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Residential Distribution System Harmonic
Compensation Using Priority Driven Droop Controller

Md Shirajum Munir, Yun Wei Li, and Hao Tian

Abstract—As renewable energy based distributed generation
(DG) units are being increasingly connected throughout today’s
distribution system, they can be used to mitigate harmonics caused
by the wide adoption of nonlinear residential loads. To make
the best use of all these DGs’ ratings, it is important to develop
a method to coordinate DGs’ participation efforts in harmonic
compensation according to their ratings and locations. Due to the
low droop slope for the harmonic controller in DGs, traditional
harmonic droop control methods can lead to significant harmonic
sharing errors. Also, very limited work has been carried out in
literature so far to identify the DGs’ compensation priorities
according to their locations and power rating. To address this
issue, a novel priority-driven, droop-based, selective harmonic
compensation scheme is developed in this work. The proposed
control scheme improves the harmonic sharing accuracy. The
compensation priority design and the way to integrate with droop
control is studied. To ensure stability, a virtual impedance model-
based stability analysis is also discussed. Analysis, comparisons,
and simulation results are used to verify the improvement of
compensation performance.

Index Terms—Droop control, harmonic compensation, power
sharing accuracy.

I. INTRODUCTION

HE recent upsurge of the use of power electronics based
nonlinear residential load is a major challenge for utility
companies to maintain harmonic related power quality
standards [1]. The collective effect of harmonic current
injected to the source by different nonlinear residential loads
is substantial [2]-[4] which is leading to extensive waveform
distortion in the distribution system. This grid harmonic
distortion can lead to dielectric failure of the distribution line
cable [5], interference with telephone line [6], shunt power
factor correction (PFC) capacitor damage [7], overheat, and
loss in electrical machines [8], lifetime reduction of transformer
and cables [9], etc.
To solve this harmonic problem, passive power filters (PPFs)
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and active power filters (APFs) were used traditionally. The
operation of PPFs is limited to certain tuned harmonics and grid
impedance [10]. Whereas APFs are usually installed at certain
locations of the distribution system and not very effective at
suppressing harmonic distortion at the residential distribution
system due to the dispersed nature of the residential loads.
In this situation, the increased adoption of renewable energy
source (RES) based distributed generation (DG) systems, e.g.,
rooftop photovoltaic (PV) and small wind turbine systems can
provide an excellent solution to this harmonic problem. These
PV and wind turbine systems are connected to the grid through
DG-grid interfacing voltage source inverters (VSI). When
properly controlled, these DG-grid interfacing inverters can be
used to compensate system harmonics as an ancillary service
[11-14], utilizing the apparent power rating of the inverters.
Due to the intermittent nature of renewable energy [15]-[16]
and high cost associated with electrical energy storage [17],
proper utilization of available apparent power rating of DG
systems is a promising prospect.

Traditionally, conductance-power (G-S) based droop
controllers have been used to control several active power
filters in different locations [18]. This system is called
distributed active-filter systems (DAFS) where individual APFs
compensate harmonics without any communication among
themselves. The droop slopes of APFs are designed according
to their apparent power ratings, which ensures the even
sharing of harmonic compensation workload [19]-[20]. This
algorithm is extended to DGs to enable the ancillary harmonic
compensation function. But due to the differences between
APFs and DGs, the controller design approach of DAFS can
cause significant power-sharing errors among DGs due to
the assumptions made for APFs are unnecessarily true for
DGs. A new droop control design method shall be developed
by taking DGs’ unique features into account. On top of that,
additional power sharing error may be introduced depending
on the point-of-connection (POC) voltage distortion (due to
feeder impedance) [21]. DGs shall be coordinated to correct
the sharing error. This can be realized by small AC signal
injection [22] or low bandwidth communications [23]-[24].
However, in these coordinated droop control systems, the same
harmonic impedance is generally used for all harmonic orders.
And all the DGs participate the compensation based on their
power ratings. But depending on the network configuration,
prioritizing the compensation of some specific harmonics at
certain locations will provide better compensation results [25]-
[27]. To optimize the harmonic compensation performance,
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it is important to find out the locations in the system that are
more prone to voltage distortion, especially when the systems
have resonance introduced by the PFC capacitors. Identifying
the resonance prone locations and compensating harmonics at
those locations with higher priority, it is possible to improve
the harmonic compensation performance. In this case, it
is necessary to apply different compensation priorities at
harmonic orders for DGs at different locations to achieve better
harmonic compensation performance throughout the system.

To overcome all these drawbacks associated with traditional
G-S droop based controller, a novel priority-driven droop
controller is proposed in this paper. This method improves
the DGs’ harmonic compensation from the following two
perspectives: 1) improving the design method in the primary
control; ii) applying priority in the supervisory control. In the
primary control layer, the design flaw has been addressed in the
proposed controller which eliminates power sharing error. It is
revealed that setting droop slope proportional to DGs’ apparent
power ratings can unnecessarily ensure proper harmonic current
sharing. With the modified G-S droop controller, a new droop
slope design guidance is provided to improve the harmonic
sharing accuracy. Also, the power sharing errors introduced by
the different amplitudes of POC harmonics are discussed and
eliminated in the proposed controller. To improve the overall
harmonic compensation performance in the distribution grid,
the priorities are applied to DGs at different nodes with the help
of supervisory control. In this case, the DGs at the critical nodes
can contribute more and the distribution grid will see a more
effective harmonic compensation. To identify the harmonic
compensation priorities for the proposed droop controller,
coordinated control of the DGs operating at different locations
is developed where the harmonic compensation priorities are
quantified using the sensitivity to resonance data are obtained
from the modal analysis [27]. To better implement the modified
G-S droop control with the priority calculation method,
the interface between G-S droop controller and the priority
identification is designed.

Besides, although the priority-driven G-S droop control
improves harmonic compensation performance, it is still
necessary to check the stability of the proposed control system.
To ensure stability, the impedance model of a typical residential
distribution system and the DG converters are built. In the
detailed impedance models, the detailed controller models are
considered. Then the stability of the overall system is checked
and the feasibility of the priority-driven droop control system is
validated.

The rest of the paper is organized as follows: Section II
introduces the traditional droop controller and its limitations.
Based on that, the proposed priority-driven conductance-power
(G-S) based droop control scheme is illustrated. The mitigation
technique of power sharing error introduced by the feeder
impedance and connection point harmonics are also discussed
in this section. Section III discusses the resonance mode and
compensation priority calculation technique. To prove the
feasibility of this method, a typical residential distribution
system model is developed in Section IV, whose stability
analysis shows the proposed method can have enough stability
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Fig. 1. Conductance vs. power relationship using G-S droop control.

margin under proper design. Finally, Section V draws the
concluding remarks about this work.

II.MobiriED CONDUCTANCE-POWER (G-S) Basep Droop
CONTROLLER

A. Principle of Traditional Conductance-Power Droop

In traditional conductance-power (G-S) based droop
algorithm [18]-[20], harmonic conductance command is
obtained from the output apparent power at harmonic orders
(S,), rated capacity of converters (S,,), droop offset (G,,) and
G-S droop equation shown in (1) and Fig. 1.

G, =6, +b,(S, -5,) ey

The harmonic voltage content at POC (V; ;) is modified
according to the harmonic conductance command (G,) to
generate the harmonic reference current. Since the main
component of the RMS voltage at POC is the fundamental
voltage, the output harmonic apparent power of DG (S,) can be
expressed as:

Sn = |Vn |Gn |Vn,/1 | = |V7L/’|Gn |Vn.h |’ (2)
Combining (1) and (2), it is easy to obtain:
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In some previous works [18]-[20], (4) is simplified by
assuming b, |V, |IV,,| >> 1 as:

S/Lbrz = bn SILO - GnO' (5)

If there are an » number of DGs and their droop characteris-
tics are assigned as:

bISIO - GIO = bzszo -Gy=..=b5, - GnO' (6)

20 n*"n0

Substituting (5) into (6), the following equation can be obtained:
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Fig. 2. Power sharing of DGs with traditional and proposed conductance-
power droop controller with G,,=0.
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So, the output harmonic apparent power of the DGs are
inversely proportional to the slope of the droop controller
according to (7). While the slope of the droop controller is
inversely proportional to the apparent power rating of respective
DGs according to (6). Combining (6) and (7), it can be seen that
such droop slope allocation will allow proportional sharing of the
harmonic filtering workload among different DG units according
to the respective DG rating as shown in (8).
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Therefore, in traditional DGs, the G-S droop controller is
designed similarly to the active power-frequency (P-f) and
reactive power-voltage (O-V) droop. All the slopes are set to be
proportional to the apparent power rating.

B. Proposed Conductance-Power Droop for DGs

In the case of the traditional droop controller, (7) is derived
assuming b, |V, ||V, | >> 1. As DGs are not dedicatedly
designed for harmonic compensation, the available power
rating for harmonic compensation is generally lower than
APFs, which requires a low droop slope for harmonic sharing.
Also, the stability concerns in the residential distribution
grid also ask for a low droop slope. As a result, in G-S droop
controllers for DGs, the droop slope (b,) can be very small,
resulting in that b, |V, ||V,.,] = 1. So, the original assumption —
b, |V, AV,,1 >> 1 that leads to (6) may not hold valid. Applying
the traditional design method will introduce considerable error
in harmonic power sharing among different DG units.

To demonstrate this, Fig. 2 shows the output power ratio (S,/
S,) of 2 DGs with S, = 1000 VA and S,, = 500 VA respectively.
Here the range of b, is double of b, since S,,= 2S,,. Now, if b,
= 0.005 then according to the traditional droop controller, b, =
0.01. It can be seen from Fig. 2 that the power sharing accuracy
with the traditional droop controller is very poor especially

when the droop slope is lower.

To ensure harmonic power sharing accuracy, i.e., ensure the
DG harmonic power S, to be proportional to the DG rating
S0, droop slopes shall be designed with a new method. The
new design approach shall consider two situations: i) when
conductance offset is zero; ii) when conductance offset is not
Zero.

1) With Conductance Offset 0 (G, = 0)
If conductance offset is considered 0 (G,, = 0) in (4), then
(4) can be rewritten as:

— _bnSnO V'L/' ‘V

S, = : 9
! 1 - bn V"Af ‘V'Lh ( )

nh

It is easy to find that if fundamental and harmonic voltages
are constant at the POC, the harmonic power S, can be
proportional to rated apparent power S, if the droop slopes
of all DGs are the same for all DG, i.e., if setting b, = const.
for DGs, (9) can be rewritten as:

S, =const - S,. (10)

To demonstrate this, Fig. 2 shows the output power ratio (S,/
S,) of 2 DGs with S, = 1000 VA and S,, = 500 VA respectively.
According to the proposed droop controller, when droop
slopes for different DGs are kept the same then the DG outputs
should be proportional to the respective DG ratings. It can be
seen from Fig. 2 that power sharing is always accurate and
independent on the value of b,

2) With Nonzero Conductance Offset (G, # 0)

According to the traditional droop controller, the conduc-
tance offset should be constant across » number of DGs to
make the droop characteristics relationship shown in (6) valid
when (G, # 0). But when the droop offset is constant across
n number of DGs, the output power of all DGs will be the
same irrespective of their rating and this will introduce power
sharing error. If conductance offset is nonzero (G,, # 0) while
the fundamental and harmonic voltages at POC are constant
and droop slopes of all DGs are same for all DGs (b, = const.)
in (4), then (4) can be rewritten as:

v

S, =l
" 1-b,
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Vv,

nh

(11)

nf

To make the DG harmonic power S, proportional to the DG
rating S,,, G, has to be proportional to DG rating S, as:

Gn() = KG Sn()' (12)

where K;; is the conductance offset constant and has the same
value for all DGs. Then (11) becomes,

Sn = SnO (K(; - b” ) (13)
or

Sn o< Sn() : (14)
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Fig. 3. Test circuit for comparison of power sharing accuracy of the traditional
and modified droop controller when DGs are connected to the same node.

TABLEI
CIRCUIT PARAMETERS

Circuit parameters Value

72kV
7200 V/120 V, (0.015+0.03) j p.u.
0.43 Q/km, 150 xH/km

Grid voltage
Distribution transformer
Distribution line impedance

TABLE IT
CoMPARISON OF HARMONIC POWER SHARING ACCURACY AMONG DIFFERENT DGS WiTH
TRADITIONAL AND PrOPOSED CONDUCTANCE-POWER BASED DROOP CONTROLLER

Scenario S[o Szo SZO/SIO b[ bz Sl Sz Sz/Sl

(Case 1) 100 400 4.00 0.08 0.02 98.1 380.0 3.87
(Case 2) 100 400 4.00 0.008 0.002 89.2 269.0 3.01
(Case 3) 100 400 4.00 0.0008 0.0002 45.6 69.5 1.51
(Case 4) 100 400 4.00 0.008 0.008 89.2 356.5 4.00
(Case 5) 100 400 4.00 0.0002 0.0002 17.3 69.5 4.00

Again, according to (14), DG output power will be propor-
tional to DG rating when (K;+ b,) is a constant.

C.Verification of the Power Sharing Accuracy of the Proposed
Droop Controller

To show how the proposed droop controller will ensure
proper power sharing, two DGs are considered to be
operating at the same POC, where S,,= nS,,. So, DG power
outputs should be S, = nS, and the conductance relationship
should be G, = nG,. Then simulation uses the circuit
configuration shown in Fig. 3 and parameters listed in Table
I. Here a single residential house load model is used as each
load. The results are listed in Table II. As shown in Table
11, the power sharing is accurate with (14) unlike with (4).
As the droop slope is lowered, the sharing error becomes
greater. On the other hand, power sharing remains very
accurate with the modified droop controller even with a very
low droop slope (case 5).

D.Mitigation of Power Sharing Error Introduced by Feeder
Impedance

It should be noted here that the proposed droop controller is
implemented using (14) where the apparent power at different
nodes (S,) is calculated using (4). Now, the fundamental
component of the line voltage is almost the same at different
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Conductance-power droop controller

Fig. 4. Block diagram of the modified droop controller with constant b,-V,,,
controller.

POC throughout the distribution system. But the node
harmonic voltage at different nodes (V) can vary due to
the feeder impedance of the distribution system. As a result,
sharing error may be introduced even when the proposed droop
controller is used. This sharing error increases with the increase
of the droop slope. This can be explained using (4). It can be
seen from (4) that a higher droop slope will try to increase DG
harmonic power S, Increasing harmonic power S, will result in
lower harmonic voltage (V) at the POC, and the variations in
harmonic voltage can be different at different nodes. Moreover,
the DG systems are usually connected to the secondary side of
the distribution transformer. Since the transformer impedance
is much higher compared to distribution line impedance, the
voltage distortion difference can be significant at POC of
different DGs, further increasing the sharing error.

The sharing error can be removed by implementing an
additional control block that automatically adjusts the droop
slope in a small range according to the node harmonic voltage
(V) variation using (15).

h

...... bV
35[, — _n0h " nOhams (15)

nh
h=35..
n,h,rms

Here, b, is the base droop slope at different harmonics
Vionms, and V, . is the A" harmonic voltage at the n" node.
By doing this, b,,* V,, of (4) will become a constant and
remove any effect of varying V), , on sharing error Fig. 4 shows
the implementation of the proposed droop controller which
mitigates the effect of POC harmonics. As can be seen, the
rms value of voltage harmonics is extracted and the droop
slope for each order harmonics is modified according to (15).
This modifies the droop slope b, designed with the guidance
provided in Section II B in a small range. With the proposed G-S
droop, the harmonic current reference can be generated and
executed by the inner current regulator. It is worth noting that
this implementation is equivalent to virtual impedance control.
The conductance G is the reciprocal of virtual impedance.
The performance can be seen from Fig. 5, in traditional droop
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Fig. 5. Power sharing error introduced by feeder impedance and mitigation of
that error using the proposed improved droop controller.

control, the sharing error increases when the droop slope
increases. On the other hand, due to the measures to mitigate
the impact of line impedance and varying harmonic voltage,
the proposed droop controller ensures the harmonic power can
be properly shared.

II1. IMPLEMENTATION OF THE MODIFIED CONDUCTANCE-
PowEeR BASED PrRIORITY DRIVEN DROOP CONTROLLER

As discussed in Section II, the proposed droop controller can
eliminate power sharing error among different DGs operating
at different nodes in the distribution system. The harmonic
compensation performance can still be further improved.
Harmonic compensation priorities at different nodes and at
different harmonic frequencies can be applied. This can control
the DGs at the critical nodes to contribute more on harmonic
compensation at specific harmonic order.

To apply priorities to the proposed droop, the priorities shall
be identified first. Then the proposed droop controller can
be realized using those identified priority values. However,
the droop equation shown in (1) has variables, which can be
modified to implement the priority. These variables are, droop
slope (b,), conductance offset (G,,), and DG rated capacity
(S,0)- It is necessary to find the best way to implement the
priority in the proposed G-S droop control. In this section, the
harmonic compensation priorities will be identified first and
then the droop variables will be analyzed to see which one
is most suitable. Then the proposed droop controller will be
implemented using the selected modified variable for better
compensation results.

A. Resonance Mode Analysis and Priority Calculation

To carry out frequency scan analysis, an electrical network
of n node is represented by an n x n admittance matrix [Y] at
first. Then the voltage vector of the system is calculated from

V1], = [Zy) 1], (16)

Here, [V], [Z,] and [I] are nodal voltage vector, nodal
impedance and nodal current vector respectively while
subscript /" denotes the frequency. The modal analysis will be
used here to identify the component and bus that excites the
resonance using (17)

m,1 Zr;II 1 0 . 0 im,l
Vaa| | 0 Z ,:22 : 0 o
. = . . : 0 (17)
m,.N f 0 O 0 Zr;%NN A im,N 7
—
Modal voltage Modal impedance Modal current
Here,
-1 -1
[Zy) = (L], [Z 1T, (18)

Wherein, [Z,,] is the diagonal eigenvalue matrix. [L] is the
left eigenvalue matrix and while [7] is the right eigenvalue
matrix. With the transformation defined in (18), the nodal
impedance [Z,] is transformed into modal impedance [Z,,] in
(17), which is a diagonal matrix.

In the modal impedance matrix [Z,,], the critical modal
impedance is much higher than other modal impedances. The
low impedance can be ignored and the diagonal matrix can be
simplified to be a sparse matrix, as shown in (19).

zZ L 0 10 z 0
0z i 0 0 0 i 0
O A R )
0 0 0Zz\| [0 000

Modal impedance Modal impedance

Combining (17)—(19), (20) can be obtained:

I/l LIITII LIZTIZ Il
I/Z _ 7-1 LZITII LZZYIZ : : IZ

: ml, f . : : : (20)
VN ¥a LNITIN f IN f

Particapation factor

The participation factor (PF) matrix of (20) denotes the
impact of each bus on the critical mode. Whereas Z ’,,i,” ,denotes
the impact level at different harmonic frequencies. Combining
the modal impedance and PF index, one can determine the
participation effort of each bus to output harmonic voltage
distortion. In this work, this approach will be used to quantify
the harmonic compensation priorities at different harmonic
frequencies and at different nodes of the distribution system.

B. Analysis of the Variables of the Droop Controller

As mentioned before, the droop equation has three variables
that can be modified to implement the compensation priority
and obtain improved harmonic compensation performance. In
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conductance offset (G,, = 0), and same DG rating (S, = const.).
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Fig. 7. DG output power variation with varying droop slope offset (G,,) and
the same DG rating (S,, = const.).

this section, these variables are analyzed to identify the most
suitable one for implementing the proposed priority-driven
droop controller.

1) Modification of Droop Slope (b,)

Fig. 6 shows the variation of DG output harmonic power
with different droop slope (b,) under the same DG rating (S,,,)
and zero conductance offset (G,, = 0). To apply the priority by
changing the droop slope, it is necessary to change the droop
slope in a linear range (0 to 0.03 in this case) according to the
expected priorities from the modal analysis. However, as can
be seen from Fig. 6, when the droop slope is low (e.g., lower
than 0.005), the ratio of DG output harmonic power is very low
and most of the DG rating will remain unused. On the other
hand, when the droop slope value is high (e.g., larger than
0.015), the output DG power remains almost constant even if
the droop slope is changed. This significant nonlinearity makes
it difficult to tune the priority. So, modifying the droop slope
according to the compensation priority value is not ideal.

2) Modification of Conductance Offset (G,,)
Fig. 7 shows the relationship between DG output harmonic
power and droop slope under different conductance offset (5,)

1000+ R PR RRRREE: B T RRRREITRTS EEETRET :
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- . ” : :
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Droop slope (b, )
Fig. 8. DG output power variation with varying DG rating (S,).

while setting the same DG rating (S,,) It can be seen from
this figure that changing the conductance offset (G,,) can
change the priority. DGs will generate different harmonic
power under the different conductance offset. However, when
the conductance offset is used, the harmonic power is not
zero even when the droop slope is zero. So, using nonzero
values for conductance offset can cause DG overloading—
the harmonic power can add up to the fundamental power and
exceeds the designed total power rating. Hence, modifying
conductance offset (G,,) according to identified compensation
priority values is not ideal either.

Fig. 8 shows the variation of DG harmonic power with
zero conductance offset (G,, = 0), same droop slope (b,), and
different DG ratings (S,). As can be seen, DG output can be
effectively controlled using different DG rating values in the
droop equation. For example, when S, is reduced by 50% of
S0, the DG output S, is also reduced by 50% of S,, when the
same droop slope is used. The power sharing is accurate in
this case and this holds valid for entire range of droop slope.
Hence, it is recommended to modify DG rating for harmonic
at different nodes and at different harmonic orders according
to the identified priority values. As DG is not dedicatedly for
harmonic compensation, the harmonic rating is changing under
different conditions. Changing the available rating to realize
priority will not impact the function of the DG.

C. Implementation and Verification

Finally, the modified droop controller is implemented
with droop parameters obtained using modal analysis. To
validate the method, the modal analysis is carried out on an
11-node system with a PFC capacitor at node 7. The obtained
compensation priority values (CPV) are listed in Table IIL.

According to the discussion in Section III B, the priority
shall be implemented by changing the available power rating
for harmonic compensation at each harmonic order and at each
node. If the available DG ratings of different DGs are S, then
the reference DG ratings (S,, ) can be identified. Here, the DG
with the highest priority will use most of its rating for harmonic
small portion of its rating for harmonic compensation. DGs
will effectively utilize their power ratings and will not be
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TasLe 11T
DG CompPENSATION PRIORITY VALUES (PV)

Priorities at Harmonic order
node 3rd 5111 7lh 9!11 1 llh 13lh 15111

1 0.08 0.17 037 038 0.19 0.11 0.07
2 0.10 021 046 047 024 0.14 0.09
3 0.12 025 055 057 030 018 0.12
4 0.14 029 064 067 035 022 0.15
5 0.15 032 072 078 042 026 0.19
6 0.17 036 081 089 049 032 023
7 0.18 039 089 1.00 0.57 038 029
8 0.19 040 090 098 054 035 025
9 0.19 041 091 097 051 032 022
10 020 041 091 09 050 030 020
11 020 042 091 095 049 029 0.19

Supervisory control S.* g P
P ) Ty » " Primary control of DG,
DG power rating Modified power -

(810> Sago -+ S,0) rating (S,,*)
------------------ + Eq.(19) }

Primary control of DG,
Inner

S,* G|
......... > ;
Eq.(ZO)‘ odified power J_Gi loops

rating at each L
order(S, ,*) G-S droop

Modal analusis and
priority determination

Fig. 9. Block diagram of the priority-driven droop controller.

overloaded. In practice, the priority will be determined in the
supervisory controller. Once the reference harmonic power
ratings (S,,) is identified, the modified power rating for
different harmonic orders will be distributed to the DGs at
different nodes. This is shown in Fig. 9 and (21)—(22).

: I

Sy = SnOxMWI— @n
2 X,
n=123.. h=35]...

Where, PV, is the priority for node & and harmonic order /.
For individual harmonic order, the available power rating
can be calculated by (22):

kb 22)

The priority value PV, can be calculated as:

PV - Pﬂ,h er,h Hk,h (23)

k. 1=1,2,.N; h=3.5... hax

max U (PF 7 H,Lh)

nh“nh

nh

The priority values at different nodes and different harmon-
ics PV,, are obtained from the priority from critical modal
impedance (Z, ), priority from load harmonic data (#,,), and
priority from participation factor (PF,,) in (20).

The compensation results with different methods are shown
in Fig. 10. For a fair comparison, harmonic compensation is

5
No compensétion :
...................................... a4 b RN RIS
g bt A e 4
F Proposed
: K4 compensation with
P U - Tradmonal priorities .
compensation :
without priority
1+ , .................................... 4
1 1 I 1 1
2 4 6 8 10

Fig. 10. Vi, values at different distribution system nodes using different
compensation schemes.

carried out using traditional and proposed droop controller
while keeping the total capacity the same. As shown in Fig. 10,
the voltage harmonic amplitude at each node is lower when the
proposed droop controller is used.

It is worth noting that modal analysis requires information
about impedances and structure of the distribution grid.
Considering the development of the smart grid and Internet-
of-things, this information is getting easier to obtain in the
modern distribution grid. Therefore, the proposed priority-based
compensation targeting on improving overall total harmonic
distortion (THD) shows great potential in the foreseeable future.

IV. IMPEDANCE MODEL AND STABILITY ANALYSIS

With the modified droop controller integrated priority,
the harmonic compensation in a residential system can be
improved. However, stability can still be a challenge. In this
section, the dynamic behavior of an N node distribution system
will be investigated to determine the stability range. The
analysis is based on the impedance model. To do so, a typical
distribution system with DG is modeled first, and then, stability
analysis was carried out using the developed model.

A. Impedance Model of DG

To facilitate the stability analysis, the DGs will be modeled
as impedance according to is conductance/impedance at each
harmonic order. This is based on the fact that the modified
G-S droop uses harmonic voltage to determine the current
references, i.c., , = VGJ,*Gh. This is equivalent to /', = Ve i/R,,.
Therefore, under the proposed G-S droop control, the reference
harmonic current for multiple harmonic orders can be obtained
by combining all the individual harmonic references as:

* * *

L=0 +1 +..+1 24)

15°

The block diagram of the DG unit is shown in Fig. 11.
In this work, every individual harmonic component of DG
output current will be controlled to get improved harmonic
compensation results. The equivalent virtual resistance at each
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Fig. 11. System model for the DG converter controlled by the priority-driven
G-S droop.
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Fig. 12. Equivalent block diagram of the inverter controller with virtual
harmonic resistance and conductance-power droop controller.

harmonic order can be obtained according to the conductance
used in the harmonic control system. For fundamental current
tracking and harmonic current control, P+ resonant controllers
are used [28]-[29]. To improve the dynamic response and
stability of the control loop, a proportional controller is usually
adopted for the inner filter inductor current feedback loop.

The average model is employed in this paper. The DG
output is assumed to be proportion to the modulation index.
The non-linearity is neglected while the accuracy is acceptable
as the frequency of low order harmonics is much lower than
the switching frequency of DGs [30]-[31].

Fig. 12 shows the equivalent block diagram of the inverter
controller. This inverter controller can be expressed as the
Norton equivalent circuit in (25).

#

[3 = VPCC qu.h + ]fGeq (25)
where,
2
y = (I+ SC/'R([ ) (Gzh GPWM GPRIz + GPWM -1)- L, Cf’s
eqh R 3
! (GPWMGPM +Ls—Lys)(1+ sC[Rd) -L,L,Cs
(26)
and,
G = GPWM GPR,ﬁ (1+s C/'Rd )
eq ) ) E
(GI’WW Gmu, + L]S - Lzs ) (1 + SC/’RJ ) - LILZCfS
(27)

The PWM delay [32] can be included without introducing
non-linearity by using 2™ order Padé approximation. In this
case, the Gpyy, shall be Vi /2 « Gy, And Gy, is defined as:

Node Node
Zya 5 Zvs N
P ; - ]
Zc2 Zen
7 Vs
House )g House )g House
load I load load
model & model e model

DG DG

Fig. 13. Simplified single distribution feeder.
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Fig. 14. Equivalent model of an N node distribution feeder with virtual

harmonic impedance.

A T
N 2 12
Gdeluy (5) = - 2 (28)
[T T
2 12

where ¢ is half of the switching period [13].

B. Distribution System Modeling

To model a distribution system, residential house
loads are modeled using the harmonic load data [33]-
[34]. The distribution system used in this work has a 34.4
kV transmission line which is connected to the 12.47 kV
distribution feeders through a transmission transformer (Xf;)
[35]. The 3 phase distribution feeder has 11 nodes. On each
node, a group of 12 houses is connected to the distribution
feeder through a distribution transformer (Xfj;) in a way that
the load current is balanced [36]-[37]. To investigate the
effectiveness of different harmonic compensation schemes, a
distribution bus with PFC capacitors is considered [38]-[39].

In Fig. 13, DGs are connected at the secondary side of
the distribution transformer. In this model, n =1, 2, 3...,
N represents the n" node. Z,, represents the distribution
line impedance, Z,, represents the distribution transformer
impedance.

The equivalent model of the system in Fig. 13 is shown in
Fig. 14. Here, V, is the voltage at the n" node. x,, x,, ...,
X3y, are the currents through Z,,, Z,,, ..., Z,,. X5, X5, ..., X3y
, are the currents through Z,,. x5, x;, ..., X3y are the currents
through Z,,. Here, x,, x,, ..., x5y are taken to be the state
variables, 7, is the input, and ¥, is the output of the state-space
model of the system. Then for an N-node system, there are
3N state equations. The 1 = N, N+ 1 to 2N, and 2N + 1 to 3N
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equations are shown in (29)—(31), respectively:

x3n—2RL-n + x}n—ZLLn

N
Ul’l >y, =X, X, +

29
i (29)
N N
U N+n— z (x3-nRX-n + ').C3-nLX-n )_ x3n—1RY-n - ).CSVI—ILY-V:
n=1 n=1
= x3n—2RL-n + x3n—2LL-n (30)
N
UaN+n—x,,, +x,,5 =x,, (31)

n=l1

Solving (29) to (31) yields the 4, and B, matrices of the state
space model while the equation of the system output yields the
Cy and D, matrices of the state-space model.

N
Uvn = vn—l + x3nRXn + xmeXn (32)

n=l1

Hence, the state-space model of the system can be obtained
as shown in (33).

i (S) =Cy¢B, +D, (33)

where, o = (s - 4,) ', n=1,2, ..., N, and I is a 3N x 3N
identity matrix. For a typical dynamic behavior analysis, a
2 node system is considered in this work. To simplify the
analysis, Z, =Z,=Z2,Z,=Zyp=2y,Z;,=Z,,=Z7Z,and I,, =
1, =1, is assumed. Then,

VW Z,2,2,+272, 77, +Z.72,+2,7,7,

I, [zﬁ +3Z,Z,+Zy +(2Z,+Z,)Z, } (34)
+Z,+2,)Z,+2,Z,
and,
v, Z:Z,Z, +(2} +22,2,)2,+32,2,Z, 55)
I, {Z; +3Z,Z,+Z3+(2Z,+Z,)Z, ]
+(Z,+2,)Z,+2Z,
where,
R, +SL,) Z 10 4(5)
( L L) q1(2),/ (36)

eql(2):
R, +sL, + Zcql(Z),h (s)

C. Stability Analysis

Using (34) and (35), stability analysis can be carried out.
Fig. 15 shows the root locus analysis for 3" harmonic with DG
at node 1. It can be seen from Fig. 15 that the system is stable
when R, ; > 0.0043 Q. Similarly, the minimum Ry, for each
dominant harmonic frequency and each compensation strategy
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Fig. 15. Root locus analysis for 3™ harmonic with DG at node 1.
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Fig. 16. Minimum R\, for each dominant harmonics when different compensa-
tion strategies are used.

can be obtained (DG at node 1, DG at node 2, and finally DG
at both node 1 and node 2) from stability analysis and are
shown in Fig. 16.

It can be seen from Fig. 16 that different positions of DG
in the distribution system can impact the stability of the
system. When the DG is installed at node 2, the minimum
virtual harmonic resistance is lower than the case when DG is
connected at node 1. And when DG is connected at both nodes
1 and 2, the required minimum virtual harmonic resistance is
the highest among all these compensation methods. So, it can
be concluded that the stability margin is the largest when the
end of line compensation is used and the smallest stable region
is obtained when distributed compensation is used. It can
be seen from Fig. 16 that the minimum R, changes between
0.0004 Q to 0.0016 Q for the different harmonic orders. This
corresponds to a max droop slope (b,) of 2.5V > t0 —0.625 V>
when the rating is 1000 VA. In the simulation, the base droop
slope is =5 x 107 V™ which is well within the maximum droop
slope range obtained from stability analysis to avoid instability
problem. Therefore, it is feasible to use the priority-driven G-S
droop to improve harmonic compensation performance as a
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rational stability range can be found for the proposed control
scheme.

V. CONCLUSION

In this paper, a conductance-power droop based selective
harmonic compensation scheme using DG-grid interfacing
inverters is developed that improves the harmonic compensa-
tion performance on a residential distribution system. The
conductance-power droop modifies the droop slope design
method and improves the harmonic sharing accuracy. Based
on the improved droop controller, harmonic compensation
priorities for different DG position and harmonic frequency
are identified for improved compensation performance. To
implement the compensation priorities, harmonic power
ratings of the DG-grid interfacing inverters are modified
according to the priority. As a result, selective harmonic
compensation can be properly shared according to the power
rating, locations, system structure. Also, the stability of the
system can be ensured if the control parameters are properly
designed. An in-depth analysis, comparison, and simulation
of the developed compensation scheme with different existing
harmonic compensation schemes were conducted to identify
the performance improvement.
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