditions, is by
incorporating a nonlinear function (w,:) in the minimization

criterion as below [18],
N,

Mepe = [0+ )+ €3k -+ ) |+, k)
y . (23)
<1

i,
c for j=1to N¢ max

w, (k) =
oo Otherwise

In (23), “imac’ is the maximum limit of the VSI currents and
‘Nf is the total number of future inductor current samples of
attention. By imposing this maximum limit, the voltage vectors
(vc), which produce a current magnitude greater than ‘..’ add
large penalty to the minimization criterion and thus they are
not selected. On other hand, zero-penalty is imposed as long as
the current magnitude is lesser than its maximum limit. The
overall OSV control schematic is depicted in Fig. 3.
Subsequent to this, the seven possible VSI output voltages (v.)

are then identified as,

Ve :(2VDC/3)(SH +Sha+Sca2); i)

a=e

(24)

vectors, the gating sequence with least minimization function

(23) is applied to VSI, to ensure perfect track references vogf ,
ref r f tracki
Vo s racking.
TABLEI
POSSIBLE SWITCHING VECTORS WITH (24)
Switching Vea Vep
State (Real part of (24)) (Imaginary part of (24))
S8, —Vpc/3 —~Vpe/V3
SS, —Vpc/3 Vpc/V3
SS; —2Vp/3 0
SS, 2Vpc/3 0
SSs Vbe/3 —Vpe/V3
SSe Vbe/3 Vpc/V3
SSo 0 0

B.  Harmonic Voltage Control Strategy

The aforementioned OSV controller formulation serves two
purposes. Firstly, it eliminates the rigorous tuning of PI
regulator parameters. Secondly, it provides a way to directly
control the DG output voltages. It directly monitors and adjusts

the reference output voltages (vae/, v.e!, vie!), by including
harmonic output voltages. The harmomcs are intentionally
injected in DG output voltages to control DG harmonic
currents. The harmonic voltage tracking capability of OSV
control and its advantages, are illustrated in this sub-section.

Consider the system operation in GI-mode shown in Fig. 4.
To eliminate the harmonics in load, the DG harmonic voltages
are controlled as per PCC harmonic voltages (‘vpa;,’) as,

/’i'avpah ob /1 v ﬂ’c vpch (25)

where, ‘Ay’, ‘Ap” and ‘A’ are gains corresponding to harmonics
of individual phases. The harmonic currents are identified as,

nah - pbh oc
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Fig. 3 (Left) The OSV control schematic; Fig. 4 (Right) Equivalent circuit of single DG-VSI system in grid-interfaced mode

Loah = (vpah ~Voan ) / Z e
From (25) and (26),

ioah = (1 + /10 )vpah /Zlineh

From (27), it can be noticed that, by altering ‘A.’, the
harmonic impedance (i.e. “Vpar/ioar’) is significantly changed.
Therefore, ‘Aa’, ‘A’ and ‘A’ can be controlled to vary
harmonic impedances of phases ‘a’, ‘b’ and ‘c’, respectively.
Raising ‘A’ value implies less harmonic impedance by DG than
the grid. In this way, the grid harmonic currents can be
substantially minimized. This harmonic voltage control is
accommodated in by including ‘harmonic voltage control’
block in Fig. 2. The ‘harmonic compensation’ block produces
the compensation harmonic voltages (vS,,.), when added to
the (vfabc), form the reference voltages (23) for OSV. The
adaptive observer based harmonic cancellation technique [10]
is used here in the ‘individual harmonic extraction’ block in
Fig. 2, employs this algorithm. This is briefly depicted here, as
follows. For individual harmonics extraction, the voltage (vy.)
at PCC and nonlinear load currents (iz), are written as,

(26)

27

Vo = Vpalc sin(a,t) + Vp{m cos(ayt) + 28)
etV e SO 1) + VSN, 1)
where,
Vpalc = Vpa1 cos(9, ),VMC = Vpa2 c0s(5, ), .., Vpakc = Vpak cos(J,)
Viats =V sin(9,), Voirs =V par sin(9,),...., Voars =Vpat sin(9, )

The harmonic order is represented by 'k'. The quantities Vs,
oy and & denote amplitude of the k” harmonic, its angular
frequency and the corresponding phase shift, respectively.
Following the procedure outlined in [10], the harmonic
voltages are estimated as,

Vpalc = chf?pa sin(a)lt~),Vpa1S = Ylsi:?pa cos(ayt),... 29)
Ve = Vi B, sin(@),V,

<05V pake

als Yk\'Epa Cos(a)]t)

where, Y7o, Ys, Yoo, Yo ...
[10] and 7 .,V

pale>

Yk, Yis are the adaptive weights
vV ..V .V _are the estimates of

pals? pake> ¥ paks

fundamental and harmonic voltages, and Epa

between measured and estimated voltages. Then, the PCC
voltage harmonics are computed as [10],

is difference

Vioar = Vpa,w sin(w,t) + Vpa,ﬁ cos(w,t)
— 60)
|Vpak = Vpakc + Vpaky

The phase signals of each of the individual harmonic
components are then amplified by harmonic gain (Fig. 2). The
harmonic compensation also involves harmonic gains tuning.
The flowchart for tuning harmonic gains is as in Fig. 5. The
step values (ua, ub, uc) are adaptively varied whenever the grid
harmonic content increases, especially when it exceeds the
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harmonic magnitude limit (HML). The HML is set as per the
IEEE standard 1547-2018 (with maximum 8% THD). the gain-
update sampling time (7,) is preferably much larger than the
control sampling time. The critical step size, above which the
harmonic-gain update algorithm diverges, can be derived as
liran 1| Zien |/1 Vou |- All these  parameters are depicted in

Appendix-A. The same control strategy is employed in stand-
alone mode of operation to suppress the load harmonic
voltages. These features are demonstrated in detailed in the
simulation results.

IVv.

The modeling and simulation of the system are executed in
MATLAB/Simulink using sim-scape toolbox. A three legged
IGBT based VSI is considered herein. A three phase 208V,
S50Hz distribution grid is considered for interfacing purpose.
The system is depicted in Fig.1, with R=1 for single DG-VSI
based system and R=2 for double DG-VSI based system. The
system specification and the parameters of the controller used
for simulation purpose, are stated in Appendix-A.

SIMULATION AND EXPERIMENTAL RESULTS

A. Controller Tracking Performance of Output Voltages

This subsection highlights the output voltage tracking
efficiency of the controller. The reference voltage tracking
capability of the OSV controller is shown in Fig. 6. A grid
interfaced single DG-VSI system supplying a nonlinear load
(=3kVA) is considered. Initially, the grid current THD is
considerably high, accounting to the nonlinear loads in the
system. The harmonic control switch (depicted in Fig. 2) is
enabled at 0.9s. The DG output voltage of ‘a’-phase (voa), its

corresponding reference value (vggf ) and the tracking error

between both, are highlighted in Fig. 6. Fig. 6(a) depicts the

. . . . . . . re
main simulation window with salient control signals of voaf ,

V,q, tracking error (vgsf ~Voa), THD of v, and the THD of iyq.
Fig. 6(b) depicts the tracking performance of the controller
before enabling the harmonic control switch, while Fig. 6(c)
depicts the tracking performance after enabling the harmonic
control switch. Both before and after enabling harmonic
voltage control, perfect tracking of v,, is observed exactly as
per 17/ as seen in Fig. 6(b) and Fig. 6(c). The tracking error is
maintained well below 5%, as observed in the third panel of

Fig. 6(a). The OSV controller, therefore, accommodates the
filter dynamics within itself, to provide precise output voltage
tracking capability. Further reduction in tracking error is
possible through an increase in prediction horizon (%,) of the
controller, however, at the cost of increased computational
burden. It can be observed that, upon enabling the harmonic
voltage control block, the DG output voltages are adjusted to
minimize the harmonic currents (caused due to nonlinear
loads) entering the grid, by voluntarily injecting the DG output
voltage harmonics to the primary DG output voltages
references (v%,,.). Consequently, the DG output harmonic
voltages are increased from 2.2% to 8.3%, while the harmonic
currents entering the grid are reduced to 3.2% to satisfy the
IEEE Std. 1547. Moreover, the effectiveness of the OSV
controller in controlling harmonic output voltages and
harmonic grid currents can be observed from last two panels of
Fig. 6(a).

Upon enabling the harmonic control switch, the dynamics in
the internal signals of the harmonic voltage controller are
reported in Fig. 7. The salient internal signals are reported in a
sequence, corresponding to the ‘harmonic compensation’ block
in Fig. 2. Fig. 7(a) and Fig. 7(b) highlight the individual
harmonic components derived from ‘individual harmonic
extraction’ block of Fig. 2. For the sake of simplicity, only the
harmonic components corresponding to 5% 7% 11" and 13
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harmonics are reported, where the signals Vpancs, Vpaber, Vpabell
and vpaes3 are highlighted in Fig 7(a) with their corresponding
magnitudes in Fig. 7(b). Upon enabling the harmonic control
switch at 0.9s, it is observed that the harmonic content in the
PCC voltages gradually decreases with time as observed in
Fig. 7(a) and Fig. 7(b). This is due to the adaptation of the
harmonic gains (i.e. Aawes, Aaber, Aaberr and Aapers) in the
controller, as depicted in Fig. 7(c). It can be seen that, as the
adaptation process of the harmonic gains saturates, the
harmonic content of the PCC voltage harmonics are
diminished gradually within the prescribed HML. The
individual harmonic compensation voltages generated in this
process are reported in Fig. 7(d). The sum of these individual
harmonic compensation voltages is the reference harmonic
compensation voltage (i.e. Voanc), as reported in the first panel
of Fig. 8. The generated primary reference voltage (i.e. V)
are highlighted in the second panel of Fig. 8. Finally, the net
reference voltages (i.e. V'%ap) are shown in the third panel of
Fig. 8. Thus, upon enabling the harmonic control switch, the
net reference voltages are successfully adapted in accordance
with the harmonic content in PCC voltage, as observed from
the zoomed panels in Fig. 8. The reference voltages, thus
produced, are the inputs to the generalized predictive control
based OSV controller (as seen in Fig. 2).

Harm nic Reference Voltages

Voase (V)

I
Fundamiental Reference Voltages
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0.9 0~ L1 12
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Fig. 8 Reference voltages generated by the harmonic voltage controller
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The salient internal signals of the OSV controller are reported
in Fig. 9, with the harmonic control switch enabled at 0.9s. Fig.
9(a) highlights the salient signals of ‘Vous’, ‘ioap’, ‘Veap
corresponding to the switching vector ‘SS;’ and also the “v,us’
of the immediate next sampling instant generated with
switching vector ‘SS;’. The error (‘e,’) corresponding to the
“Voop’ of the next sampling instant with the switching vector
‘SS;” is depicted in the first panel of Fig. 9(b). The
corresponding values of minimization functions with the ‘SS’,
are highlighted in the second panel of Fig. 9(b). The
minimization functions with other switching vectors ‘SS,-SS¢’
and ‘SSy’ are also shown in Fig. 9(b) and Fig. 9(c). The
minimum of all these minimization function values, is the
optimal minimization function value (Mcgrciop), which is
reported in Fig. 10. The optimal switching sequences (i.e.
gating pulses) thus generated, are also highlighted in Fig. 10.

B.  Harmonic Control in Grid Connected and Off-Grid Modes

Fig. 11 depicts the performance of the single DG-VSI
system with a nonlinear load (=3kVA). The performance with
the conventional control [23], without harmonic voltage
control, is reported in Fig. 11(a),while Fig. 11((b) highlights
the system performance with the presented harmonic voltage
control. The performance is shown in terms of DG output
voltages (v,), PCC voltages (v,), load currents (ir), grid
currents (ig) and VSI currents (i,).The grid impedance (Zg) and
DG impedance (Ze) are set to ‘0.2+0.5j ’. As it can be seen
in Fig. 11(a), without the harmonic voltage control the grid
current is contaminated with significant harmonics. However,
these harmonics are eliminated with the harmonic control,
since the DG output harmonic voltages are automatically
adjusted as observed in the first panel of Fig. 11(b). The
corresponding THD values in bar-graph representation are
reported in Fig. 12. The PCC voltage and grid current THD
values are observed as high as 6.2% and 35.3%, respectively,
without presented harmonic

compensation strategy. However, these values are regulated
to 2.94% and 3.17%, respectively, with harmonic voltage
control. Since the DG output voltages are controlled rigidly by
the OSV controller through the action of the minimization
function (22), the harmonics in DG output voltage are
precisely controlled to compensate for the harmonic currents
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Fig. 9 Salient internal signals of the OSV controller upon enabling the harmonic control switch (a) Voag, loap, Veap With SSi, Voag of future sampling instant with SS;;
(b) ‘e’ of future sampling instant with SS;, Mgpc with SS;, SS, and SS;; (¢) Mgpc with SS4, SSs, SS¢ and SS,
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entering the grid. For the same reason, higher DG output
voltage THD (8.31%) is observed high with harmonic voltage
control, and the PCC voltage harmonics are thus reduced
considerably. Thus, both the grid currents and PCC voltages
comply to IEEE-519 standard. The complete harmonic spectra
of the grid currents and PCC voltages up to 50 harmonic
order, with the presented control strategy, is reported in
Appendix-D. Moreover, the effect of step-sizes (ua, b, Uc) ON
convergence of the harmonic gains is reported in Fig. 13. The
grid-interfaced DG-VSI system is operating without harmonic
voltage control. The harmonic voltage control is enabled at
0.5s and the performances of output harmonic gains for 5%, 7%

and 11% harmonics under for different step-sizes (0.1, 0.5, 2.5
and 10) are reported in Fig. 13. The harmonic gains converge
faster at large step-size values. However, as remarked earlier,
too high step-sizes (greater than the critical step size,
liran | Ziinen /1 Vour |)s diverge  the  harmonic-gain  update

algorithm.

Fig. 14 depicts the performance of the islanded microgrid
system with two DG sources under nonlinear loads. Fig. 14(a)
shows the performance without the harmonic voltage control,
while Fig. 14(b) shows the system performance with presented
harmonic voltage control. Two equally rated DG-VSIs (5kVA)
are considered for this purpose, supplying a nonlinear load
(3kVA) and a linear load (4kW and 1kVar). The harmonic
voltage control is applied to 2" DG-VSI. Upon invoking the
harmonic voltage control, the DG output harmonic voltage is
increased as seen in Fig. 14(b). Thus DG2 output harmonic
voltages are controlled to allow all the harmonic load currents
to flow through 2" DG-VSI system, leaving the currents in
first DG-VSI completely harmonics-free. This is observed in
the fourth panel of Fig. 14(b). Moreover, the PCC voltage
harmonics are reduced. In this context, the THD values of DG
voltages (Voa,voa2) and DG currents (ica, foa2) in bar-graph
representation are reported in Fig. 15. The harmonic distortion
in PCC voltages, is improved from 5.18% to 3.41%. The DG-
VSII1 currents are improved, while DG-VSI2 absorbs all the
harmonic currents. The harmonic voltage control, therefore,
facilitates harmonic current sharing in islanded microgrid
system. The overall comparative performance of the presented
strategy with both the conventional control [23] and harmonic
control [16], is systematically evaluated and presented in
Table-II.

Besides verification of presented strategy in simulation, an
experimental validation of results is performed, using a
develop laboratory prototype. Hall-Effect current sensors (LA-
55p) and voltage sensors (LV-25) are used to sense the
currents and voltages. A real time controller- DSP (Digital
Signal Processor) dSPACE1202 Microlab-box, is used to
realize the presented control strategy, where, different inverter
gating pulses are the outputs of micro-lab box controller. The
results depict the grid voltages (Vgas, Vebe, Veea ), OUtpUt voltages
(Voab, Vobe, Voca ), filter currents (icq, ics, icc) and output currents
(foa, Pob, 1oc). The optical isolation between VSI and digital
signal processor (DSP) is ensured through opto-couplers.The
results under steady-state are captured using power analyser
(Fluke-43B). The dynamic performance is captured using a
four channel digital storage oscilloscope. A photograph of
experimental test rig with different components highlighted, is
shown in Fig. 16. The parameters considered in the
experimental prototype are stated in Appendix-B.
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TABLE II

COMPARATIVE ANALYSIS WITH STATE-OF-ART CONTROL STRATEGIES

Parameter

Conventional VSI
control strategy [23]

State-of-art control [16]
(PR based harmonic control)

State-of-art control [18]
(OSV based control)

Presented OSV based
Harmonic Voltage Control

Type of controller

PWM control

PWM control

Switching Vector Control

Switching Vector Control

Selective harmonic

. No Yes No Yes
compensation
Flexibility in Harmonic No Yes No Yes
Control
Adaptive HML Not facilitated Not facilitated Not facilitated Facilitated
VSI overcurrent protection No No Yes, Inherent within the Yes, Inherent within the
control control
Computational burden 15e-6 s 15e-6 s 20e-6 s 20e-6 s
Memory burden High Low High High
Rigorous tuning of PI/PR Not required Mandatory Not required Not required
regulators
Performance during §ystem Unaffected Degraded (Due to harmonic Unaffected Unaffected
frequency fluctuations resonance frequency change)
- Prone to stability issues caused Stable (Output voltages
System stability Stable by non-ideal PR regulators Stable directly governed by GPC)
THD of grid currents in 35.3% (High) 4.3% (Low/Regulated) NA 3.2% (Low/Regulated)

grid-tied mode

THD of PCC voltages in

islanded mode 5.3% (Higher) 4.1% (Low/Regulated) 5.2% (Higher) 3.4% (Low/Regulated)
IEEE-519 standard” Violates Follows Violates Follows
1EC-61727 standard” Violates Follows Violates Follows

"Tested under the presence of non-linear loads at the point of common coupling

Total Harmonic Distortion (%)

Fig. 15 THD Values of Stand-Alone DG-VSI System with and without

‘Without Harmonic With Presented OSV based

25} Voltage Control [23] Harmonic Voltage Control
23.1%
20 Reduced DG-1
H . I Improved Harmonic Current
armonic Voltage PCC Voltage
151 Control Applied to DG-2

11.1%11.6% 11,49 | 11.8%)

8.1%

2.4%

NN

2.3% 2.4%

DG-1
Voltage

DG-2
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Voltage
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Current

DG-1
Current

DG-2

Voltage Current
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Fig. 17 depicts the performance of single DG-VSI system
supplying a nonlinear load, with harmonic voltage control
enabled. The grid impedance and DG impedance are set to

Associated
with DG

Fig. 16 Photograph of experimental test-rig
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‘0.5+1.25; Q. Fig. 17(a) shows the grid voltage (vgw), load
current (iz,) and grid current (ig). The salient internal signals
of the controller, are depicted in Fig. 17(b), which include
vl vg;f , vr and v;;f , where, 1</ and vzgf
references of ve and ve corresponding to the optimal
switching sequences obtained from OSV controller. Since the
harmonic control switch is enabled, the harmonic
compensation voltages are produced by the controller, which
absorb the grid current harmonics. Consequently, the net
harmonic currents absorbed by the DG are shown in Fig. 17(c),
leaving the grid current perfectly sinusoidal. However, without
the OSV based harmonic control, the grid current is
contaminated with significant harmonics, as observed in Fig
17(d), with the same load current.

As noticed in Fig. 17(a), the grid current is maintained
sinusoidal throughout the operation, where the THD is
maintained with the limits in accordance with the IEEE 1547
standard. This is reported in Fig. 18, where the THD of grid
current is observed as 4.7% (as in Fig. 18(c)) with a highly
nonlinear load current THD of 27% (as in Fig. 18(b)). This is
the effect of enabling the harmonic control switch. Since the
DG output voltages are rigidly controlled by OSV controller
through the action of minimization function (22), the
harmonics in DG output voltage, are regulated to compensate
for the harmonic currents entering the distribution grid.

The controller performance under change in the reference
active power of the DG is also recorded. This is shown in Fig.
19, where the DG reference active power is gradually reduced
by 50% and then restored back. Fig. 19(a) shows the system
performance under decrease in the DG reference power, while
Fig. 19(b) depicts the performance under increase in the DG
reference power. Accordingly, the current injected into the grid
is decreased and increased, as pointed out in Fig. 19(a) and

are the

=
i , ln i

®) " 0D

N#’fnwww i

; MABNATALE

PARRARARA
Fig. 19 Dynamic performance of the system under- (a) Decrease in DG
reference active power, (b) Increase in DG reference active power

Fig. 19(b), respectively. The dynamic operation is observed
smooth, and the grid currents are maintained sinusoidal
throughout the operation, despite the nonlinear load current, as
observed in Fig. 19(a) and Fig. 19(b). Thus the harmonic
control strategy properly adapts to the dynamic perturbations
in the DG-VSI system.

V. CONCLUSION

A harmonic voltage control strategy using optimal switching
vector controller has been explored for three-phase grid
connected and off-grid distributed generation system. A
minimization criterion is used in OSV controller to achieve
accurate output voltage tracking performance and flexibly
control the DG output harmonic voltage. In this way, the
harmonic currents entering the grid, are precisely regulated in
the grid connected mode of operation. In stand-alone mode of
operation, the power quality is improved by elimination of
PCC voltage harmonics, caused by nonlinear load in the
system. The controller eliminates the usage multiple
proportional-resonant controllers, proportional-integral
regulators, cascaded feedback loops or phase locked loops in
the system. The simulation and experimental performances are
evaluated to confirm the viability of the algorithm. The modern
DG systems employ increased renewables and are subject to
rapidly increasing nonlinear loads, and the presented control
strategy is a possible solution for voltage-controlled distributed
generation inverters. As this controller is possible to be
appended in existing DG inverter controls, it can be easily
enabled or disabled flexibly, as per the system operator need.
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APPENDICES

A. Simulation and Control Parameters

Grid Voltage: 208V; Grid Frequency: 50 Hz; DC Bus Voltage:
400 V; Filter Parameters: 3 mH and 15 xF; Grid Inductor: 4
mH; OSV Control Parameters: N,=3, N=2; Sampling Time
(T5): 30 ps; Sampling Time: 30 us; Step-size for harmonic gain
update algorithm: 0.5; Gain Update Sampling Time (7,): 1 ms;
VSI Switching Frequency: 10 kHz.

B. Experimental Parameters

Grid Voltage: 190V; Grid Frequency: 50Hz; DC Bus Voltage:
400 V; Grid Inductor: 4mH; Filter Parameters: 3 mH and 15
uF; VSI Rating: 15 kVA; VSI Switching Frequency: 10 kHz;
DSP Sampling Time: 33 us.

C. Design of LC Filter Parameters

In this GPC based approach, the filter dynamics are
incorporated in the GPC controller using state-space
representation and then directly generating the VSC gating
pulses. This is in contrast to the conventional controllers which
generally use multiple PI/PR regulators [16], which are
sensitive to grid stability. However, the GPC based controller
directly governs the output voltages, by incorporating the LC
filter dynamics within itself. Since the LC filter dynamics are
incorporated within the GPC controller, the variations in the
LC filter parameters hardly affect the stability of the system
(Since the DG output voltages are governed directly by the
minimization function (21)). Yet, the design procedure adopted
to determine the filter parameters is as shown here.

The LC filter is connected in series with VSI to filter out the
higher-order harmonics from the pole voltages. The associated
DG module cannot be connected to the PCC unless the high
frequency components are attenuated from the output voltage.
The output voltage (vo,) varies slowly relatively to switching
frequency. Then the voltage across the inductor (V) is,

V=V~ Voa €2y

To determine the maximum inductor ripple current, the
values of v, and v, are as [25],

Ve = (2/3)VDC’ Ve = (]/2)VDC’ v, = (1/6) Voe (32)

The ripple current depends on the DC link voltage,
inductance, and the switching frequency. The DC link voltage
and switching frequency are constant, thus the inductance is
obtained from (32) as,

V, =LAl /0.75T, ,Al, =0.75V, /6 f.L (33)

L=Vpe /SAIALfs (34)

where, V7 is the inductor voltage, f; is the switching frequency.

For the system considered here (Vpc= 400 V; Ti= 30us), the

typical range of LC filter parameters are obtained as follows.

The rated current of voltage source converter is
5x10°/+/3 x208 , which is approximately 14A. Hence,

L=V,./8Al,f. ~5mH (35)

The capacitance must be selected to produce low reactance at
the switching frequency. The typical resonant frequency is
lower than one third of switching frequency of the voltage
source converter [26]. Therefore, the typical value of resonant
frequency of VSI is around 0.5-2 kHz. Hence, the typical value

of capacitance is obtained as,
C=1(4L7’f;

r@sunamre) ~2 HF to 20 HF (3 6)
D. Detailed Analysis of Grid Current and PCC Voltage

Harmonics

The detailed analysis of grid current and PCC voltage
harmonics are reported here, in Table-IIl and Table-1V,
respectively. The corresponding harmonic spectra of grid
current and PCC voltage is shown in Fig. 20(a) and Fig. 20(b),
respectively, through fast Fourier transform (FFT) analysis.

TABLE III
DETAILED ANALYSIS OF GRID CURRENT HARMONICS

No. % No. % No. % No. % No. %

DC 0.2
1 100 11 0.1 21 0.05 31 0.66 41 0.33
2 0.1 12 0.06 22 0.04 32 0.02 42 0.03
3 0.12 13 0.11 23 0.07 33 0.06 43 0.29
4 0.11 14 0.04 24 0.03 34 0.03 44 0
5 0.08 15 0.01 25 0.9 35 0.48 45 0.04
6 0.07 16 0.04 26 0.02 36 0.03 46 0.01
7 0.12 17 0.04 27 0.03 37 0.48 47 0.21
8 0.08 18 0.02 28 0.02 38 0.03 48 0.01
9 0.08 19 0.03 29 0.68 39 0 49 0.21
10 0.03 20 0.04 30 0.01 40 0 50 0.01

TABLE IV
DETAILED ANALYSIS OF PCC VOLTAGE HARMONICS

No. % No. % No. % No. % No. %

DC 0
1 100 11 0.02 21 0.02 31 0.63 41 0.44
2 0.02 12 0.01 22 0.02 32 0.02 42 0.04
3 0.01 13 0.05 23 0.03 33 0.06 43 0.37
4 0.01 14 0.01 24 0.03 34 0.02 44 0.01
5 0 15 0.02 25 0.68 35 0.53 45 0.05
6 0.01 16 0.01 26 0.02 36 0.02 46 0.02
7 0.03 17 0.04 27 0.04 37 0.52 47 0.32
8 0 18 0.03 28 0.01 38 0.03 48 0.01
9 0.02 19 0.04 29 0.65 39 0.03 49 0.27
10 0.01 20 0.03 30 0.03 40 0.03 50 0.03

FFT window: 4 cycles
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Fig. 20 Harmonic spectra (FFT analysis) of (a) Grid current, (b) PCC voltage

The harmonic order and its corresponding harmonic
percentage value with respect to fundamental component, are
highlighted up to 50th harmonic. The color code in the tables
depict the closeness to the safe values, within the prescribed
limits as per IEEE-519 standard [24]. The red color gradients
represent the violated harmonic values, while the yellow and
green color gradients represent the safe values.
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