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Abstract: Harmonic voltages and currents in electrical systems, when present to a certain degree, represent not only a
power quality problem but they are also strongly associated with the electrical system overall losses and they
are arguably a source of instability and a safety concern. Mitigating harmonics distortion across the entire
system by actively reducing harmonic currents propagation is an effective way of coping with these issues and
can be dealt with the injection of a compensating current waveform with an active filter installed at a given
bus. This paper shows how, by shaping the compensating current waveform in an optimal way, the overall
electrical system harmonic distortion can be optimally reduced in a cost effective manner with a minimum
size of the compensating device. The process of shaping this optimal compensating current is shown by how
its components are defined by the optimization algorithm using the phase and amplitude of each harmonic as
degrees of freedom in the process of finding the optimal waveform. A marine vessel distribution grid is used
as representative example to prove the concept.

1 INTRODUCTION quency component. With a sinusoidal voltage at the
source, these harmonic currents will not carry active
power to the load but will be circulating as reactive
currents in the distribution system and will represent
extra distribution losses. One way of approaching this
problem is to over-dimension the system to be able
to stand the side effects of these harmonics by de-
sign. For achieving that, generation, distribution sys-
tems and loads will need to be designed over-rated to
cope with vibration (generators, motors, transform-
ers), heating and losses originated by these harmonic
currents circulating in the system (Evans et al., 2007).
This measure however will not alleviate the inher-
ent power quality issues associated with the presence
of harmonics which will be reflected at the end-user
side. Stability issues in electrical networks have also
been correlated with the presence of harmonics (Bing
et al., 2007) and reduced stability margins have been
reported in association with that. The requirements
of power quality standards and safety in electrical in-
stallations demand the use of a more active approach
when coping with harmonics. Such approach should
be aimed at actively reducing the impact of harmonics

Pure, continuous and constant frequency sinusoidal
waveforms are the ideal waveforms in most electric
power systems. A given deviation from this ideality

is defined as a power quality issue and limits of toler-
ance are adopted by various standards. Harmonic dis
tortion is one of the possible forms of deviation from

a pure sinusoidal waveform. Harmonic distortion is

a stationary form of distortion caused by the pres-
ence of additional sinusoidal components or harmon-
ics components at multiples of the fundamental fre-
guency component carrying the electrical signal un-
der consideration. Most common sources of these dis-
tortions are non-linear loads such as multi (6, 12, 18,

24)-pulse rectifiers, line-commutated converters, high
frequency harmonics from voltage source converters
(VSC) and switch mode power supplies, saturated
transformers and other magnetic components, and
power system background voltage distortions (Akagi

et al., 2007). These non-linear loads will generally

draw a distorted current containing several harmonic
components that are multiples of the fundamental fre-
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on power quality by minimizing the total harmonics different voltage levels conversion, frequency conver-
distortion (THD) using passive or active harmonic fil- sion capabilities, real-time supply-load match and hy-
tering techniques. Actively filtering or mitigating the brid AC/DC and DC/AC couplings. Representative
harmonics will have direct implications not only in examples of these systems are onshore and offshore
the quality of the electricity delivered but also in fuel wind farms connected to a national power distribution
savings, revenues for power transactions, investmentsnetwork where power electronics in the form of \olt-
in installed capacity of electrical system components, age Source Converters (VSC), High Voltage Direct
efficient utilization of existing installations and reduc- Current (HVDC) systems, Active Filters (AF), Solid
tion of overall system losses. State Transformers (SST), etc., are critical for collect-
Mitigation of harmonics in electrical systems with ing and distributing the generated power in defined
dispersed generation and loads can be approached byoltage levels and within quality standards. Stand-
finding the optimum shape of the current wave form alone electrical grids are another example in which
that an active filter should inject in a given bus in or- power electronics play an essential role in enabling
der to minimize the propagation of harmonics in the the operation and control of such systems. A stand-
entire electrical system. This paper, with references to alone microgrid, a wave energy generation plant, an
(Skjong et al., 2015a) and (Skjong et al., 2015b), pro- isolated PV generation system and a marine vessel's
poses such an approach based on optimization whergpower distribution grid (Patel, 2011) are typical ex-
the objective is to search for the optimum shape of the amples with multiple and dispersed power genera-
current waveform to be injected by an active filter to tion units, e.g. diesel engines, gas turbines, fuel cells
minimize the THD of the entire electrical system. To and batteries, generating the power needed for dif-
prove the concept, the optimization algorithm is im- ferent operation scenarios. Despite its enormous ad-
plemented in the electrical system of a marine vesselvantages, power electronics introduce new non-linear
(a discussion of harmonic mitigation using an active properties and due to its switching mode of operation,
filter in a marine vessel's power distribution grid is it constitutes a source of harmonic distortion in the
given in (Rygg Aardal et al., 2015)). The benefits of systems in which they are operating.
a system level harmonic mitigation approach is com-
pared with the classical approach of local active fil-
tering. The current waveform shaping process and
components resulting from the optimization search
are shown for two different loading examples. The
component waveforms of the compensating current
clearly shows how the optimization algorithm effec-
tively exploits the amplitude and phases of each har-
monic component when searching for the optimum
waveform shape. A major finding from this research
is the possibility to minimize not only the THD of the U AP N U S N
entire system but to achieve that with the minimum , -, ¢ :
required current rating of the active filter. Thiswillin ~ + i
turn have implications in reducing the investment in
the compensating device.
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2 POWER DISTRIBUTION GRID girigdu-re 1: Simplified model of an AC power distribution
MODEL

In this work a simplified stand-alone power dis-
Power electronics has become the most essential partribution grid is assumed. The power grid, shown in
in modern electrical distribution systems as coupling figure 1 with details given in table 1, connects two
element between generation, loads and the electri-power sources to two non-linear loads and can resem-
cal network as they provide flexibility and fast con- ble a simplified marine vessel microgrid. The loads
trol capabilities. Most recently, with the emergence which can represent the propulsion system are taken
of the smartgrid, and due to its inherent properties as the sources of harmonic pollution in this study. A
of fast actuation capabilities and extreme flexibility, 6-pulse diode rectifier is considered to be part of the
power electronics will be critical in the realization drive system and the harmonic pollution is modelled
of smart grid systems and microgrids which require accordingly. An active harmonic filter based on a
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Table 1: Power distribution grid parameters used in case stated above is given as a single phase configuration.

study.

Parameter Value
Lo 1mH
Lo 1mH
Lvs 1mH
Rst (0.1~L31~(A))Q
R (0.1~L32~0L))Q
Rus (01-Lwp-w) Q
Cy 0.1 uF
Cy 0.1pF

A single phase configuration is not a realistic config-
uration in microgrids, and the equations given above
should be extended to a three-phase configuration.

2.2 Three-phase Three-wire
Configuration

Three-phase configurations could consist of three or
four wires. The three-phase configuration is modeled
using the Clarke transform (Akagi et al., 2007), which

voltage source converter connected to one of the loadconverts th@bcphases ta 0 phases. Assuming bal-
buses is considered for injecting a compensating cur- anced sources the neutral wire (fourth wire) is exces-

rent which will be shaped by the optimization algo-
rithm for the purpose of system level harmonic miti-
gation.

2.1 Model Formulation

Considering figure 1 and using Kirchhoff’s laws a set

of differential equations describing the grid’s physical
behavior can be derived,
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sive and thexf30 frame is simplified ta 3, where the

[ current is lagging ther current by 90. Hence, in
this work a three-phase three-wire configuration is as-
sumed.

The three-phase three-wiogd form is derived by
extending the single-phase model to three-pleme
form. Theabc form is then transformed taf3 us-
ing the Clarke transformation. As an example, the
three-phase three-wire model for the voltage sources,
assuming balanced sources, can be written irofhe
frame as

_[vaa®)] [ V3Vimssin(wt+@y)
vs(t) = {v;@} = {fsvrmssinmmw o)

In the same way the load and filter models are ex-
tended to three-phase three-wire usingdiieframe,
however, the phase shiftg j and @=; for the filter
model and the load models should be equal forcthe
andp phases due to the definition of tBeghase lag-
ging thea phase by 90 Also the filter amplitudes in

©)

The generators are modeled as ideal voltage sourceshe af frame are kept equal for each harmonic com-

with a voltage phase shifi,,

Vs(t) = V2Vimssin(wt 4+ @y ), 2)

ponent when considering balanced loads to ensure a
balanced filter.
In the rest of this paper subscriptandf are used

while the non-linear loads are modeled as current to denote thex and phases for each voltage and
sources with harmonic components of order 5,7,11 current component, and the vectors (phaserand

and 13 with phase shiftg ; and peak values (am-
plitudes)l ;,

iL(t) = lzlu sin(i (wt+@Li)),

Vie {1,6k+t1k=1,2}.

®)

The harmonic filter is designed to suppress harmonic

i are used to represents voltages and currents, respec-
tively, given in theaf3 frame. It is referred to (Ak-

agi et al., 2007) for details regarding tb@ frame in
three-phase three-wire configurations.

2.3 Active Filter (AF) Constraints

pollution and can be modeled as a current source with The harmonic filter model is constrained due to phys-

harmonic components of order 5, 7, 11 and 13,
ip(t) = Z IEi sin(i (UI-Q—(PFJ)) ,
I

Vie {6k+1k=1,2},

(4)

wherelg; is the peak values (amplitudes) of the fil-
ter's harmonic current componeint The grid model
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ical limitations of an active filter. The active filter’s
switching circuit (IGBTS) in conjunction with the rat-
ing of the voltage controlled capacitor, decides the ac-
tive filter's power rating. The IGBT will be the crucial
component deciding the filter's current rating, formu-
lated as current limits in thabcphases. Figure 2 il-
lustrates the active filter's current limits in both the
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i from propagating from the loads to the sources. The
Fl?rm?t%eti cC)ngn\t A Emuirtrgt?(%r?gasor optimization procedure is stated as a non-linear model

. [ predictive control (NMPC) (Rawlings and Mayne,
2009).

Ll o)

3.1 Formulating the Power Grid Model
in Standard NMPC Form

A NMPC problem for the filter current reference gen-
eration in standard form can be stated as
N
min V(x,z,u,p) = 1 (Xn, Zn,Un—1,
p.u ( )&y p) nzl ( ns £ns Yn lp)

s.t.
Xn:f(Xn7Zn7Un_17p) Vne {177N} (9)
9(Xn,Zn,Un-1,p) =0, ¥ne {1,...,N}
<oli
Figure 2: Harmonic filter constraints: Three-phase three- h_(x”’z_”’_u_”’l’p) — O“F’”_E_S_’ L e. - ol
wire represented by the andabcframes (Suul, 2012). given initial valuesxg, zo|initial valueig g € S,

where the objective functio¥(-) and the stage cost
abcand theap frames. In theabcframe the phases functionl(-) defines the goal of the optimization. In-

are restricted by dexnis the time step in the control horizon. The vec-
min e max e tors x,z,u andp defines the dynamic states, the al-
i <ip<if™, vie{abc}, (6) gebraic states, the controls and the parameters of the
which forms the hexagon given in figure 2. These Problem formulation, respectivelg(-) represents the
restrictions can be expressed in thfgframe by problem’s equality constraints while(-) represents
the inequality constraints. Assuming that higher or-
—ifm < ipg+ Léim < jlim (7a) der harmonics (5th, 7th, 11th and 13th) generated by
o \/ﬁ T a 6-pulse diode rectifier are known and given by
i . 3. i
—|Iém§|F.|3+ ?lF,u S'Iém (7b) ihh _ { zilL_’a‘iSin(i (M+(ﬂ_,i)) }
- . cain(i T 5
,igp <ipq < igp (7¢) .Zl L g SII’](I (U)t T+ 2)) (10)
S m Vie {6k+1k=1,2},
—ip <lgg<ig’, (7d)

o the algebraic state vector can be stated as
where the hexagon’s apothem is given by

-
T T T T T shhyT ihhnT
Z= [VSLVSZv'le'LZv'Fv('Ll) (i) ] ) (11

where the loadg 1 andi, are the three-phase three-
andil™ is a design variable representing the filter's wire extension of eq. (3) given in the frame, the
phase current limitations. Eq. (7) gives a set of lin- filter currentir is the three-phase three-wire extension
ear constraints which will be used in an optimization of eq. (4) given in theup frame, and the harmonic
scheme to conduct as much harmonic conditioning ascomponents of each loaj andif'3, are given by eq.
possible for the given power rating. For notational (10). The dynamic state vector is given by the power
simplicity we define the feasible region for the filter's grid model’s differential states,

current vectoig € S.

LRI ®)

R R
The control vector, often referred to as manipulated
3 MODEL PREDICTIVE variables, consists of the active filter's amplitude and
CONTROL phase components,

— leanoeil L Wi — 13
Using the power grid model derived in the previ- [Failepioori] Vi€ {Skilk=12} (13)

ous section an optimization procedure is developed and the parameter vector is given py= 0. The
to minimize, by control, the total harmonic currents stage cost function, which should be a convex func-
in the power grid, and prevent harmonic distortions tion, addresses the goal of the optimization, which in
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this work is to minimize the harmonic pollution in the a deviation from the local filter current’s visual repre-
power grid. A suitable stage cost function is given as sentation.

: hh )2 . i \2 The four lower plots in figure 3(a) represent the

I(x,z,u,p) = ('Fﬂ _'Ll.,a> T (IF-,B_ILL[3> load voltages & phase) and respective frequency
] h \2 : h )2 (14) spectra’s with calculated THD values. Due to numer-

T ('Fﬂ _'L2~0) T ('F-B_'LZ.L%) ical errors related to discretization, the THD values

+a <U|TU| ) are calculated based on a _frequt_ency spectrum in a
FOE) range of 0-650 [Hz]. With either filtering technique

with constant weightsy, g, qu, whereu,. C u that f[he THD of load 2 voltage is ]owe_r tha_m _Ioad 1. This

includes the filter's amplitudes. The last part in eq. 1S @S expected since the active filter is installed near

(14) is added to minimize the filter amplitudes, hence 10ad 2. Hence the load 1 voltage will in either case
minimizing the filter's power rating, and also provid- be more distorted than the load 2 voltage due to the

ing stability and robustness with regards to modeling inductance in the main bus preventing the filter to per-
errors. qu < gu,Ge as minimizing the power rating fectly compensate for all the harmonics generated by

is of lesser importance than decreasing the harmonicload 1 and 2. As can be seen, the THD values from
distortion in the power grid. local filtering is higher compared to the NMPC case.

First of all, the local filtering does not take into con-

sideration the filter’s limitation and load 1 harmonics,

and the compensating filter current using this filtering
4 RESULTS technique would be the 18@hase shifted load 2 har-

monics. However, the filter is too small to cope with
The main objective of this work is to use the NMPC to - the distorted grid, which means the filter will saturate
generate optimized active filter current references by the calculated filter current references from local fil-
considering the harmonic pollution from both loads tering resulting in a THD value for load 1 almost as
and utilizing filter current amplitudes and phases as high as without filtering (19.5%). The NMPC, how-
control variables. Two case studies are proposed, oneever, takes into account both loads and also the filter
with symmetric and one with asymmetric loads. In limits in the calculation of optimal filter current refer-
both cases the loads introduce a high level of har- ences. This way the filter current references will not
monic pollution in form of the 5th, 7th, 11th and 13th be saturated due to exceeding the active filter’s phys-
harmonic components, and the active filter currents ical limits.

are limited toif™ = 0.5 [pu] (ig° = @ [pu]). The Figure 3(b) represents the filter current (phase
load currents for both study cases are presented in tafrequency spectra for both NMPC and local filter-
ble 2. Alocal filter reference generation (local filter- ing. As can be seen, the amplitudes for the domi-
ing) considering only load 2 is implemented for com- nant frequency components are generally lower for
parison purposes. It is important to remark that the the NMPC filter current than for the local filtering cur-
local filtering does not consider the filter's physical rent. The filter current were modeled by the 5th, 7th,
limits and generates filter currents exactly mimicking 11th and 13th harmonic component, which represents
the harmonic currents from load 2 with a phase shift frequencies of 250, 350, 550 and 650 [Hz]. As evi-
of 180°. The fundamental frequency is fixedte-= 50 dent from the plot, other frequency components are

[Hz] in both study cases. utilized by the NMPC due to the ability to rapidly
manipulate the harmonic components’ phases. Due
4.1 Symmetric Loads to the saturation of the local filtering current other

harmonic components than those modeled are also

Figure 3 and 4 represents the simulation results for Presentin the frequency spectra.

case 1 in table 2. The upper plot in figure 3(a) repre- Figure 4 represents the 5th, 7th, 11th and 13th har-
sents the NMPC filter current and local filtering cur- monic components of the NMPC filter current and lo-
rent in thea phase. The local filtering current is the cal filtering current in thea phase. From this rep-
saturated load 2 harmonics phase shifted°18By resentation it is easy to show that the NMPC does
comparing the two filter currents one clearly see that utilize both, the amplitudes and the phases of each
the NMPC filter current has different amplitudes from modeled harmonic component in the filter reference
the local filtering current, and at approximated time current. The load 2 current, which also represents
instances M025 and M175 [s], among others, the the unsaturated reference current from local filtering,
NMPC filter current’s phases (one phase for each har-and the NMPC do share the same fundamental fre-
monic component) have been altered, which is seen asquency, but due to the utilization of the harmonic
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Table 2: Study case configurations.

Load 1 amplitudes Load 2 amplitudes Load 1 phases Load 2 phases
[1th, 5th, 7th, 11th, 13th [1th, 5th, 7th, 11th, 13th [1th, 5th, 7th, 11th, 13fh | [1th, 5th, 7th,11th, 13th
Casel | 1% =10 19, =15, ®1=1[0,0,0,0,0] | @2=10,0,0,0,0]
(symmetric) | =[0.9,0.6,0.3,0.5,0.8] | =[0.9,0.6,0.3,0.5,0.8]
Case2 | 1% =10 18, =15, ®1=1[0,0,0,0,0] | @2=0,0,0,0,0]
(asymmetric)| =[0.9,0.8,0.6,0,0.5] =1[0.9,0,0.6,0.8,0]
—Local filtering
—NMPC
= = =Filter limits
0% 0.005 001 0.015 0.02 0.3 ‘ ‘ ‘
Time [s] . .
1 o1 —e NMPC filter current
—NMPC —e THD:15.7% 0.25¢ —e Lopal filtering filter current
= —Local filtering —» THD:18.2%
= © B
o ° 5005 [ 0.2
i I ISR I |
10 0.005 0.01 0.015 0.02 0 300 400 530 600 b 0.15
Time [s] Frequency [Hz]
0.1 0.1r
—NMPC —o THD:14.4%
= 05 == Local filtering —o THD:15.6%
= 0 o 0,05 0.05
o @ Py
0 0.005 0.01 0.015 0.02 0 360 400 560 600 0 500 1000 1500 2000
Time [s] Frequency [Hz] Frequency [Hz]
(a) Filter currents and load voltages. (b) Filter current spectrum.
Figure 3: Case 1 (symmetric loads): Filter currents and éittdoad voltages.
—NMPC filter current —Load 2 current —NMPC filter current —Load 2 current
o ‘ ‘ b ‘ : ] 0.1 ‘ ‘ ‘ [ | ‘ ‘ N
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o ot /
ood | o005 r : V ] 1
' ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 01 ‘ . ‘ ‘ i ‘ ‘ . R
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Time [s] Time [s]
—NMPC filter current — Load 2 current —NMPC filter current — Load 2 current
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o
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(a) 5th and 7th filter current component. (b) 11th and 13th filter current component.

Figure 4: Case 1 (symmetric loads): Filter current comptmen

phases the NMPC filter current components are com-tions using a relative small active filter. Active filters
pletely changed and it is hot easy to determine neither are generally quite expensive, thus increasing the fil-
frequency nor period from the plots. One important ter size could be a costly affair.

finding is the total magnitude of each harmonic fil-

ter current component. As can be seen, the filter cur-4.2  Asymmetric Loads

rent components, in this case, do not increase beyond

0.12 [pu]. Compared to the local filtering, utilization Figure 5 and 6 represents the simulation results for
of filter current phases would be an important degree case 2 in table 2. The upper plot in figure 5(a), as
of freedom when coping with high harmonic pollu- in the previous case, represents the NMPC filter cur-
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— Local filtering
—NMPC
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0 0.605 0.61 0.615 0.02 T ! T
Time [s] 0.3 —o NMPC filter current |
01 —eo |Local filtering filter current
—NMPC —o THD:14.6%
- 05 == Local filtering —= THD:18.6% 0.25¢ B 1
2 9 <7005 E E
Z 05 l 0.2}
ol ol 4 5 & o
0 0.005 0.01 0.015 0.02 300 400 500 600 - =
Time [s] Frequency [Hz] 0.15
—NMPC o1 —o THD:12.6% 0.1+
= 05 — Local filtering —e THD:14.1% '
S o «H0.05 k k
E = l ] 0.05¢
0 ? - o B » e 8 Qlo 1231834 1998199828593 9Ped | v 37 >
0 0008 Rl 00 0% 00 ey i °° 0 500 1000 1500 2000
Frequency [Hz]
(a) Filter currents and load voltages. (b) Filter current spectrum.

Figure 5: Case 2 (asymmetric loads): Filter currents anetéitt load voltages.
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Figure 6: Case 2 (asymmetric loads): Filter current comptme

rent and the local fingering current in tleephase. cal filtering approach performs poorly. The NMPC
In this case the NMPC filter current is more phase avoids filter current saturation by considering the fil-
shifted, compared to the local filtering current, than ter limits and by utilizing the filter current amplitudes
in the synchronous loads case. This is a direct con-and phases to make the best possible harmonic condi-
sequence of the optimization trying to condition both tioning out of the filter.
load currents. The phase shifting, compared to local  Figure 5(b) showcases the filter current (phase
filtering, is illustrated at, among others, approximated frequency spectra for both NMPC and local filtering.
time instances 002 and 0008 [s]. The discussion and analysis from the symmetric case
The four lower plots in figure 5(a) shows that the is also applicable for the asymmetric case. In general,
differences in THD for NMPC and local filtering are  dominant current amplitudes are smaller in the case of
higher in the asymmetric case than in the symmet- NMPC than for local filtering. However, the NMPC
ric case. This is due to the NMPC's consideration of utilizes the filter current phases to utilize un-modeled
all loads, whereas local filtering does only consider frequency components with its cause of lowering the
load 2. Also, the filter limits saturate the local filter filter current amplitude. This is seen in the figure
currents, as pointed out in the previous case, prevent-where amplitudes of the frequency components, apart
ing the filter from conducting the intended filtration. from the 5th, 7th, 11th and 13th, are generally higher
Compared with no filtering for 1 (21.1%) the lo- for the NMPC case than for local filtering. Due to the
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configuration of the asymmetric loads, which for the components are present in the loads, and a simple
loads combined includes all modeled frequency com- power grid model could be enough to obtain a real-
ponents, the NMPC will represent harmonic compo- time implementation of the NMPC. Compared with
nents present in both loads. This can be seen in thethe local filtering, the NMPC was not affected by sat-
5th component (250 [Hz]), whereas the NMPC has uration of the filter current references. The saturation
a non-zero amplitude compared with the local filter- of the local filtering resulted in higher THDs. With
ing’s zero amplitude. the system level harmonics mitigation approach, the
The 5th, 7th, 11th and 13th harmonic components NMPC was able to optimize the active filter current
of the NMPC's filter current in phaseare showcased to achieve the best possible harmonic conditioning for
in figure 6 compared with the load 2 current in the both load currents with a given filter's physical limi-
same phase. As can be seen from the configuration intations.
table 2 and from the figure, the 5th and 13th harmonic
componentin load 2 are zero. However, due to asym-

metric loads all NMPC filter current components are ACKNOWLEDGEMENT
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