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Abstract — Microgrids are designed to operate at a fundamental frequency (50 or 60 Hz). However, certain
types of loads generate voltage and/or current harmonics that increase power system heat losses. The
harmonic losses reduce system efficiency, cause apparatus overheating and increase power costs. Besi
that, the Distributed Generation (DG) is expected to play an important role in future power systems, since i
is able to reduce losses, improve power quality to end users. In this paper we propose new harmonic droc
controller to compensate the harmonic currents produced by each DG to feed the nonlinear loads
Furthermore, the proposed controller is able to damp the total harmonic distortion of the voltage at the
common connection point (PCC). Modeling and simulations incorporate to define the best control
parameters for a proper operation. Experimental results are given to show the efficiency of the propose
algorithm.

Keywords — Droop Control, Interfaced Converters, Islanded Microgrid, Harmonic compensation,

Nonlinear Load, Power Sharing.

NOMENCLATURE

DG Distributed Generation.

PCC Point of common coupling.

THD Total Harmonic Distortion.
SPWM Sinusoidal Pulse Width Modulation.

w;, V; Angular frequency and voltage magnitude ofiDG
wn, Vi Nominal angular frequency and voltage magnitude.
m;, n; Proportional gain of the @ and P-Vrespectively.

Pi_rated' Qi_rated

Rated active and reactive power capacity of.DG
Active and Reactive powers generated by Distributed Generation

Pu Qs (DG).
Vrer Voltage magnitude reference.
R;, L; DG, feeder resistance and inductance.

fund {,;h
VDGL' 4 VDGi

DG, fundamental and-harmonic rms-Voltage.

pfund yn Fundgmental and-harmonic rms-Voltage at point of common
pcc 1 7PCC coupling (PCC).
" h-harmonic current of a nonlinear load.
ZP a h-harmonic passive impedance load.
ISGL. h-harmonic current at the output of PG
Z[’,‘Gi Harmonic feeder impedance of PG
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h h-harmonic power generated by DG

GH h-harmonic positive gain.
HDy, Selectiveh-harmonic voltage distortion.
Ky Proportionah-harmonic distortion gain.
b; Proportional gain of the harmonic droop.
¢, wr Damping factor and cutoff frequency of lowpassfilt
Subscripts
dg Synchronous frame components.
ver Virtual component.
eq Equivalent component.
ref Reference component.
n Nominal value.
Superscripts
h h™ harmonic component.
fund Fundamental component.

1. Introduction

In an islanded microgrid, Distributed GeneratiorGG)Dunits use the droop method as a decentralized
control to share the active and reactive powerapgrtion to their rated power [1]-[5]. The droogtimod
has been proved to be an interesting strategydhables the DG units to share fundamental real and
reactive power without inter-unit communicatiore. iin autonomous way. However, system stability and
proper load sharing are not always maintained wirgng the conventional droop. This is due to the
mismatch in line impedances and the slow dynamispaese of the droop. Therefore, several
improvements were considered in literature to enbahe performance of the droop control [6]-[11].

Another issue in the islanded microgrid deals widrmonic power sharing when nonlinear loads are
connected. In fact, the conventional droop cornisalesigned to share the fundamental positive-sexue
power components. The traditional way to mitigadéentonics is by using passive or active filters whic
increase system complexity and cost. As a conseguarew research studies apply different control
proposals to reduce the harmonic distortion andagearthe harmonic currents between DG units. For
example, a virtual output impedance loop is intcetlito autonomously share the harmonic currents [6]
[12]-[14]. It was seen that, in order to attenuthte effect of different feeder line impedancesai@ée
virtual impedance value is designed. Therefore niloee voltage distortions exist. Another approades

a virtual capacitive loop to improve the voltagstdition and to share accurately the harmonic atffe],
[16]. The idea behind using a capacitive impedaradee is to compensate the inductive line impeddnyce
introducing a virtual capacitive element which igual in magnitude but with opposite phase shift.
However, these approaches are based on knowindinkhempedance to tune the appropriate virtual
impedance value. In [17], [18], the authors propasearmonic droop controller to damp the harmonic
distortion at PCC and to share the harmonic cufsetween converters. However, additional computatio
and system complexity restrict the use of suchrodlats. It is to be noted that, in a weak low-agi (LV)
microgrid, the damping of total harmonic distortighHD) is highly affected by the microgrid line
impedances. In [19], a voltage controller methadefach DG in a microgrid is proposed to compentae
voltage distortion by adjusting the DG equivalemarrhonic impedance. It was seen that the harmonic
sharing is sensitive to the grid impedance vamatiw disturbance in the main grid. To increase the
reliability and efficiency of the system, new prepts based on consensus algorithm are presentutlyec

in [20], [21]. The consensus method is a contrahitégue that requires a minimal communication



infrastructure to significantly enhance the perfante of conventional droop and harmonic power shari
as well.

In this paper, the main objective is to damp thikage distortion at the PCC when non-linear loads a
connected. Furthermore, the distribution of harmaawirrents between different DGs is managed aaogrdi
to the harmonic power rating settings. The ovegaiitroller is applied in one loop design. The opera
principles of the proposed controller are listed as

» Design a droop function for the harmonic power.sTénables the DG units to proportionally
share the harmonic power between each other aogptalitheir rating powers.

* Mitigate the voltage harmonic distortion generatgdon-linear loads.

* Apply a control loop that is immune from grid didiance and line impedance mismatch.

e Simplify the control design as possible. There asneed to know the feeder impedances in
advance.

2. Power Sharing in Islanded Microgrid
As shown in Fig. 1, a microgrid formed hyDistributed Generators (DGs) with linear and noedr loads
linked together by means of feeder line impedantks.harmonicdq) extraction block is there inorder to
measure the voltage distortion at the PCC and dharelata to all DGs by using a communication link
infrastructure. It is to be noted that, the commation linked is used only to improve the perforcenf
the harmonic power sharing and to compensate the Wiltage distortion. The only data needed by the
proposed harmonic droop is the voltage distortiontre PCC. These data are dc-components (in
synchronous dg-frame). This will simplify the typef communication by using low-bandwidth
communication.

Each DG is represented by a Distributed InterfaCedverter (DIC) with an output filter and a local
control block. The local control can be decompasied primary control loop which is defined herethg
droop controller and an inner control loop inorteregulate the output voltage waveform as regaitthe
reference voltage.

Harmonicdg componentq
extraction

: ~ T
Vece dg T3
7
\VPCC—dq Linear Load Nonlinear Load
i PCC
P1 | o .
P2 T
P3 ‘
|

Low bandwidth

Communication Bus Ln Ef%
Rn

-+ —— — ——

AR

B Lo shulp: -
T 4':} T 4'1} DG, T 4':} DG

DC-Link DGl DC-Link DC-Link n

Fig. 1. Three-phase microgrid with parallel DGo:)¢ar and nonlinear loads.



A) Droop Control for fundamental power sharing

The droop control for voltage source convertersGY8 commonly used to achieve the power balance
in islanded microgrid. It consists of a simple pdmwnal control and the selection of its gains are
commonly based on power sharing criteria. To demnatesthe droop control, two DG-sources with gehera
output impedances are connected to common linehnanlinear loads as in Fig. 2. The real and reacti
power delivered through the output impedance canrligen as:

de &G, (i0{1,2}) , Vo is the common bus voltage) is the

power angle betwee\if andV,.. Z, and § are, respectively, the corresponding magnitudepdrase of
the equivalent impedance betwelBf, and the common AC bus.

z086, PCC
| T | Non-Linear Load

i.  Case 1: Inductive Impedan¢d =90')

Let us consider first, the feeder line is mainlguntive (i.eX, U R). Assuming that the phase

difference 9 betweenV and V.. is very small(cosd = landsid =J , (1.1) can be simplified as
follows:

(1.2)

Thus, the real power is strongly dependent on theep angleq, while the reactive power is mainly
subjected to the voltage amplitufe Then, the conventional droop controller can beressed as:



@ =0 ~-mR
Vi =V, —nQ
where a3 and V, are the output frequency and voltage at no lgad,and n are the frequency and

(1.3)

amplitude droop coefficients oDG,, respectively. However, the conventional drooptailer is not

always true since in Low-voltage (LV) microgrid etiieeder lines are mainly resistive. In this cdke,
droop control in its previous configuration may sastability problem due to the coupling between th
real and reactive power.

ii. Case 2: Resistive Impedan(@ =0")

In the case of a LV microgridR is much larger thanX, (R X,). Thus, after performing some
assumptions in equation (1.1), it will be rewritesnfollow

3V,
P =E%(V| ~Vece)

- _E\/iVPCC J
1 2 R 1

So here, the real power is controlled by contrgllihe voltage amplitud¥ and the reactive power is

(1.4)

controlled by the power anglg. Hence the droop control strategy takes the form

@ =a)+mQ
V=V, -nR )
B) Harmonic Power Sharing

When significant non-linear loads are connectea moicrogrid, harmonic power sharing errors present
due to different DG ratings and grid parameteracturate sharing of harmonic power can lead to a DG
overcapacity, overheating, losses and distortiogurrent and voltage waveforms. Therefore, a cbntro
strategy is investigated to accurately share haienmower and compensate the THD of the PCC voltage.
It was shown that, DG units location can have $icgmt impact on power quality. In fact, the locatiof
DG plays a vital role in improving the voltage pl®fand reducing losses. The way to share harmonic
power between different DG units is achieved byngrag the effective line impedances. If the equewnal
harmonic impedance is reduced properly, the PC@agelquality can be improved [19]. Fig. 3 shows a
simplified circuit of two DG units connected to amlinear load represented by a passive impedance

z" . and a harmonic current sourt€. In ideal case, when harmonic current passedPtReunit is

equivalent to a zero impedance. In Fig. 3 the D@ kbarmonic impedance is considered based on the
existence of internal output impedance.

To effectively change the physical line impedaneey ways were reported in literature. The first
method is done by adding a virtual conductance. [RBihis way, harmonic sharing error may exighi

difference between the feeder line impedancg$, , Z! , is important. The second method was
proposed in [6], [12]-[14], which is based on adda virtual impedance in series to the harmonie lin
impedance. This virtual part is designed to bedaran the line impedance. This will insure equal

impedances for the DG units to share equally thenbaic power. However, this method will increase th
voltage distortion at the PCC.



3. Proposed Harmonic Droop Controller

It is clear that sharing the harmonic power and pemsating the PCC voltage distortion cannot be
done unless using several virtual impedance lobps.proposed harmonic droop is able to make the two
tasks in one control loop. Furthermore, the progasethod is less sensitive to physical line impedan
mismatch. Therefore, accurate harmonic sharingoeararried out with a simpler controller.

Fig. 3. Equivalent circuit of two DGs at harmonieduency range.
A) The essence of the proposed harmonic droop

Figure 4 shows a simplified microgrid with two D@its supplying a common non-linear load. The

load is modeled as a harmonic source curréntand a passive impedancé&! ,. Each DG unit is

represented by a voltage soum(‘ghsi connected to the load via feeder impedage (i=1, 2).

I h

DG, | | DG,
| VPhCC |
— L
Z .
Zlgad I |
% & R
| |
| |
| |
ZlgGl_eq Z;GZ_eq

Fig. 4. Simplified Microgrid with two DGs connectéala non-linear load.

The idea behind the proposed harmonic droop istta seference voltag(e/g‘si) with the employment

of the PCC harmonic voltag®/...) and a positive gairnG'. The DG reference voltage is expressed as:
V;Gi = _Gih thcc (1.6)

Therefore, the equivalent harmonic impedance of B¢en from the PCC point can be obtained as
follow:



IIgGi = (Vgei 'VPhcc) / ZTDQ
=-(1+G"W.../Z"
( I ) PCC DG (17)

h h
h _ Vece = ZDGi

T (16

where, | [, and Z;. are the output harmonic current and the harmenpedance of D@espectively.

Based on equation (1.7), it is obvious to interpmeat a proper control of the positive gadh leads to a

reduction in DG line impedance by a factor ¢1+G"). In this way, it is clear that the PCC harmonic
voltage is minimized. To accurately share the harima@urrent between different DGs, the proposed
harmonic droop is designed to control the posiiaim G' as regard to the harmonic sharing criteria given
for the different DG units in a microgrid.

B) Proposed Harmonic Droop characteristics

The overall block diagram representing the jDg&nnected to a microgrid across a feeder line
impedance with the proposed harmonic droop coetrafi shown in Fig. 5. It is seen that a minimal
communication link is used to send the harmonid¢ages at the PCC to the harmonic droop controller.

The harmonic droop uses that information to geeethe appropriate reference voltagg), ). The
proposed harmonic droop works in collaboration wite fundamental droop control to generate thd tota

reference voltage of D@init. The inner controller is there to insure theasure voltage follows perfectly
the reference.

Distributed Generation interfaced converter

bIc, R L PCC
V‘H_ 1 [_mom 1 AN
T [ 1] AT

DC-Link 1 L1 I Linear
load
SPWM | | v
Modulatol Pee . [T Nonlinea
load

Harmonicdq
components extraction

Voltage
Controller

\V/ fund

DG, _ref

Conventiong |

Droop |

|

- 47 l‘
Droop |e— I Low Bandwidth

}Communicaﬁon bus
)

1 i DG, _ref

S

5 -

V h
PCC Common Control Pal

Fig. 5. The overall proposed control strategy wlit& harmonic droop controller for DG interfaced wenter.



Based on the proposed harmonic techni¢gQ&-G") presented in Fig. 5, the positive ga@") is

defined as function of the harmonic power rat'(@i ) and the measured harmonic pow€'). The

rate:

characteristics of the harmonic droop controlledentical to the conventional droop where the eetipe
parameters are designed in similar way. The harendngiop coefficien{ly) for all DG units is defined as:

lef_rated = b Q h2_rated: = an: _rate (18)
whereQ' ., (i =1...n), is the rated harmonic capacity of each DG unit.

To maintain a proportional share of harmonic pobeween DG units without being affected by the
mismatch in line impedances, a common control isaadded in the proposed harmonic drd@ -G").

As seen in Fig. 5, a selective harmonic distor{id®y) is compared with an input setting vallt) nax,

the maximum allowed harmonic distortion. At steathte condition, the integrator input value waach
zero. Since the common control part is designetieidhe same for all DG units, then we obtain the
following:

b.l.((?]r.1 - Qf_rateg = b Z(QhZ_ th_rate)iz = bn (Q: - Q: _rat)c (19)
And according to equation (1.8), a proportionalrehaf harmonic power is satisfied. The following
equation will be considered as:

bQ =bQ} =--=h Q] (1.10)

The harmonic power drawn by each DG unit to the-limegar load is defined as:

Q" =3Wpe" g, (1.11)

where, V™ and I, represent the fundamental rms-voltage at the owpDG and theh-harmonic
current traversing the D@ne impedance.

To set the harmonic droop coefficients, the follegvequation is used:

b| = b0 /(?iiirated (112)
The gainbp is tuned to be high enough with a compromisedtesjsain order to adopt a proper
harmonic sharing and ensure a stable system aathe time. The gai;, is selected to be the same for all
DG units and defined as

K, =h,/HD,,, (1.13)
Consequently, by adjusting the gdim and the maximum harmonic distortitiDn.x, the proposed
harmonic droop controller become easy to tune #&ndble to work with. The proposed controller will

dynamically change the gai® for each specific harmonic frequency in order & the reference
harmonic voltage for the DG unit to generate atdaihgput.

Theh-harmonic distortion of the PCC voltage can be @at&d using the following equation:
HD, =Veee /Veeo. (1.14)

where, Voet! and V.. represent the fundamental and thearmonic component of the voltage at PCC.

The harmonic component is extracted using real tiqesynchronous individual harmonic frame method
as shown in Fig. 5.



After adding a harmonic reference voltage to thmuirof the DG inner controller, a saturation praces
should be avoided. For this reason, the integmatdine proposed harmonic droop should be limitethe
inverter saturation boundaries when using a smpedffodulation. In the case of sinusoidal PWM, the
saturation limit is given as:

Voo SV3/2, 12) (1.15)

After adding the harmonic reference voltage to B'® inner controller, the reference rms-voltage,
Vpe, ., » Can be expressed as:

i_re

f d 2
Voo \/ Moa )+ Vog, ) (1.16)
Theh-harmonic reference voltage is written as:
h — hy/sh
VDG _ref T _G -VPCC
h h fund
VDG _ref (max) G HD V PCC

Therefore, substituting equations (1.16) and (1ib7)jhe inequality (1.15), the following limiting
values of the gai' is obtained:

(1.17)

V3020 - (v’
HD V fund

max
TABLE |. SMULATION PARAMETERS FOR THREE DGS CONFIGURATION

(1.18)

0<G"<

System Parameters

Fundamental Line voltage (V)/frequency (Hz) 110WH&0
Feeder impedancép, (Ry, L1) (0.58Q,0.05mH
Feeder impedancﬁDGZ (Ry, Ly) (0.2Q,0.02 mH’
Feeder impedancﬁDG3 (Rs, La) (0.1Q,0.01 mH
5" harmonic current sourckj, =14+ jl ¢ 6-j2 (A)
7" harmonic current sourcky, = I  + jI / -5 (A)
Max. Harmonic distortionHD, ., (%) 0.1%
DG Droop Characteristics
Control Parameters DG, DG, DG;
m (rad/Var) 1.33x 10° 1.33x10° 1.33x 10°
n (V/W) 2.5x10° 2.5x10° 2.5x10°
Case A/Case B Case A/Case B Case A/Case B
Q" ea (Var) 500/500 500/500 500/1000
b (1/Vvar) 0.06/0.06 0.06/0.06 0.06/0.03

4. Simulation Results

The proposed harmonic droop controller is testeMA&TLAB simulator for a microgrid with three
DGs connected to a linear and non-linear load. lifear load is represented by a classical R-L inapeé
and the nonlinear is modeled by current sourcesiifect harmonics to the grid. The performancehaf
proposed harmonic droop is checked f8t &nd " harmonic orders. The dynamic behavior of the
harmonic current is limited to the bandwidth of tledtage controller of the DG unit.



The system parameters of the LV-microgrid considiénethis test are given in Table I. The three DG
units are provided with the proposed harmonic drimopddition to the fundamental droop controller. |
the following, the proposed harmonic droop is testetwo different cases.

A) Equal harmonic power ratings of DG units

The three sources are designed to have equal patiregs for both fundamental and harmonics with
different line impedances. In this case, we wilblgme the difference before and after activating th
proposed harmonic droop to illustrate its perforogam balancing the draw of current between theethr
DG units. In Fig. 6, the fundamental power shaigmgresented wheR-V andQ-w droop is adopted for
LV microgrid. The results show an equal fundamemiaver sharing after using an improved droop
controller as proposed in [3].

The 8" and 7" harmonic power sharing are shown in Fig. 7. In fir& stage, when the proposed
harmonic droop is turned OFF, the harmonic powerisly between DG units is not satisfied. After
turning ON the harmonic droop controller in thre€ Dnits, the harmonic power is balanced between the
units regardless of the mismatched in line impedantt is to be noted that in [22], the harmonioagr
control is tested on a microgrid with inductivedirmpedances. In this caBew andQ-V are adopted to
share the fundamental power and according to Fithe8harmonic power is shared equally between two
DG units by applying the proposed harmonic droop.

2500
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S g 500 | [~ :
() = i u
£S5 0
o
S ! <— Load step
T -500 : :

5 10 15 20 25
Time (seconds)

(b)

Fig. 6. Simulation Results of Case A: (a) FundamleReal Power for three DG uni®;, P, andPz; (b) Fundamental Reactive
power for three DG units);, Q, andQs.
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Fig. 9. Simulation Results of Case A, after stogpiarmonic Droop in D@ (a) 5" Harmonic power for three DG units:

In Fig. 9 the harmonic droop is stopped in e unit that is near the load, where the oth@rubits
still participate in sharing the harmonic droopeTilea behind this test is to examine the perfoomant
the proposed droop when communication is lost yn G unit. The DG unit that lose communication
with the PCC is allowed to share only the fundamlepbwer whereas the harmonic droop is turned OFF.
It is shown in Fig. 9 that the harmonic power isfeetly distributed between DGand DG with no
harmonic power drawn from DGFig. 10 shows the output current waveforms geadrhy each DG in
two stages. Fig. 10(a) represents the current wawvef when the proposed harmonic droop is running in
the three DGs. While Fig. 10(b) represents theeturmwaveforms when Dgstopped in sharing the
harmonic power with other DG units. This part shaavsinusoidal waveform of curreng, and the

harmonic contents are distributed equally betwiggni_ -



Phase currents after starting the Harmonic droop inall DGs
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Fig. 10. Simulation Results of Case A: (a) Phasesats after harmonic compensation in all DG ur{iy;Phase currents after
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B) Different harmonic power ratings of DGs

The same microgrid configuration is adopted, butsadering different harmonic power ratings for the
DG units as shown in Table I. In this case, theciefficy of the proposed harmonic droop will be
illustrated. All the DG units are supported by theposed harmonic droop that will guarantee the
proportional harmonic sharing between the unite $&me simulation procedure is tested in this ¢age.

11 shows the harmonic power sharing between treetBources. As represented in the figure, the two



sources D@ and DG are able to share equally the harmonic power wisdialf the quantity shared by
DG;. This interpret the accuracy of the proposed haimdroop in sharing the harmonic power.

It was suggested to stop the harmonic droop irs,[KBy. 12 shows the repartition of harmonic power
between the DG units after stopping the harmonioplin DG. The %' and 7' harmonic powers drawn
by DG; are minimized as possible. Fig. 13 shows the duptase currents for each DG when the
harmonic droop controller is applied to all DGs after terminating the harmonic droop in P@ig.
13(b) shows how the curreng, tends to be more sinusoidal than the others clarég; ,ipc ). The

overall numerical results for the two case studiesssummarized in table Il.

TABLE Il. Repartition of Harmonic power betweenelrDG units for the cases (A) and (B)

. . . Different harmoni wer ratin f DG unit
Equal harmonic power ratings of DG units (Case A) erent harmonic power ratings of DG units
(Case B)
Before Harmonic droop After Harmonic droop Before Harmonic After Harmonic droop
compensation compensation droop compensation compensation
5" Har. 7" Har. 5" Har. 7" Har. 5"Har. = 7" Har. 5" Har. 7" Har.
@) @) @) @) @) @) @) @)
DG1 356 Var 297 Var 356 Var 297 Var 314.25 Var 244.12 Var
DG2 443 Var 337.5 Var 419 Var 325.5 Var 443 Var 337.5 Var 314.25 Var 244.12 Var
DG3 458 Var 342 Var 458 Var 342 Var 628.5 Var 488.25 Var
o 800 I I I I | I I
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Fig. 12. Simulation Results of Case B, after stogglarmonic Droop in D@ (a) 5" Harmonic power for three DG units:




Phase currents after starting the Harmonic droop inall DGs
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Fig. 14. Simulation Results of Case B: (a) PCC outypltage and its harmonic order analysis beftagiag the harmonic
droop; (b) PCC output voltage and its harmonic pedalysis after starting the harmonic droop.



The FFT analysis is done to interpret the efficiew the proposed harmonic droop controller in
compensating the voltage distortion at PCC. Fig.stidws the study and the distribution of harmonic
contents of the PCC output voltage before and aftarting the harmonic droop. The total harmonic
distortion (THD) drops from 1.22% to 0.42% aftengmensation.

5. Experimental Results

A microgrid with two DGs connected to a common Rsad and a non-linear full bridge rectifier load
is constructed in the laboratory as shown in Fly. The system parameters used in this test ara give
Table Ill. The experiment test bench allows to exenthe effectiveness and performance of the preghos
harmonic droop controller in sharing the harmorowpr and compensating the voltage distortions @ven
microgrid with more inductive feeder lines. Foreds Fig. 16 shows thé"@nd " harmonic Var for the
two DG units before and after starting the harmairmop. The same figure shows the output gains time
response of the harmonic droop that is responsibladding the reference harmonic voltage of eachdG
regulate the harmonic output currents.

dSPACE kit

Fig. 15. Laboratory test bench with all equipment.

TABLE Ill. SMULATION PARAMETERS FOR TWO DGS CONFIGURATION

System Parameters
Fundamental Line voltage (V)/frequency

(Hz) 110V/60Hz
Feeder impedan(‘ZDGl (Ry, Ly) (0.1Q,1mH)
Feeder impedancéy; (Ry, L) (0.2Q,5 mH)
Max. Harmonic distortionHD,_, (%) 1%
DG Droop Characteristics
Case 1: Case 2:
Control Equal harmonic power Different harmonic
parameter ratings power ratings
DG, DG, DG, DG,

m (rad/W) 5x10° 5x10° 5x10° 5x10°
n(ViVar) 6.7x10° 6.7x10° 6.7x10° 6.7x10°

Q" ..q(Var) 500 500 500 250
by (1Nar) 0.1 0.1 0.1 0.2
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Fig. 16. Experimental results for case 1:ahd 7" Harmonic power repartition with output gain tinesponse for both DGs.
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Fig. 17. Experimental results for case 2:@d ' Harmonic power repartition with output gain tinesponse for both DGs.
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Fig. 18. Experimental results: DGs phase voltagecamrent before and after Harmonic droop activatio
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Fig. 19. Experimental results: PCC voltages witthmfanic analysis before and after harmonic drooppmmsation.

Fig. 17 verifies the operation of the harmonic gr@ontroller under different harmonic ratings which
is related to case 2. The distribution of the ageraarmonic power between the two DG units shoasah
proportionally share of power occur according te thtings given in table IIl. In order to demontdra
more the effect of harmonic contents on the voltagé currents signals, Fig. 18 shows the voltagk an
current waveforms for the two DGs before and adtarting the harmonic droop. The figure indicatest t
more harmonic contents are added to the voltage@f in order to be able to absorb more harmonic
current.

The compensation of the PCC voltage distortiondesonstrated by Fig. 19. The harmonic droop
allows reducing the THD from 2.88% to 1.88%. Th@emmental test concerns only the reduction of 5
and 7" harmonic order contents. Th& &nd 7' harmonic voltage components are widely reducedesin
HDS5 drops from 1.85% to 0.6% and HD7 goes down flo&Y% to 0.34%.

6. Conclusion
In this paper, a new harmonic droop controllerrigppsed to share the harmonic power between differe
DG units and to compensate the voltage distortaariRCC. The main contribution of this paper is that
proposed harmonic droop reduces the voltage distodt the end users autonomously between different
DGs in a one loop controller without the knowledgfdine characteristics. The harmonic droop current
sharing is unaffected by the mismatch in the Impedances. The proposed controller is efficientyel§
when mismatch in line impedances present. The dwaatrol strategy is discussed deeply in section
and simulation results verify the effectivenesshad proposed controller for different case studidse
proposed method works in collaboration with thedamental droop controller without any interaction
between them. Experimental tests are applied toodstrate the performance of the harmonic droop in
real application. The proposed harmonic droop warksase of resistive or inductive microgrid adizeal
in the simulation and experimental tests. The tesliow the competence of the proposed harmonapdro
in compensation as compared with other controllers.
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