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Abstract—The high penetration level of power electronics in-
terfaced distributed generation (DG) systems creates great ancil-
lary services potential through the DG interfacing converters, such
as the grid unbalanced voltage compensation. However, the un-
balanced voltage compensation may cause adverse effects on the
DGs’ operation, such as output active power oscillation and dc-link
voltage variations. Moreover, since the compensation is realized
through the available rating of DGs’ interfacing converters, it is
equally important to consider the effectiveness of control strategy
for unbalanced voltage compensation. Considering these challeng-
ing issues, two grid unbalanced voltage compensation strategies for
three-phase power electronics interfaced DG systems are proposed
in this paper. Especially, the first control strategy aims at mini-
mizing the DG’s active power oscillation and reducing the adverse
effects of unbalanced voltage compensation on DG’s operation.
The second control strategy focuses on the effectiveness of unbal-
anced voltage compensation by controlling DG’s negative sequence
current to be inphase with the grid negative sequence current. Per-
formances of the two proposed control strategies under different
grid conditions and DG operating conditions are studied, and rec-
ommendations for appropriate control strategy utilization under
various conditions are provided. Finally, validity of the proposed
strategies is verified by both simulations and experimental results.

Index Terms—Distributed generation (DG), negative sequence
active and reactive powers, negative sequence voltage reduction,
power oscillation minimization, unbalanced voltage compensation.

I. INTRODUCTION

N recent years, distributed generations (DGs) that can be
I classified into power generation from renewable energy re-
sources such as wind, photovoltaic, the clean alternative energy
generation technologies such as fuel cells and microturbines, as
well as the traditional rotational machine-based technologies,
such as diesel generators, are playing an important role in active
distribution or even transmission power systems [1]. In such sys-
tems with more interfacing power electronics from the DGs and
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loads, together with the increasing nonlinear loads, power qual-
ity will be an important topic. Among various power quality is-
sues, unbalanced voltage caused by nonlinear loads, unbalanced
loads, single-phase generators, and remote grid faults is one of
the important issues of power quality, which causes adverse
effects on the power system and equipment, such as electrical
machine overheating, transformer overloading, capacity limita-
tion of power electronics devices, more losses and less stability
of power system, and negative impacts on induction motors and
adjustable speed drives [2], [3].

In addition to aforementioned adverse effects of unbalanced
voltage on the power system, unbalanced voltage causes double-
frequency power oscillations at the output of power electronic
converters, which are reflected as ripple in the dc-link voltage.
This is particularly true considering that the dc-link capacitors
in three-phase power systems are typically small. These oscilla-
tions in some cases lead to instability or system protection if the
dc bus voltage exceeds the maximum limit. Moreover, unbal-
anced voltage will increase the peak current of power converters
in the same active and reactive power production, which may
result in over currents protection. Therefore, the unbalanced
voltage concerns will lead the next generation of grid codes to
consider the voltage support control in the steady state and tran-
sient operation [4], and appropriate methods should be applied
in the distribution system in order to compensate the unbalanced
voltage.

In general, the unbalanced voltage can be compensated using
series active power filter by injecting negative sequence voltage
[5], [6], shunt active power filter by injecting negative sequence
current [7], [8], series—parallel compensators, such as unified
power quality conditioner by injecting negative sequence volt-
age with series converter and negative sequence current with
parallel converter [9], and static synchronous compensators by
injecting positive and negative sequence reactive powers [2],
[10], [11]. However, installing these additional equipment may
increase the total investment cost.

With the increasing penetration of power electronics inter-
faced DGs, they can be properly controlled to help address the
power quality issues and support the grid in addition to their
power management targets. This is a promising idea since most
interfacing converters are not operating at full rating all the
time due to the intermittent nature of renewable energy sources.
Therefore, the available converters rating can be used in a smart
way to help improve the unbalanced voltage.

The control strategies of power electronics interfaced DGs
under unbalanced voltage can be studied in two groups. In the
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first group, control strategies only protect power converters from
adverse effects of unbalanced voltage by canceling out output
power oscillations and dc-link ripple [12]-[16]. In these con-
trol strategies, since the positive and negative sequence active
and reactive powers are not controllable, the level of unbal-
anced voltage compensation cannot be adjusted. Moreover, ac-
tive power oscillation cancellation may cause large peak current
in converter output. In these strategies, the peak current of power
electronic interfaced DGs can be controlled using average ac-
tive and reactive powers control [15], [16]. In the second group,
control strategies are focusing on adjustable unbalanced volt-
age compensation [17]-[23]. These control strategies, which
are based on symmetric sequences, control interfacing convert-
ers’ output positive and negative sequence active powers [18],
positive and negative sequence reactive powers [19], [20] or
positive and negative sequence active and reactive powers [15],
[21], [22] for unbalanced voltage compensation. Although these
control strategies sacrifice the interfacing converter local power
quality problems (output power oscillations, dc-link ripples, and
peak current enhancement), some of these problems have been
considered. For example, unbalanced voltage compensation has
been considered together with peak current control in [15], [18],
and [21], while output active power oscillation control has been
considered in [15] and [23]. However, these control strategies
do not address all unbalanced voltage adverse effects on power
electronic interfaced DG together with adjustable compensation
at the same time. In addition, as the unbalanced voltage com-
pensation is based on converter’s available power rating, it is
also important to design control strategies that can compensate
the unbalanced ac voltage effectively.

In this paper, two control strategies for power electronics
interfaced DGs are proposed in order to compensate the grid
steady-state unbalanced voltage caused by unbalance loads.
Both proposed methods are based on the DG’s equivalent neg-
ative sequence virtual impedance amplitude and phase angle
control. In the first strategy, DG’s active power oscillation is
minimized in order to reduce the adverse effects of compen-
sation on the DG’s operation. This method is named as active
power oscillation minimization in this paper. In the second strat-
egy, an effective method for reducing the negative sequence
voltage of the grid is proposed, in which the DG’s injected neg-
ative sequence current is controlled to be in the same phase
with the grid negative sequence current. This method is named
as inphase current compensation in this paper. In this paper,
performances of the two proposed control strategies under dif-
ferent grid conditions in terms of X¢yiq/Raria ratios and dif-
ferent DG’s operating conditions in terms of P/Q) ratios are
studied.

II. PRINCIPLES OF INSTANTANEOUS POWER THEORY

Fig. 1 shows the grid-connected DG through a three-phase
voltage source inverter. The inverter is connected to the grid at
the point of common coupling (PCC) with the LC'L filter, and
a three-phase unbalance load is connected to the PCC.

According to instantaneous power theory [16], [17], DG’s
instantaneous active and reactive powers injected into the grid
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Fig. 1. Grid-connected DG power system.
are described as follows:
PpG = UpCC - IDG ey
gpG = Upcc, DG (2)

where vpcc = [Va, vy, ] and ipg = [ia,ip,7.)] are three-
phase PCC voltage vector and the DG’s output current vector,
and vpcc, lags vpcc by 90°. Considering symmetric-sequence
component of the PCC voltage vector and the DG’s output cur-
rent vector, (1) and (2) are described as

poc = (Voo +vpoc) - (e +ing)

N S -+ - - + — — -+
= |Ypcc tpe TVpcc “pa || Vpcc e T Vpcc e

Pia Plq Ppa

=Ppa + pPoe 3)
o6 = (VpeeL + Vppey) - (ipg + ing)

+ . — . + . - .
Upccl * *pG T Vpccy DG Upccl * ' T Upccl * tpg

Qbe Qe dpG

=Qpc + dpc 4

where vi oo, Vpaes inas and ip are positive and negative
sequence vector components of the three-phase PCC voltage
vector and DG’s output current vector, Phg and ppg are aver-
age and oscillatory terms of instantaneous active power, PS’G
and P, are the positive and negative sequences of DG’s aver-
age active power, () and ¢ are average and oscillatory terms of
instantaneous reactive power, and Q}), and Qp are the pos-
itive and negative sequences of DG’s average reactive power,
respectively.

According to (3) and (4), the current vector that is aligned
with voltage vector will generate active power, while the cur-
rent vector that is aligned with orthogonal voltage vector will
generate reactive power. Therefore, total DG’s reference cur-
rent vector considering symmetric-sequence components could
be expressed as follows:

L4y - o -
IDGy = @ Vpce + @ Upee + 07 Upee, + 0 Upee,  (5)

DG p i[)gq

where
_ Qpg

- |U;CC’2,

+ PDG _

— Pha +
- )
|U;CC’2

- |U1;CC’27
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and

Qpa

b =—"5
lvpec]

are positive and negative sequence instantaneous conductances
and susceptances. In the condition that injection of both positive
and negative sequence active and reactive powers into the grid
is desired, both sequences should be regulated to keep refer-
ence active and reactive powers constant. As a result, weighting
factors k; and ko are defined as k; = iji(‘ and ky = g% to
regulate the proportions of each sequence power delivered into
the grid as follows [17]:

. _ Ppckr Poa(l—Fk1)
DGt = o |2UPCC [Upoc 2 Upcc
PCC PCC
iBGP ina,
Qpaks Qpa(l —Fky) _
+ ot |2UPCCL TE Vpcc, - (0
PCC pCC
igcq DGy

Considering (6), the positive and negative sequences DG’s
reference current vectors can be expressed as follows:

T

) Ppgki  Qpaks i
ZBGWI = + 12 |+ 2 2 U;CC )

lvpecl lvpecl

YJC

Poc(1—k)  Qoa(l—ky) im
- b (1 — pc(l— iz \ _
DG, = — 2 - — 12 e 2 Upcc-(8)

' \UPCC| |UPCC|

Ypa

According to (7) and (8), the DG’s positive and negative
sequence virtual admittances can be controlled by weighting
factors k1 and ks, leading to DG’s output current (or in other
words power) adjustment. From (3), (4), and (6), the active and
reactive powers oscillations at the DG output can be achieved
as follows:
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Fig. 2. Negative sequence model of the grid-connected DG.

III. SEQUENCE NETWORK MODEL OF GRID-CONNECTED DG

The three-phase unbalanced power system can be represented
by positive, negative, and zero sequence components and their
equivalent sequence networks. Depending on the configuration
of unbalance load connected to the three-phase power system,
these equivalent sequence networks are connected to each other
in different configurations [24]. Fig. 2 shows the equivalent
negative sequence model of the grid-connected DG (no zero
sequence in the system). In this figure, the positive sequence
equivalent network together with unbalance load is represented
by an equivalent current source 4, , (Whose value depends on
the unbalance load configuration as well as the positive sequence
network parameters as will be discussed later). Moreover, in
Fig. 2, DG is represented as a virtual impedance Z,, in order
to emulate its behavior in the negative sequence circuit (see
(8)), the grid negative sequence impedance (Z ;4) is shown in
parallel configuration, and the currents directions are assumed
as shown in figure for better explanation.

If the three-phase unbalance load is connected to the PCC in
star connection (Zp1, Z12, Z13), %, can be represented as (11)
(Note that using three-phase network symmetrical component
analysis, i), , can be extended to other load types, e.g., single-
phase load) eqn. (11) as shown at the bottom of the page.

In (11), Zp 1is the summation of load impedances
(Zy, =Z11+ Z2+ Z13), and a is the rotation operator

- _ (Fockr | Poc(1—ki) - (a = €*%). Moreover, E represents the voltage of the PCC
PpG = E— E— Upcc * Ypcc ' Ver, & rep &
|Upccl |[Vpcc| under balance condition (without presence of unbalance load),
4 - .. . .
k 1—Ek - and Z7 and Z~ are positive and negative sequence impedances
+ (32(} |§ — QDE)( E 2)> U;cc . Upcc (9)  seen from the PCC. Considering Figs. 1 and 2, these parameters
pCC pcc can be achieved as follows:
. Pockr Ppg(1 — ki) _ +
4pG = 7~ — 2 Upce Upcc, _ Zpa
]v* ’ ‘U | E - — X U (12)
PCC pCC Zpa + Zria
Qpcky | Qpg(l — k2) - zZt = Zt |12 13
— + — ”;ch‘UPccw(lO) pallZéria (13)
|vpec| [vbec 7" = Z5l|Za (14)
E(a*Z;1 +aZps+ 2
( L1 L2 Ls) an

Z’i p—
load = 71\ Z1s + Z1oZ1s + ZinZpo + ZZp + 2 2, + 324 2
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where Z(, ., is the grid positive sequence impedance, v, is the
grid voltage, and Z;, is the DG’s positive sequence virtual
impedance that can be expressed as (15) using (7)

s
|”§cc‘2 I |UPCC} g
Pocky QDGkQ .
15)

In the two proposed control strategies to be discussed later,
for better explanation and comparison, 7,_, ; Will be considered
as a constant value based on the fixed values of i}, | and DG’s
active—reactive powers. Considering (11)—(15), this assumption
is valid since Z* and E are approximately constant values in the
aforementioned conditions. Moreover, the variations of Z~ in
the two proposed control strategies will not influence the denom-
inator of (11) due to its small amplitude (in both the proposed
control strategies, Z is controlled to be much smaller than the
grid impedance). However, it is worth mentioning again that this
assumption is just for better explanations and comparison, and
the proposed strategies are still valid without this assumption.

Considering the sequence network equivalent circuitin Fig. 2,
two scenarios are discussed.

DG Produces Balance Current Without Unbalanced Voltage
Compensation

In the case that weighting factors k; and ks are equal to 1
(k1 = 1 and ks = 1), just positive sequence active and reactive
powers are injected to the grid. From Fig. 2, both Z . and
Zx, . areopen circuit, and the negative sequence voltage of the
PCC can be expressed as

Z]JDrG = ZEDGHZ;DG = <_

(16)

DG Produces Unbalance Current for Unbalanced Voltage
Compensation

In the case that weighting factors k; and k, are not equal to
1 (ky # 1 and ko # 1), positive and negative sequence active
and reactive powers are injected to the grid. From Fig. 2, the
negative sequence voltage of the PCC can be achieved as

’UECC‘ = ’ilj)a‘d’ X ‘Z(_}rid .

lvpce| = lioaal ¥ |Z6na/ 1 Zbc ] - (17
From (16), (17), and Fig. 2, it can be seen that injecting the
negative sequence active and reactive powers to the grid by DG
could compensate the PCC unbalanced voltage. In other words,
the negative sequence virtual impedance of DG (Z};,) can be
controlled to be much smaller than the grid impedance, directing
1)5aq 10 flow to the DG side and leading to an improved PCC
voltage. However, how the control of DG negative sequence
virtual impedance or negative sequence current can minimize
the DG’s output active power oscillation and effectively reduce
the negative sequence voltage of PCC will be discussed in the
following section.

IV. Two PROPOSED CONTROL STRATEGIES FOR UNBALANCED
VOLTAGE COMPENSATION

A. Unbalanced Voltage Compensation With Active Power
Oscillation Minimization

As shown in (9), to compensate the PCC voltage unbal-
ance, the DG negative sequence currents produce active power
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oscillation at the DG output, which leads to the dc-link volt-
age oscillation. The dc-link ripples have adverse effects on the
dc-side power system (especially in hybrid ac/dc grid) and may
produce harmonics at DGs ac output. In the active power oscilla-
tion cancellation strategy [12], the level of unbalanced voltage
compensation cannot be controlled directly. Therefore, in or-
der to control and compensate the grid steady-state unbalanced
voltage and to reduce the adverse effects of this unbalance com-
pensation, this proposed control strategy aims at minimizing
the active power oscillation while with adjustable unbalance
compensation levels. This strategy is named as the active power
oscillation minimization or p-minimization strategy.

In this control strategy, the amplitude and phase angle of DG’s
negative sequence current is controlled (i.e., DG’s negative se-
quence virtual impedance can be controlled which is the same
approach) to minimize the active power oscillation and com-
pensate unbalanced voltage. From (8), the amplitude of DG’s
desired negative sequence current is defined as follows:

|vpec]

| Zn]

2 2

_ (PDG<1—k1)> +<QDG(1—k2)> as)
‘UPCC‘ ‘UPCC|

Based on (18), k; and ko are in the following boundary:

'pG,
ref

|vece] ling, |vece| Jing
1 _ ref < k g 1 ref 19
Ppg ! N Ppg (19)

|vece] ling, |vece| ling
1] - ————0 Lk <1 4 ——— 2 20
Qpc ’ N @pc (20)

In addition, considering (9), the active power oscillation in
stationary «3 reference frame can be achieved as follows:

_ 3 [ Ppgk
pPpG = 5

L Poa(1- k:1)>
lvpccl lvpec|
x(Vpee, Ypoc, T Upcc, Vpec,)

,3 <QDGk2 QDG(l—k2)>
2\ oz P

‘UPCC| |U1;CC ’2

+ — + -
X(Upccg Upcc, ~ Ypec, UPCQ,) 2D

Using Clarke transformation, the PCC positive and negative
sequences voltage in stationary o reference frame can be ex-

pressed as follows:

vice, = |tfec] cos (wt +0%) 22)
vice, = |viec|cos (wt = Z+67)  @3)
Vpce, = |Vpcc] cos (wt —67) 24
vrce, = [vace] cos (wt + 5 —67) 25)
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where 0 and 0~ are the phase angle jumps. From (21) to (25),
the active power oscillation can be expressed as follows:

3 ( Ppck P 1—-k
- 2( baki |, b 21)>
’UPCC‘ |”Pcc|

X |vice| [vpec| cos (2wt + 6)

3 (QDsz B QDG(l—k2)>

+

2

’v;ccf |7J1;cc|2

X [vgec| [vpec | sin (2wt + 6) (26)

where 6 — 0~ = 6 is the phase angle between positive and neg-
ative sequences. In order to minimize sinusoidal active power
oscillation in (26), following objective function is defined:

2
( P]_in‘l2 + PDG(l — kl)) ‘/Ui’)‘rCC’ "UECC“|
|UPCC|

— 2
lvpcc]
2
Qpcks  Qpc(l — k) -
< T 2 — 2 lvpeel lvpeel| -2

‘UPCC| |[vpccl

This objective function should be minimized subjected to
the constraint in (18) which provides controllable unbalanced
voltage compensation. With the assumption of k&; — 1 = [; and
ko — 1 =I5, the objective function in (27) and the constraint in
(18) could be expressed

J(ll,lz) = AQZ% + leg +Cly + Ely + F
PRl? + Qholi = D*
where A, B, C, D, E, and F are defined as

Pog (‘“;cc|2"|vﬁcc|2)

+

(28)
(29)

b

’”gcc| |Uf_>cc|

B Q@oa (‘”§CC|2 + ‘”Ecc|2>

)

lvice | |vpec|

2P |”f_>cc|2 (|Uffcc|2 - |Uf_>cc|2)

)

|”§cc¢2|vﬁcc|2

D = |vpccllipg,,,
_QQ%G’UECCV Uvgccf'+|vﬁccf)
‘Ugccf ‘UECC|2
and F — |U§cc|2 (Poq +Q]2)G)_

|U1J>rcc’2 |U1;cc|2

)

)

Considering (28) and (29), the closed-form analytical solu-
tion can be found using Lagrangian method [25]. Utilizing this
deterministic method, /1 and [, can be determined analytically
as a function of the system operating point. Due to the lim-
ited computation and deterministic solution in comparison to
heuristic optimization methods, these parameters can be easily
updated online in a digital controller. From (28) and (29), the
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Lagrangian function is defined as follows:
L(li,lo,x) = A’ +B*5+Cl + Elb + F
+2 (Pheli + Qbgls — D?)

where A is a Lagrangian multiplier. Setting each of the partial

(30)

derivatives of this function equal to zero (% =0, % =0,
‘?)—i = 0), the optimal values of /; and [, are calculated ana-

Iytically, leading to k; and k, determination. In control sys-
tem, in each time step, [, and [y are updated based on system
parameters.

B. Unbalanced Voltage Compensation With Inphase Current
Compensation

In order to effectively compensate the grid unbalanced volt-
age, or in other words to minimize the PCC negative sequence
voltage under a given DG’s negative sequence current level,
the phase angles of DG and the grid negative sequence cur-
rents should be the same. In this case, by assuming constant
negative sequence load current (7., ,) in the fixed ‘iBG , min-
imum negative sequence current will be directed to the grid,
resulting in a minimum negative sequence voltage at the PCC
(|”f_>cc| = |i(_}rid| X }Z(_;rid|). In this control strategy, the ac-
tive power oscillation at the DG output is not controlled directly.
In this paper, this strategy is named as inphase current compen-
sation strategy.

In this control strategy, the amplitude and phase angle of
DG’s negative sequence current (or DG’s negative sequence
virtual impedance) is controlled to minimize the negative se-
quence voltage of the PCC without active power oscillation
consideration. In this method, the phase angles of DG and the
grid negative sequence impedances (see Fig. 2) are controlled
to be the same as in

KZISG = AZ{}rid' (31)

Considering (18) and (31), k; and ko can be achieved as
follows:

[vpccl |i]5Gm- |

ky =

(32)

’”;cc ’ |iBGref

IENER
1+ Z)E Grid
ZRGnd

Considering (18), (32), and (33), it can be concluded that if
ky > 1and ky < 1, DG’s negative sequence current will be in-
phase with the grid negative sequence current. However, k1 < 1
and k2 > 1 will cause them to be 180° out of phase. Considering
(32) and (33), in this strategy just the ratio of the grid reactance
to resistance in fundamental frequency is needed, which can be
easily obtained using different methods [26]—[28]. In this paper,
this ratio is considered as a known value in the control system.

Finally, the overall control block diagram is shown in Fig. 3.
This control system contains an outer loop which is responsible

ZX Grid

ko 1+

X

— (33)
Raria
Qe X
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TABLE I
CASE STUDY RESULTS FOR BOTH PROPOSED CONTROL STRATEGIES WITH
lipg . | = 10 A UNDER DIFFERENT DG’S OUTPUT P/(Q RATIOS

(Spg = 20.61 KVA) AND THE GRID CONDITIONS (|Zqiq| = 0.75398 Q)

Grid impedance Xaria > Raria Xarid < Rarid
conditions R =10.001Q R =0.753Q
X =0.753 Q X =0.001Q
DG’s output 20 kW 5 kW 20 kW 5 kW
active—reactive powers 5 kVar 20 kVar 5 kVar 20 kVar

}v;c c ‘ No compensation 13.66 15.70 12.88 10.74
p-minimization 9.10 8.26 6.25 6.88
Inphase current 6.23 8.26 6.15 4.00

p—minimization .
frphasecarrent 1.46 1 1.01 1.72

ratio
P No compensation 1368 1368 1228 1228
p-minimization 2177 2835 2643 1921
Inphase current 3005 2862 2673 2626
fomninlaaton 0.72 0.99 0.98 0.73
ratio

q No compensation 1368 1368 1228 1228
p-minimization 4007 4267 3840 3487
Inphase current 3297 4248 3820 2850
g-minimlzation 1.21 1.004 1.005 1.22

Tn-phasecurrent
ratio

for DG’s reference current generation, and an inner current con-
trol loop which is responsible for tracking the reference cur-
rent quickly and accurately. The control is implemented in the
stationary o reference frame to avoid multiple frame transfor-
mations for different sequence components control. In the outer
loop, among different sequence extractors [29]-[31], frequency-
locked loop-based sequence extractor in [31] is used to separate
the PCC voltage into positive and negative sequences. More-
over, weighting factors k; and ko are determined by either the
active power oscillation minimization or inphase current com-
pensation strategy. In Fig. 3, [ip¢ | can be set directly through
the desired DG’s negative sequence virtual impedance using
(18). Either way, the DG’s available rating for unbalance com-
pensation need to be a constraint. In the inner control loop,
DG’s interfacing converter is controlled in the current control
operation mode using proportional-resonant controller [32].

V. COMPARISONS OF THE PROPOSED STRATEGIES

In this section, detailed study of each proposed control strat-
egy and their differences are concluded, and the influences of

Proposed control strategies of DG for the grid unbalanced voltage compensation.

anad

A
Vpce Vece
Ig o lwoad Ing loria  'Load
-+ + V+ >
i Vice joee
P =20kWw P=5kW .+
0 =5kvar 0=20kvar| °¢

(b)

Fig. 4. Phasor diagrams of the case study in phase-a with \iBG y [=10A

under X4 > Rgriq and different P/(Q ratios at DG output (U;ZC ¢ and z'g a
with the scale of 0.1); (a) p-minimization, (b) inphase current compensation
strategy.

DG’s operating conditions in terms of output P/ ratios and
the grid conditions in terms of different X,iq/Rgriq Tatios are
investigated. These discussions are supported by a case study in
Table I and Figs. 4 and 5, where a three-phase grid interfacing
DG system is simulated. In this case study, for better explana-
tion and comparison, the performance of the two proposed con-
trol strategies in normal grid with inductive impedance (large
XGrid/Rgria ratio) and weak grid with resistive impedance
(small X¢yiqa/Rgria ratio) under different DG’s output P/Q
ratio are presented. The DG’s apparent power (Spg) and the
amplitude of the grid impedance (|Zgyiq|) are considered to
be constant. Complete simulation results and the parameters
and specifications of the simulated system will be provided in
Section VI.

First of all, with DG’s compensation and the equivalent small
negative sequence virtual impedance, the negative sequence load
current is directed to the DG side, resulting in less negative
sequence current in the grid (ig;,;,) and, therefore, the negative
sequence voltage at the PCC are reduced in all conditions in
both the proposed methods. However, considering (3) and (4),
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Fig. 5. Phasor diagrams of the case study in phase-a with \iBG . |=10A

under X ,iq < Rgriq and different P/Q ratios at DG output (vgc ¢ and iBG
with the scale of 0.1); (a) p-minimization, (b) inphase current compensation
strategy.

TABLE II
SYSTEM PARAMETERS FOR SIMULATIONS

Symbol Value
DC-link voltage Vde 800V
DG’s reference active power Pros 20 kW — 5 kW
DG’s reference reactive power Qret 5 kVar — 20 kVar
Three phase unbalance load Rl oad Three phase: 18, 5, 3 Q
Grid phase voltage (rms) Vg 240 V
Grid frequency fq 60 Hz
Grid coupling impedance Zarid XGria :0.753 Q2 — 1 mQ

Rariqa : 1 mQ —0.753 Q

the presence of ij, increase the active and reactive powers
oscillations in comparison to balance current injection. These
results can be confirmed by Table I.

In the active power oscillation minimization strategy, DG’s
negative sequence current (or DG’s negative sequence virtual
impedance) is controlled in order to minimize the active power
oscillation at DG output. Therefore, the active power oscillation
in this strategy is smaller than the inphase current compensation
method in all Opefating conditions (ﬁﬁ—minimization < ﬁinphase)'
As shown in Table I, the ratios of active power oscillation
in p-minimization strategy over inphase current compensa-
tion strategy are always less than 1 under the same operat-
ing conditions. At the same time, it can also be observed
that the reactive power oscillations in the active power oscil-
lation minimization will be larger than inphase current com-
pensation (G5 —minimization > Ginphase)- This is because, consid-
ering (9) and (27), for active power oscillation minimization
|P(1—k1)/|vpecl?| and |Q(1 — k2)/|vpece|?| should reach
—|Pky /|vfoc)?] and |Qks /|vf o |?], respectively. In this case,
the reactive power oscillations will increase according to (10).

For the inphase current compensation strategy, the phase an-
gles of 4, 4, ipq, and i ;4 are the same. Obviously, with the
same [i),. | and |ipq|, iG,q in the inphase current compen-
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sation strategy will be smaller than the p-minimization strat-
ey (g iqlp—minimization > |iGyiq linphase)- The relationship is
more clearly shown in the phasor plotin Figs. 4 and 5. Therefore,
the negative sequence voltage at the PCC in the inphase current
compensation will be smaller than the active power oscillation
minimization strategy (|vpcc [j—minimization > [Vpce linphase)-
As shown in Table I, the ratios of negative sequence voltage in
the p-minimization strategy over inphase current compensation
are always greater than 1 under the same operating conditions.

In both the methods, increasing |ip | will reduce |ig .4l
which leads to more reduction of negative sequence voltage at
PCC. However, considering (3) and (4), the active and reactive
powers oscillation will increase with higher unbalance compen-
sation level. In small DGs, due to lower |ij |, performance
difference of the two proposed control strategies in terms of the
negative sequence voltage reduction will not be very obvious.
Therefore, the active power oscillation will be a dominant factor
when comparing the two methods. On the other hand, in large
DGs, due to possibility of high |if,, |, the difference negative se-
quence voltage reduction between the two methods will be more
obvious and become a dominant factor when comparing the two
methods. The influence of |i, | in the two proposed methods
will be shown in the Section VI. Additional comparisons of the
two proposed strategies are provided in the following sections.

A. Inductive Grid Under Various DG’s Output P/ Ratios

The performance of the two proposed methods in normal grid
with inductive impedance where X ,iq is much large than Rg.iq
(Xaria > Rgria) 1s studied. In the inductive grid impedance,
the negative sequence current of the grid and the negative se-
quence voltage of PCC are approximately orthogonal.

In the p-minimization strategy, with small values of P/Q ratio
(P < Q) at the DG output when DG mainly produces reactive
power support, the phase angle between vy, and i, will be
close to 90° according to (8). As a result, the DG and the grid
negative sequence currents will be approximately inphase (small
phase angle between i, and i ;). This can also be seen in
phasor plots in Figs. 4 and 5. Therefore, with inductive grid
impedance, the results of active power oscillation minimization
and inphase current compensation strategies are approximately
the same in small P/Q ratios at the DG output. As shown in
Table I, the ratios of negative sequence voltage and active and
reactive power oscillations in p-minimization strategy over in-
phase current compensation are 1, 0.99, and 1.004, respectively.
On the other hand, if DG operates with unity or high power fac-
tor, the performance difference of the two methods will be very
obvious in terms of active power oscillation and effectiveness
of negative sequence voltage reduction (see Table I, in which
the negative sequence voltage of p-minimization strategy is 1.46
times larger than inphase current compensation, while its active
power oscillation is 0.72 of inphase current compensation).

Moreover, in both the methods, the ratio of P/Q at the DG
output will influence the effectiveness of |vp | reduction. For
the active power oscillation minimization, this is straightforward
to understand as lower P/() ratio makes this method perfor-
mance closer to the inphase current compensation (see Figs. 4
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TABLE III
SIMULATION RESULTS FOR TWO PROPOSED CONTROL STRATEGIES WITH |i) ; | = 5 A UNDER DIFFERENT DG’S OUTPUT
re

P/ RATIOS AND THE GRID CONDITIONS

Xaria > Raria
R=1x1073Q; X =0.753 Q

Grid impedance conditions

Xarid < Rarid
R=0.753Q; X =1x1072Q

XGria = Rarid
R =10.533Q; X =0.533Q

DG’s output active-reactive 20 kW 14.5 kW 5 kW 20 kW 14.5 kW 5 kW 20 kW 14.5 kW 5 kW
powers 5 kVar 14.5 kVar 20 kVar 5 kVar 14.5 kVar 20 kVar 5 kVar 14.5 kVar 20 kVar
lig,ia] Nocompensation 18.12 20.00 20.82 17.70 18.10 17.40 17.08 16.13 14.24
p-minimization 15.75 15.87 15.90 13.50 13.51 13.46 12.74 12.66 12.48
Inphase current 13.20 15.10 15.90 13.14 13.51 12.85 12.60 11.70 9.80
|izmd‘ No compensation 18.12 20.00 20.82 17.74 18.15 17.45 17.08 16.13 14.24
p-minimization 17.68 19.78 20.85 17.79 18.51 17.94 17.60 16.60 14.50
Inphase current 18.20 20.10 20.90 18.14 18.51 17.85 17.60 16.70 14.80
[vpee| Nocompensation 13.66 15.08 15.70 13.35 13.64 13.13 12.88 12.16 10.74
p-minimization 11.88 11.97 11.99 10.18 10.19 10.15 9.59 9.54 9.41
Inphase current 10.00 11.36 11.97 9.90 10.18 9.68 9.50 8.70 7.40
D No compensation 1368 1368 1368 1264 1264 1264 1228 1228 1228
p-minimization 351 619 734 668 723 630 705 568 280
Inphase current 1624 1220 805 960 723 937 770 1100 1405
q No compensation 1368 1368 1368 1264 1264 1264 1228 1228 1228
p-minimization 2738 2790 2815 2600 2613 2580 2540 2495 2425
Inphase current 2028 2536 2795 2485 2613 2452 2516 2252 1762

and 5), leading to more effective |v, (| reduction as explained
earlier (see Table I, [vp | is 9.10 V with P/Q = 4and 8.26 V
with P/Q) = 1/4).

For the inphase current compensation, increasing P/Q ratio
will cause more reduction of |vp | (8.26 V with P/Q = 1/4
to 6.23 V with P/ = 4 as shown in Table I). The reason is
that since iy, is inphase with i, . (i ;4 and vp o are approx-
imately orthogonal in the normal inductive grid), considering
(8), the reactive power component of i, will be much larger
(B> 1T Gee
Figs. 4 and 5). In other words, k; is Very close to 1. As a result,
considering equivalent circuit in Fig. 2, Z ' =~ can be consid-
ered as an open circuit. Therefore, |i;;| can be achieved as
lpeel — QU—k2)
Zxbe [vpeel
increasing the value of @ will lead to |vp | enhancement.

than the active power component

lipa| = . Considering |ip | as a fixed value,

B. Weak Grid Under Various DG’s Output P/Q Ratios

In the weak grid, the ratio of X¢yiq/RgGriq is small, and
the grid has higher resistance. Here, in order to better explain
the difference of the two proposed methods, the grid impedance
with small X ,iq/Raria ratios (Xgria < Rayria) is studied. The
conclusions can be extended to the weak grids with comparable
Xaria and Rgyiq, which will be discussed in Section V1.

In the weak grid with small X¢,iq/Rgriq ratio, the phase
angle between negative sequence grid current and the negative
sequence PCC voltage is small. In the p-minimization strat-
egy in large values of P/Q ratio (P > @) at the DG output
with high power factor, the phase angle between v, and ip
will be small according to (8). As a result, iy, and ig,;, will
be approximately inphase (small phase angle between i, and
ia,iq)- This can be seen in phasor plots in Figs. 4 and 5. There-

fore, the results of the active power oscillation minimization
strategy and inphase current compensation are approximately
the same in large P/() ratios at DG output. As shown in Table I,
the ratios of negative sequence voltage and active and reactive
powers oscillations in p-minimization strategy over inphase cur-
rent compensation are 1.01, 0.98, and 1.005, respectively. So if
high power factor control of the DG is required, the two meth-
ods will perform similarly under weak grid condition with small
Xarid/Raria ratios.

Similarly, the value of P/Q ratio at DG output will af-
fect the effectiveness of |vp (.| reduction in both methods un-
der a weak grid. As explained earlier, increasing P/Q ratio
will make the p-minimization strategy performance closer to
the inphase current compensation in a weak grid condition
(see Figs. 4 and 5), and therefore, high P/ ratio will be
more effective for |vp | reduction under the active power os-
cillation minimization method. As shown in Table I, |vp (|
is changed from 6.88 V with P/Q =1/4 to 6.25 V with
P/Q = 4.

For the inphase current compensation, decreasing P/( ratio
at DG output will cause more reduction of vy | (6.15 V with
P/Q =410 4V with P/Q = 1/4 as shown in Table I). The
reason is that since i, is inphase with i ,,, considering (8),
the active power component of i, , will be much larger than the
otk < rk)
4 and 5). In other words, ko is Very close to 1. As a result,
considering equivalent circuitin Fig. 2, Z ' - can be considered
as an open circuit. Therefore, |if,, | can be achieved as |i | =
M _ P(1—k;

) . . . . .
Zo ool - Considering |if,, | as afixed value, increasing

the value of P will lead to |vp | enhancement.
Additional comparisons and discussions of the two methods
are presented in Sections VI and VII.

reactive power component ( |) (see Figs.
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TABLE IV

SIMULATION RESULTS FOR TWO PROPOSED CONTROL STRATEGIES WITH |Z

bGrer| = 10 A UNDER DIFFERENT DG’S OUTPUT

P/Q RATIOS AND THE GRID CONDITIONS

Xaria > Rayria
R=1x10"%Q; X =0.753 Q

Grid impedance conditions

Xcria < Rgria
R=0.753Q; X =1x1073Q

Xaria = Raria
R =10.533Q; X =0.533Q

DG’s output active-reactive 20 kW 14.5 kW 5 kW 20 kW 14.5 kW 5 kW 20 kW 14.5 kW 5 kW
powers 5 kVar 14.5 kVar 20 kVar 5 kVar 14.5 kVar 20 kVar 5 kVar 14.5 kVar 20 kVar

lig.;ia|  Nocompensation 18.12 20.00 20.82 17.70 18.10 17.40 17.08 16.13 14.24

p-minimization 12.07 11.28 10.96 9.04 8.93 9.09 8.30 8.50 9.10

Inphase current 8.26 10.13 10.96 8.56 8.93 8.26 8.20 7.20 5.30

{iioad} No compensation 18.12 20.00 20.82 17.74 18.15 17.45 17.08 16.13 14.24

p-minimization 17.42 19.63 20.80 18.35 18.93 18.41 18.17 17.14 15.12

Inphase current 18.26 20.13 20.95 18.56 18.93 18.26 18.20 17.20 15.30

[vpee|  Nocompensation 13.66 15.08 15.70 13.35 13.64 13.13 12.88 12.16 10.74

p-minimization 9.10 8.50 8.26 6.82 6.73 6.85 6.25 6.41 6.88

Inphase current 6.23 7.64 8.26 6.45 6.73 6.22 6.15 5.44 4.00

D No compensation 1368 1368 1368 1264 1264 1264 1228 1228 1228

p-minimization 2177 2640 2835 2620 2707 2550 2643 2413 1921

Inphase current 3005 2965 2862 2760 2710 2715 2673 2697 2626

q No compensation 1368 1368 1368 1264 1264 1264 1228 1228 1228

p-minimization 4007 4183 4267 3917 3956 3866 3840 3710 3487

Inphase current 3297 3927 4248 3803 3959 3738 3820 3473 2850

VI. SIMULATIONS AND EXPERIMENTS

In order to verify the effectiveness and performance of the
two proposed control strategies, simulation and experimental
results are provided.

A. Simulation Verification

A three-phase grid interfacing DG system has been
simulated utilizing the two proposed control strategies in
MATLAB/Simulink. The simulated system parameters are
shown in Table II.

In these simulations, in order to investigate the performance
of the two proposed methods under different grid conditions and
DG operating conditions, and to study the influence of DG’s size
on the compensation strategies, the results for |ipg |=5A
and |ipg [ =10 A under different DG’s output P/(Q) ratios
and the grid X iq/Rgriq ratios are shown in Tables IIT and IV.

In all the simulations, DG’s apparent power and the ampli-
tude of grid impedance are considered to be constant Spg =
20.61 kVA and |Zgiq| = 0.75398 Q. For better comparison,
the results of balance current injection from DG without com-
pensation (k; = ko = 1) are presented too.

Considering the results in Tables III and IV, the following
conclusions can be achieved that verify the previous discussions
in Sections IV and V.

1) The i), is approximately constant in the fixed |ipq |
and DG’s active—reactive powers. Negative sequence volt-
age at the PCC is reduced utilizing the two proposed con-
trol strategies in all DG’s operating conditions and the
grid X, ia/Rgria ratios.

2) The PCC negative sequence voltage in the inphase current
compensation is smaller than the active power oscillation
minimization strategy.

3) The active power oscillation minimization provides the
minimum active power oscillation in each operation point.
However, reactive power oscillation in this method is
larger than the inphase current compensation strategy.

In the inductive grid if DG works as a reactive power
compensator (P < (), or in the weak grid if DG works
with high power factor (P >> @), performance of two
proposed control strategies are similar and the results of
these strategies are close to each other.

In the inductive grid if DG works with high power factor
(P> Q), or in the weak grid if DG works as a reactive
power compensator (P < @), performance difference of
the two methods will be very obvious in terms of ac-
tive power oscillation and the effectiveness of negative
sequence voltage reduction.

In both the proposed control strategies, increasing |i]3Gref |
causes more reduction of |i ; |, resulting in more reduc-
tion of |vp . |. However, the active and reactive powers
oscillations increase in both methods.

With higher [ip,, |, difference of the two proposed strate-
gies in terms of unbalanced voltage compensation is more
obvious.

The waveforms of simulation results in the two proposed
control strategies with |ipg | =10A (see Table IV) for
inductive grid (with Xq,iq > Rgriq) and weak grid (with
Xaria < Rgriq) are shown in Figs. 6-8 and Figs. 9-11, re-
spectively. In these simulations during ¢ < 0.1, the DG pro-
duces balance current (k; = ky = 1). At ¢t =0.1, the pro-
posed control strategies are applied to the grid-connected
DG system. During 0.1 <t < 0.4, the DG’s output ac-
tive and reactive powers are Py = 20 kW, Q.o = 5 kVAR,
while during 0.4 <t < 0.7 and 0.7 <t < 1, these powers
are set on Py = 14.5 kW, Q,of = 14.5 kVAR and P, =
5 kW, Q.o = 20 kVAR, respectively.

4)

5)

6)

7
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Fig. 10. Negative sequence voltage of PCC in the weak resistive grid; (a)
p-minimization, (b) inphase current compensation.

Fig. 6 shows the output current of DG in the inductive grid.
The phasor diagrams of the DG output current are shown in
Fig. 4. Fig. 7 shows the negative sequence voltage of PCC in
the inductive grid. From this figure, it can be observed that the
PCC negative sequence voltage is reduced in all DG’s operat-
ing conditions, and the reduction level in the inphase current
compensation strategy is more than the active power oscilla-
tion minimization strategy. Active power oscillations at the DG
output is shown in Fig. 8, which proves that the active power
oscillation minimization strategy leads to smaller active power
oscillation in all operating conditions. However, the reduction
is more obvious at high power factor operation conditions.

In Fig. 9, DG’s output current in the resistive grid is shown,
and its phasor diagrams are shown in Fig. 5. From negative se-
quence voltage of PCC shown in Fig. 10, it can be observed that
although both control strategies reduce the negative sequence
voltage, the reduction level of inphase current compensation
strategy is more than the active power oscillation minimization
strategy, which is more obvious at reactive power compensa-
tion operating condition. Similar to inductive grid, the active
power oscillation minimization strategy minimizes the DG out-
put power oscillation in all operating conditions, as shown in
Fig. 11. However, at reactive power compensation operation,
the reduction is more obvious.

B. Experimental Verification

To verify the effectiveness of the two proposed control
strategies and the simulation results, experiments are conducted

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 7, JULY 2016
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Fig. 11.  Active power oscillations at the DG output in the weak resistive grid;

(a) p-minimization, (b) inphase current compensation.

TABLE V
SYSTEM PARAMETERS FOR EXPERIMENTS

Symbol Value
DC-link voltage Vde 150V
Reference active power Pret 280 W — 70 W
Reference reactive power Qrof 70 Var — 280 Var
Three phase unbalance load Rioad Three phase: 92, 5Q, 3Q
Grid phase voltage (rms) vy 50V
Grid frequency fq 60 Hz
Grid impedance ZGrid XGria : 1.88Q2 —0.94Q

Rgria :0.202 —1.9Q

on a three-phase grid interfacing DG system prototype. The
experimental setup parameters are shown in Table V, and
the system is controlled by dSPACE 1103. The two pro-
posed control strategies are tested under two grid conditions:
1) inductive grid (Xgug =1.88 Q and Rgriq = 0.2 Q)
with |ipg |=25A, and 2) weak resistive grid
(XGria = 0.94 Q and Rgria = 1.9 Q) with |ipg | =1.5A.
In each test, DG works with high power factor (large P/(Q ratio;
Pror =280 W, Q.o = 70 VAR) and as a reactive power com-
pensator (small P/Q ratio; Pt = 70 W, Qyer = 280 VAR).
The results are shown in Figs. 12-15.

In Figs. 12 and 13, the negative sequence voltage of PCC
and DG’s output active power oscillations in the inductive grid
are shown, respectively. In these tests, the control strategy is
switched from balance DG current injection without compen-
sation strategy to the proposed control strategies. These experi-
mental results are summarized in Table VI.

The experimental results for negative sequence voltage of
PCC and the active power oscillation of DG in the resistive
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Fig. 12.  Negative sequence voltage of PCC in the inductive grid Lg,iq =
5mH and Rg,iq = 0.2 Q; (a) p-minimization, (b) inphase current compen-
sation strategy (time: 1 s/div, voltage: 1 V/div).

Switch to proposed
control strategy .

<« P/O=4—><«P/Q=1/4—> < P/O=4—><P/Q=1/4>
() (b)

Fig. 13. Active power oscillations at the DG output in the inductive grid
(Lgria = 5 mH and Rgyig = 0.2 Q); (a) p-minimization strategy, (b) in-
phase current compensation strategy (time: 1 s/div, power: SOW/div).

TABLE VI
SUMMARY OF EXPERIMENTAL RESULTS FOR TWO PROPOSED CONTROL
STRATEGIES UNDER INDUCTIVE GRID AND WEAK GRID CONDITIONS, AND
DIFFERENT DG’S OUTPUT ACTIVE-REACTIVE POWERS

Grid impedance conditions Inductive grid Weak grid
R=10.2%Q; R=19%Q;
X =1.880Q X =0.949Q
DG’s output active—reactive 280 W 0 W 280 W 70 W
powers 70 Var 280 Var 70 Var 280 Var
[vpec ] p-minimization 5.4 4.6 4 4.4
Inphase current 4.4 4.7 4 3.4
j-minimization
I;nphase current 1.22 0.98 1 1.29
ratio
D p-minimization 110 148 75 62
Inphase current 165 147 76 100
p-minimization 0.66 1.00 0.99 0.62

inphase current
ratio

| Switch to proposed
|v,"“| =5 y control strategy
i =44V

Switch to proposed
=5 ?)V control strategy

<« P/O=4—><«P/0=1/4> |

<« P/O=4—><«P/0=1/4>
(a) (b)

Fig. 14. Negative sequence voltage of PCC in the weak grid (Lg,iq =
2.5 mH and Rgriq = 1.9 Q); (a) p-minimization, (b) inphase current com-
pensation strategy (time: 1 s/div, voltage: 1 V/div).

grid are shown in Figs. 14 and 15, respectively. Similar to
inductive grid, in this test, the control strategy is switched from
balance DG current injection without compensation strategy to
the proposed control strategies. These results are summarized
in Table VL.

—P/Q=4—r<P/0=1/4>
(b)

(@)

Fig. 15. Active power oscillations at the DG output in the weak grid
(Lgria = 2.5 mH and Rgrig = 1.9 Q); (a) p-minimization strategy, (b) in-
phase current compensation strategy (time: 1 s/div, power: 50W/div)

Considering the experimental results and Table VI, it can
be observed that utilizing the two proposed methods results in
the grid unbalanced voltage compensation in which the com-
pensation level of the inphase current compensation strategy is
higher than the active power oscillation minimization strategy.
Moreover, the active power oscillation minimization strategy
minimizes the DG’s output active power oscillation in each
operation point. Similar to simulation results, the two pro-
posed control strategies have the similar performance under
inductive grid and DG works as a reactive power compensator
(P < @), or weak grid and DG works with high power factor
(P> Q).

Considering aforementioned explanation, experimental re-
sults under different grid conditions and DG’s output active—
reactive powers verify the simulation results and discussions
about control strategies and their performance.

VII. SUMMARY AND RECOMMENDATIONS

In Table VII, the previous discussions and comparisons are
summarized, and appropriate control strategy under different
grid conditions in terms of X 14/ Rayia ratio and different DG’s
operating conditions in terms of P/() ratio is recommended.

Considering Table VII, performance of the two proposed con-
trol strategies are similar to each other under three conditions:
1) In the normal inductive grid with large X¢,iq/Rariq ratios
and DG works as a reactive power compensator, 2) in the weak
grid with X4/ Raria &~ 1 and DG works in different output
active—reactive power ratios, or 3) in the weak grid with small
XGrid/Raria ratios and DG works with high power factor. On
the other hand, performances of the two methods are very differ-
ent under the conditions of 1) normal inductive grid with large
XGrid/Rgria ratios and DG works with high power factor, or
2) weak grid with small X4 /Rgriq ratios and DG works as a
reactive power compensator. In this case, active power oscilla-
tion minimization or inphase current compensation method can
be selected according to the objectives on power oscillation or
PCC negative sequence voltage reduction.

Considering the size and capacity difference of DGs, different
methods can be recommended also. In small DGs, due to low DG
negative sequence current |ip, . |, the difference of two proposed
control strategies in terms of |vp | reduction will not be very
obvious. However, the active power oscillation minimization
strategy provides minimum active power oscillation in each
operation points. As a result, in small DG, if |vp .| reduction
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TABLE VII
CONTROL STRATEGY RECOMMENDATION UNDER DIFFERENT GRID CONDITIONS AND DG’S OPERATING CONDITIONS

Grid impedance conditions Large X G yid /RGria ratios

Xarid/Raria =1 Small X ¢ ia /R ria ratios

DG’s output powers P>Q P <@ P>Q P<Q P<Q P>Q
p ﬁ]}—min < ﬁp—min zﬁinphasc Isﬁ—min g]amphan‘c ﬁp—min zﬁinphabc ﬁﬂﬂnin r’dﬁinplmac ﬁﬂﬂnin <
Dinphase Dinphase
q Gp-min > Ginphase G5-min = Ginphase Gp-min = finphase Gp-min ~ Ginphase DPjp-min = Pinphase @p-min > Ginphase
lvpec [vpceli-min > [vpocli—min ®  [vpeelimin ®  |vpecliomin ¥ |vpecliomin ¥ [vpec|iomin >
Upce | inphase |U;(‘1(ﬂ‘inphasc ‘1);(j(j inphase ‘77;cc‘ix1pllabc 'U;(j(*linphasc 77;cc‘inphasc
{ZGrid‘ chd|,;7..m. > tGrid lp—min ™~ ZGl’id‘lj—min ~ ZGl‘id}ﬁfqu ~ ZGrid{p—min ~ 'Grid lp—min =

YGrid ‘n.phw ‘ZGrid inphase

i ria inphase ‘%}nd inphase G eia |iuphabc 'Grid ‘inphu,xc

Both methods
Both methods
Both methods

Control Strategy
Recommendation

p is small
q is small
‘”;cc ‘ is small

p-minimization
Inphase current
Inphase current

Both methods
Both methods
Both methods

Both methods
Both methods
Both methods

Both methods
Both methods
Both methods

p-minimization
Inphase current
Inphase current

is not the desired control parameter, active power oscillation
minimization strategy is recommended.

In large DGs, due to possibility of high DG negative sequence
current |ip |, [vpo | can be obviously changed, and difference
of the two proposed method in terms of |vp | reduction will
be more obvious. However, these two methods difference in
terms of p reduction may not be more obvious in comparison
to small DG (as high |if, | tends to increase p but low |vp |
tends to decrease p). As a result, in large DG, inphase current
compensation strategy is recommended.

Finally, when multiple DGs participate in the unbalanced
voltage compensation, active power oscillation minimization
strategy may result in different DGs acting as virtual negative
sequence impedances with different phase angles according to
their active and reactive powers output. This will lead to nega-
tive sequence current circulation in the active power oscillation
minimization strategy. However, the inphase current compen-
sation method will guarantee that all DGs behave as negative
sequence impedances with the same phase angle as the grid,
resulting in zero negative sequence circulation current among
DGs. Therefore, the inphase current compensation would be a
good choice.

VIII. CONCLUSION

In this paper, two control strategies for three-phase power
electronics interfaced DG systems are proposed in order to com-
pensate the grid steady-state unbalanced voltage. In the first
method, in order to reduce the adverse effects of compensation
on the DGs’ operation, DG’s active power oscillation is mini-
mized in the compensation strategy. In the second method, in
order to effectively reduce the negative sequence voltage of the
grid, DG’s negative sequence current is set to be inphase with
the grid negative sequence current. Both methods are based
on the DG’s equivalent negative sequence virtual impedance
amplitude and phase angle control. From the analysis in this
paper, the two methods have similar performance under 1) the
normal inductive grid with large X¢,iq/Rgria ratios and DG
operates as reactive power compensator (P < @), 2) the weak
grid with X¢,i4/Raria =~ 1 and DG operates in different out-
put active—reactive power ratios, or 3) the weak grid with small
XGrid/Raria ratios and DG operates with high power factor
(P > Q). However, performance of the two methods in terms

of power oscillations and the PCC negative sequence voltage
reduction differs obviously under 1) the normal inductive grid
with large X¢iq/Rgria ratios and DG is controlled with high
power factor, or 2) the weak grid with small X,iq/Rgriq ratios
and DG works as a reactive power compensator. Recommen-
dations on how different methods are selected under various
conditions are presented in this paper. Validity and effective-
ness of the two proposed control strategies have been verified
by simulations and experimental tests.
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