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Control Strategies for Islanded Microgrid using
Enhanced Hierarchical Control Structure with
Multiple Current-Loop Damping Schemes

Yang Han, Member, IEEE, Pan Shen, Xin Zhao, and Josep M. Guerrero, Fellow, IEEE

Abstract—In this paper, the modeling, controller design, and
stability analysis of the islanded microgrid (MG) using enhanced
hierarchical control structure with multiple current loop damping
schemes is proposed. The islanded MG is consisted of the
parallel-connected voltage source inverters using LCL output
filters, and the proposed control structure includes: the primary
control with additional phase-shift loop, the secondary control for
voltage amplitude and frequency restoration, the virtual
impedance loops which contains virtual positive- and
negative-sequence impedance loops at fundamental frequency,
and virtual variable harmonic impedance loop at harmonic
frequencies, and the inner voltage and current loop controllers. A
small-signal model for the primary and secondary controls with
additional phase-shift loop is presented, which shows an
over-damped feature from eigenvalue analysis of the state matrix.
The moving average filter-based sequence decomposition method
is proposed to extract the fundamental positive and negative
sequences, and harmonic components. The multiple inner current
loop damping scheme is presented, including the virtual positive,
virtual negative and variable harmonic sequence impedance loops
for reactive and harmonic power sharing purposes and the
proposed active damping scheme using capacitor current
feedback loop of the LCL-filter, which shows enhanced damping
characteristics and improved inner-loop stability. Finally, the
experimental results are provided to validate the feasibility of the
proposed approach.
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NOMENCLATURE
DG Distributed generator.
MG Microgrid.
VSI Voltage source inverter.
AD Active damping.
THD Total harmonic distortion.
PV Photovoltaic cell.
ESS Energy storage system.
SoC State of charge.
APF Active power filter.
LPF Low-pass filter.
PLL Phase locked loop.
P,Q Active and reactive output powers.
w, E Angular frequency and amplitude of the output

voltage references.
P, g Instantaneous active and reactive powers.

Vea Vep of-axis output voltage.

loco log of-axis output current.

we Cut-off frequency of the LPF.

Kot Kit Parameters of the frequency restoration
control.

Kpes Kie Parameters of the voltage restoration control.

wme, Emc Angular frequency and voltage amplitude of
MG.

Wseey Esec Angular frequency and voltage amplitude of
the restoration controller.

T PLL time constant.

Ky Additional phase-shift coefficient.

0 The phase angle of the MG system.

4 The phase angle displacement of the additional
phase-shift loop.

Op The phase angle of the power-frequency droop
controller.

Kp, Kq Frequency and voltage droop coefficients.

A Small deviation of the variable.

T, Window length of the moving average filter.

Zyos Resistive-inductive virtual impedance of MG.

Zoop Output impedance of MG.

Ve DC voltage of MG.

o, Ts Fundamental and switching frequencies.

L, L, Filter and output inductances.
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C Filter capacitor.

R. Balanced resistive load.

Lne,RaLChe Nonlinear load parameters.

Kap Active damping coefficient.

Kov, Krs Kny  Parameters of the voltage controller.

Koi, Kriy Kni Parameters of the current controller.

. INTRODUCTION

ECENTLY, distributed generators (DGs) based on

renewable energy, such as solar power plants, and wind
turbines, etc., are attracting more and more attention for their
environmental friendly characteristics [1]. High penetration
levels of DGs may cause inverse power flow, voltage
fluctuation, and other problems in distribution systems.
Microgrids (MGs), which contain a number of systematically
organized DG units, have been emerging as a framework to
overcome the problems caused by the high levels of penetration
of DG and make large-scale application of DG possible [2]. As
an interface between the DG and the power grid or local loads,
a voltage source inverter (VSI) is the most common topology
which can operate either in grid-connected or islanded mode to
provide a controlled and high-quality power exchange with the
grid or local loads.

In islanded mode, the local loads should be supplied by the
DG units, which now act as controlled voltage sources (CVS)
[3]. And the MGs need some form of control in order to avoid
circulating currents between the DG units and ensure stable and
efficient operation. The important roles that can be achieved
using these control structures are active and reactive power
control capabilities among the DGs, energy management,
frequency and voltage regulation, and economic optimization
[4]. Many control strategies of parallel VSIs forming an MG
have been investigated [5-9], where the decentralized and
cooperative controllers such as the droop methods have been
proposed and are considered as preferred option due to several
attractive advantages such as flexibility, and no need of high
bandwidth communications [10]. The droop control is a kind of
cooperative control that allows parallel connection of VSIs
sharing active and reactive powers [11]. In order to analyze the
performance of these methods, recent literature addressing the
stability and dynamic performance of the droop-controlled
MGs by using state-space and small-signal models have been
presented [8], [12]. The virtual impedance can be added in the
control loop to enhance the reliability and performance of the
droop-controlled VSls, ensuring the inductive behavior of the
output impedance of the DGs. The transients during fast load
switching and voltage quality under nonlinear loads in MG may
also be influenced by virtual impedance effects [7], [9], [13].

It is reported in [14] that the droop control methods involve
an inherent trade-off between power sharing and voltage and
frequency regulation. The secondary controllers were proposed
to compensate the deviations of voltage and frequency in [4],
[5], [15]. The islanded MGs can restore the frequency and
voltage amplitude in spite of deviations created by the total
amount of active and reactive powers demanded by the loads
[15] while the influence of this secondary control on the
stability and dynamic performance of MG was not considered.

The increasing proliferation of nonlinear loads could result
in significant harmonic distortion in the distribution systems.
And a MG should be able to operate under nonlinear load
conditions without performance degradations. Based on the
IEEE standard 519-1992 [16], the voltage total harmonic
distortion (THD) for sensitive loads should be maintained
below 5%. In industrial applications, LC filters are usually used
as an interface between the inverter and the local loads to
effectively mitigate the harmonic contents of the inverter
output waveforms [17]. The pure LC or LCL circuits are highly
susceptible to resonances with harmonic components generated
by the inverter or the distorted nonlinear loads. In order to
mitigate system resonances, a damping resistor can be placed in
the LC or LCL circuit, but results in power loss [18]. To avoid
drawbacks of passive damping, various active damping (AD)
methods based on the inner loop feedback variables have been
developed [19], [20]. Among AD methods, the method
involving feedback of the capacitor current of the LCL filter
has attracted attention due to its effectiveness, simple
implementation, and wide application [20].

The various hierarchical control strategies for MGs have
been presented in our previous works [21-26], where the power
oscillations, accuracy of the droop control, and the power
sharing problems are seldom considered. In [21], the
parallel-connected bidirectional converters for AC and DC
hybrid MG application are analyzed in standalone operation
mode and the conventional hierarchical control in stationary
frame under resistive conditions is adopted. A general approach
of hierarchical control for MG is presented in [22], the tertiary
control could provide high-level inertias to interconnect more
MGs, acting as the primary control of the cluster and the
tertiary cluster control can fix the active and reactive powers to
be provided by this cluster or act like a primary control to
interconnect more MG clusters. In another hierarchical control
structure, an autonomous active power control strategy is
modeled for MGs with photovoltaic cell (PV) generation,
energy storage system (ESS) and loads to achieve power
management in a decentralized manner [23], and the state of
charge (SoC) of the ESS can be kept within the safe limits by
automatically adjusting the power generation from the PV
systems and load consumption. In [24], the coordinated control
of DG inverter and active power filter (APF) to compensate
voltage harmonics in MG is addressed, the APF participates in
harmonic compensation and consequently the compensation
efforts of DG decrease to avoid excessive harmonics or loading
of the DG inverter. In [25], the advanced decentralized and
hierarchical control methods are reviewed, and future trends in
hierarchical control for MGs and the clusters of MGs are given.

In this paper, the enhanced hierarchical control for islanded
MG is presented, using multiple inner loop active damping
schemes, which shows improved characteristics in terms of
hierarchical control structure including the droop control with
additional phase-shift loop and the centralized secondary
control scheme for voltage amplitude and frequency restoration
purposes of MG. A small signal model is developed for the
power control loop, which takes the droop control with
additional phase-shift loop and secondary control into
consideration. The power control loop is designed to be
overdamped to suppress power oscillations. The proposed
multiple active damping and virtual impedance schemes are
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adopted for the inner loops, i.e., the capacitor current feedback
loop plus the output virtual impedance loops, which achieves
the purposes of inverter side LC resonance active damping,
reactive power and harmonic power sharing.

The proposed approach employs the moving average
filter-based sequence decomposition which is composed of the
virtual positive- and negative-sequence impedance loops at
fundamental frequency, and the virtual variable harmonic
impedance loop at harmonic frequencies [27], [28]. The virtual
positive- and negative-sequence impedance loops improve the
performance of the active power-frequency (P-w) and reactive
power-voltage magnitude (Q-E) droop controllers and reduce
the fundamental negative sequence circulating current. A
proper sharing of harmonic power among all the DG inverters
is achieved by using the virtual variable harmonic impedance
loop at characteristic harmonic frequencies. The feasibility of
the proposed approach is validated by the experimental results
obtained from two parallel-connected 2.2kW Danfoss inverters
under linear and nonlinear load conditions. The main novelties
in this paper are listed below.

1) Development of the accurate small-signal model of the

power controller and integration with the secondary
controller. A state equation model of the islanded MG is
presented, using the primary and secondary controls,
including an additional phase-shift loop for power
oscillation damping.
Implementation of the virtual positive-sequence and
negative-sequence impedance loops at fundamental
frequency, and the virtual variable harmonic impedance
loop at harmonic frequencies for reactive and harmonic
power sharing among the DG inverters. The moving
average filter-based sequence decomposition method is
proposed to extract the fundamental positive- and
negative-sequence, and harmonic components.

2)

Islanded Microgrid

DG 1 DG 2 DGn
Main Grid Energy %} Energy gag .. .[Eneray
=% Source Source Source
10 kvg 10 kV/380 V J l
Static AC Bus
Switch s

Fig. 1. Typical structure of MG with DGs and multiple loads.

3) Development of the AD strategy for resonance damping
of the islanded MG. The multiple inner loop with AD
strategy is proposed to avoid resonance and improve
stability of the inner loop controller of the enhanced
hierarchical structure of the islanded MG system.

The remainder of this paper is structured as follows. The
enhanced hierarchical control structure and strategy of the
islanded MG system are analyzed in detail in Section II,
including the droop control, secondary control, small-signal
analysis of the power controller, virtual impedance loop, inner
voltage and current control loops. Section Il provides
comprehensive experimental results. Finally, Section IV
concludes this paper.

Il. ENHANCED HIERARCHICAL CONTROL STRATEGY

A typical structure of MG with n DGs and loads is given in
Fig. 1. Although the proposed control strategies can operate in
either the grid-connected mode or islanded mode, only the
islanded operation mode will be considered in this paper. The
three-phase VSIs with LCL filters are usually used as the DG
interfaces to connect with the local AC bus, and the power stage
of two DGs and the proposed control strategy for their interface
inverters connected in an islanded mode are shown in Fig. 2.
Each DG unit with its LCL filter can be considered as a
subsystem of the MG.

DG1 VSI1
4 L1 1C .
1‘:& BERE iLa Lo Switch 1 AC Bus
LYY Y. LYY
v iLp Vca
b A - A
VC . e g g ILC VCb LYY Y. 1 —j
I Cc
Eajta P
, ) B | [ VW loap Switch 2 g,
I , ) —_—
§ i i |C a/i l loup The Moving Average 3
1 i Filter-Based Sequence !
! ! i v Detection !
! I . PR Current 0!,5 PR Voltage vaf Virtual | i
| i | Cuntroller < Controllerl Impedance Loops|“ = - ; | Resistive Load
i ous | i i o ; V oap,f loap,t ‘oaph ;
I * [ I
o ) k. o i 1 Yoaf —  Power Droop Control Voltage Reference . !
leG*@* K+t [ i 1 VC4p —+ Calculation |—=—with Phase Shift Generator VSI1Primary | .
! H T Eue Control Strategy | Switch 3 L
| Secondary Control " : i gy ; — NL
Cn = RNL
Low BW Communications j& NL D
DG 2 VSI 2 —
m .
Nonlinear Load
+ _
- E@@@ Ly i T TTC Loz i
it . L2,_a r—— 02,a
Vel 1+ v 20 Veza o020
" Vo IL2c Veap e N02¢
N i ! Veae I -
L il m bc aoc
PV array : @ @ d o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ’,i,'-?ﬁ’f{,,,,,,,,,, Ve Aoy
ﬁ VSI 2 Primary Control Strategy :

Fig. 2. MG power stage and control system.
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Flg 3. Block diagram of the proposed enhanced hierarchical control strategy with multiple inner-loop damping schemes.
As shown in Fig. 3, the control strategy of an individual DG p , , 3
unit is implemented in the stationary reference frame. The s+, P. Q= S+ q @
C Cc

dynamics of the DG units are influenced by the output LCL
filter, the droop controller, the secondary controller with
frequency and voltage amplitude restoration, the power
calculation, the virtual impedance loops which contain the
virtual positive- and negative-sequence impedance loops at
fundamental frequency, and the virtual variable harmonic
impedance loop at harmonic frequencies, and the PR-based
inner voltage and current loops. The proposed control strategies
are presented as follows.

A. Droop Control for MGs

The droop control is utilized to avoid communication wires
while obtaining good power sharing, which is responsible for
adjusting the frequency and amplitude of the voltage reference
according to the active and reactive powers (P and Q), ensuring
P and Q flow control [11], [13]. The active power frequency
(P-w) and reactive power voltage magnitude (Q-E) droop
control schemes are defined as

=0 -k,(P-P), E=E -k (Q-Q) (1)

where o and E represent the frequency and amplitude of the
output voltage references, »” and E~ are the nominal frequency
and amplitude, P* and Q* are the active and reactive power
references normally set to zero in islanded MG [26], [29], and
k, and k, are the droop coefficients.

Referring to [11], the instantaneous active power (p) and
reactive power (q) are calculated from the of-axis output
voltage (Vcqs) and current (io0p) 8S

p= /; oo _Vcaioﬁ (2)

The instantaneous powers are then passed through low-pass

filters with the cut-off frequency w, to obtain the filtered output
real and reactive powers (P and Q) as follows

Ca 0(1 +VCﬂ|0ﬂ ' q

The bandwidth of the low pass filter is much smaller than
that of the inner controllers of DG unit and the performance of
the system is strongly influenced by this fact [8].

B. The Secondary Control for MGs

The inherent trade-off between power sharing and voltage
and frequency regulation is one drawback of the droop method.
The conventional droop control is local and does not have
communications with other DG units. In order to mitigate these
disadvantages, a restoration control can be added to remove any
steady-state error introduced by the conventional droop and
achieve global controllability of the MG that ensures nominal
values of voltage and frequency in the MG [4], [5], [11]. As
shown in Fig. 2, the primary and secondary controls are
implemented in each DG unit. The secondary control is realized
by low bandwidth communication among the DG units. By
using this approach, the frequency and voltage amplitude
restoration compensators can be derived as [4]

ec = kpf (w:/IG — @) Ky _[(w;ne — wye)dt
e = kpe(E;AG —Eye) + kieI(EKAG —Eye)dt

where K, Kir, K, and ki, are the control parameters of the
proportional integral (PI) compensator of the frequency and
voltage restoration control, respectively. The angular frequency
level in the MG (wwg) are measured and compared to the
reference (wys) and the errors processed by the PI compensator
are sent to all the DGs in order to restore the frequency of MG.
The control signal (Eg) is sent to primary control level of each
DG in order to remove steady-state errors of the droop control.

1) Frequency control: Taking the idea from large electrical
power systems, in order to compensate the frequency deviation

)
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produced by the local P-w droop controllers, secondary
frequency controllers have been proposed in [11]. A model of
the frequency secondary control is shown in Fig. 4, which is
also depicted in Fig. 3 in detail.

[ PLLGALE) - H
e ror——
i S i Droop Control with |

i *additional phase-shift Loop |
||

OS5 }—lme,

* |
OMG | k;
S

| Secondary ||
- Gfsec(s) ControIJ

Fig. 4. Block diagram of frequency control for a DG unit.

Y YORR
m
ary/?epo
r]Se
S >0
@ < B C D’ § g
il A A 1 I 83
\ S
C D P
Pl I32 leax PZmaX
(a)
A E
T Secondary
\\ Response
Mol Pr imary ‘\I
€ponse - Q
’Qk, max Qk Qk,max
(b)

Fig. 5. Secondary control versus primary control response. (a) Frequency
restoration. (b) Voltage amplitude restoration.

The control block diagram in Fig. 4 includes the droop
control and secondary control. For droop control model, a
low-pass filter (G_pr (S)) with cutting frequency of 5 Hz has
been considered for power calculation. The secondary control
has been modeled by means of a simplified PLL first-order
transfer function (Gp. (s)) with the gain () used to extract the
frequency of the MG, the secondary PI controller (G (S)) is
used to restore the frequency deviations [11], and a
proportional gain (ky) of the additional phase-shift loop is
super-imposed to the active power control loop to suppress
power oscillation [8]. The additional phase-shift loop performs
a phase displacement d4 which is added to the phase determined
by the P- droop d,, resulting in the angle ¢ of the inverter
voltage Eyg. This strategy increases system damping, and the
phase of inverter 6 which is used by the reference generator
block, is calculated by

5=5,+6, (5)

From the block diagram of Fig. 4, wyg is derived as

Gfsec (S) * (kp + Skd )GLPF (S)

= - 6
a)MG 1+ Gf sec (S)GPLL (S) a)MG 1+ Gf sec (S)GPLL (S) ( )

5
where G_pr(S), Grsec(S) and Gpp(S) are expressed as
G (9= =2 Gy,e9) =y +-, G ()= (1)
LPF _5+ ! f sec pf s ! PLL _TS+1

(4
Fig. 5 shows the operation principle of secondary control,
which removes frequency and voltage amplitude deviations
caused by the primary control loop [5]. The characteristic of
secondary control for the frequency restoration is shown in Fig.
5(a). It can be seen that secondary control shifts up the primary
response so that frequency reaches to the nominal value. As
shown in Fig. 5(a), the points of A and B are the nominal
frequencies of the DG1 and DG2, respectively. The operation
points of DG1 and DG2 deviate from the nominal frequencies
and operate at the points of C and D when a transient increase
of load is applied in the system. The idling frequency changes
and the operation points of DG1 and DG2 shift to new
operating points of C” and D" after the secondary controller is
applied in the control system. Without this action, the
frequency of the MG is load dependent.

| "
| Ii E* Droop |
*| I Control |
EMG + ki Esec ‘ | EMG
I Kpe +f > Gq(s) } ::‘ i —
| Secondary | |
I__ _G_esEc(_s)_ _ _ Control_li GLPF(S)‘E:
l

Fig. 6. Block diagram of voltage amplitude control for a DG unit.

2) Voltage control: A similar approach can be used as in the
frequency secondary control, in which each DG unit measures
the voltage error, and tries to compensate the voltage deviation
caused by the Q-E droop [4], [11]. As shown in Fig. 5(b), the
secondary control is able to remove voltage deviations caused
by primary control in DG unit and the voltage amplitude
restoration can be achieved. Fig. 6 shows the simplified control
diagram in this case. The closed-loop voltage dynamic model
can be obtained as

Crsee(5)Gy (5) - KGier (5)

k.
= E y G s)=k +-& 3
Y TT14G,.(s) ™ 146G, (5) Q1 G (5) =K, . (8)

C. Small-Signal Analysis of the Power Controller

This section presents the small-signal model of the primary
and secondary controllers with additional phase-shift loop,
emphasizing stability of the MG power controller. The
small-signal dynamics of the restoration control can be
obtained by linearizing (4)

K, K
Aa)sec = _kpan)MG _?waMG ’ AEsec = _kpeAEMG _fAEMG (9)

Where the symbol A in (9) denotes the small deviation of the
variable from the equilibrium point [8].
Taking (1)-(5) into account, the droop control with
centralized secondary restoration control can be obtained as
0=0,+0 -k (P-P"), Eyc =E, +Eys —k (Q-Q") (10)
By linearizing (10), and substituting (9) for (10), the
small-signal model can be written as

k.
Aw =K Awyye ———Awys —K,AP
e (12)
AE,e =K, AE, —fAEMG ~k,AQ
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The linearized small-signal models of P and Q can be written
as

AP =-0 AP + @, (1, AV, +1,,AVc 5 +V¢, Ay, +V A

op

) (12)
- IoﬂAVCa +VCﬂAi0a _VCaAioﬂ)

40

AQ=-0,AQ+a,(l,,Av;,

AP _kp Aw I Aap ++

Ady

AwMG

Y

Fig. 7. Linearized model of the additional phase-shift loop for P-w droop
control.

Fig. 7 shows the linearized model for frequency and power
angle loop, and the linearized inverter phase angle is given by

AS =AS, +AS, = Lro- k,AP (13)
S
Substituting Aw of (11) for (13), we get
k
SAS =Ky Awyg —?Ian)MG —k,AP—sk, AP (14)

At this point, as shown in Fig. 7, note that the first derivative
of the inverter phase angle (dd/dt) is not the droop frequency (w)
but the MG frequency (wwg) and the first state variables for the
state equation model can be obtained as

AS(t)=Aw,s(t) or  SAS(S) = Awys(S) (15)
Considering that the frequency is the first-order derivative of
the phase angle, we get

SAS =SA0, +SAS; =Awys = Aw+Aw, (16)

Based on (11), (13), and (16), the equations that relates the

frequency shift and secondary control of the inverter can be

calculated due to the active power deviation from the
equilibrium point, thus we get

(LK, A owe =~k Ay — (K, +k;)AP (17)

Finally, according to AEyg of (11), the derivative of Eyg can
be obtained as

(1+Ky)AEve =k, AEyc —K,AQ (18)

By rearranging (9)-(18), the small-signal power controller
model can be written in a state-space form as in (19), which
describes the behavior of the states Ad, Awwg, AEuc and AP,
and AQ on the k-th (k=1, 2) inverter in function of the
deviations of the active power and reactive power from the
equilibrium point.

A.Ek AS,
Ay, Ay AV,
AByge |=Mic| ABuai [+N| (19)
oapk
AP, AR, ’
L AQ | L AQ
Or symbolically, represented as
[A x}}: M, [AX, ]+ N, [AS, ] (20)

where My and Ny are derived as

6
[0 1 0 0 0
—k.
if O 0
1+Ky
M, = —k -k @, |,
k 0 0 kle 0 q-"c
1+k, 1+Kp,
0 0 0 -, 0
_0 0 0 0 —o, |
[0 0 0 0
/11, nl o0k Ve Ve Sk
Ny = —71ou 7|oﬁk ALY 7V<:ﬁk (21)
a)c Ioak wc Ioﬁk chCak chCﬂk
L @, Ioak —a; Ioﬂk chCﬂk _chCak i
with
_T ke ke 22)
1+Kky 1+K,

Taking the Laplace transformation on both sides of (20),
using initial conditions of x;,;=0, we get

s[AX, (5)] =M, [AX, (8)]+ N, [AS, (5)] (23)
(sl5.5 = M) [AX, ()] = N, [AS, (5)] (24)

where ls.s is a fifth order identity matrix. Then, assuming
(Slsxs-My) is nonsingular, AX,(S) can be calculated as

[Axk (5)] = (SI5><5 - Mk)ilNk [Ask (S)] (25)
By using adjoint matrix adj(sls-s-My), AXk(S) can be
rewritten as
[AXk (S)] _ a'dJ (S|5><5 - I\/Ik)Nk [Ask (S)] (26)

(5|5x5 - Mk)|

To ensure system stable, the poles of the denominator of (26)

must lies in the left-hand side of the s-plane, thus we get
D(S) = |(SI5><5 - Mk)| =0

TABLE |
THE PARAMETERS OF THE PRIMARY AND SECONDARY CONTROLLERS

(27)

Symbol Parameter Value
[o8 Measuring filter cut-off frequency 10z rad/s
Ko, Kq Frequency and voltage droop coefficient Oboggélri?//\s//;/:”
o i Frequency proportional and integral term 08 10
of the secondary compensator
oo e Amplitude proportional and integral term 08 10
of the secondary compensator
Kq Additional phase-shift coefficient 0.000005 rad/W
T PLL time constant 50 ms
Ru Rus, Rz, Rusa, Virtual resistances 6,1,1,1,and 1 Q
and Ry 3
L Lus: Lz, Loy Virtual inductances 6,2,2,1.5and 1.5 mH
and L3

Substituting parameters of Table I to (27), the eigenvalues of
the matrix M, defined by (21) are calculated as

1= 0, Ay=A3=-5.5556, A,=1s=-31.4159. (28)

Note that all the non-zero poles of the matrix My are real and

the system is over-damped. According to [8], the calculation of

o derivative presents a high variation level due to the active

power ripple, especially under nonlinear load conditions.



IEEE TRANSACTIONS ON SMART GRID 2015

instead of wyg is used as the frequency feedback for the
secondary controller in the experiment.

D. Virtual Impedance Loop

Virtual resistance enhances system damping without
additional power loss, since it is provided by a control loop and
it is possible to implement it without decreasing system
efficiency [14]. When virtual inductance is utilized, the DG
output impedance becomes more inductive, decreasing P and Q
coupling, enhancing the system stability, and reducing power
oscillations and circulating currents [4]. As shown in Fig. 3, the
voltage drop across the virtual positive- and negative-sequence
impedance, and the virtual variable harmonic impedance loops
in o reference frame are derived as

{VJM (8) =Ry flo 1 —aL 1o ¢ 29)
Vop 1 (8) =R/ ios ¢ +ap L (15,
{vm,f (8) =Ry yia o + 0L 1oy )
Vg 1 (S) =R, st —0pLy (1o ¢
{Vva,h(s) =R, plown +ha L s, 1)
Vypn(8) =R hiopn —hay L, g

where R;; and L, are the virtual fundamental frequency positive
sequence resistance and inductance, R, and L;; represent the
virtual fundamental frequency negative sequence resistance
and inductance, and h denotes the dominant harmonic
components, which are -5, 7, -11, 13, etc., and w, represents the
system fundamental frequency.

At the fundamental frequency, the virtual positive sequence
impedance loop is designed to be mainly inductive to improve
the reactive power sharing based on the Q-E droop [30]. And
the problem of the presence of the high R/X ratio which causes
a coupling in the control of active and reactive power when
using the conventional droop controllers has been resolved. The
virtual negative sequence impedance is designed to be resistive
to minimize the negative sequence circulating current among
the DGs [27]. And the size of negative inductance needs to be
kept smaller than the effective inductance to guarantee the
stability of the virtual variable harmonic impedance loop at
harmonic frequencies, and the larger the positive resistance in
the virtual variable harmonic impedance loop, the better the
sharing of harmonic power can be achieved [31].

In order to extract the fundamental positive sequence and
negative sequence currents as well as the dominant harmonic
currents, a set of Park transformation and the moving average
filters are presented for realizing the load current
decomposition, which is shown in Fig. 8(a). The moving
average filters are linear-phase finite impulse response filters
that are easy to realize in practice, are cost effective in terms of
the computational burden, and can act as ideal low-pass filters
if certain conditions hold [28]. The transfer function of the
moving average filter can be simply presented as

32)
where T, is referred to as the window length. The moving
average filter passes the dc component, and completely blocks
the frequency components of integer multiples of 1/T,, in hertz.
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Fig. 8. The proposed moving average filter-based sequence decomposition of
fundamental positive- and negative-sequence, and harmonic components. (a)
Block diagram. (b) Bode plots for the moving average filter.

Prllase (deg)

To provide a means of comparison, the transfer function of
the first-order counterpart of the moving average filter is
obtained as (33) by approximating the delay term in (32) by the
first-order Padé&approximation.

Guar (S)|e T LT502 R 1 (33)

Tz 1,5/2+1

And the moving average filter with 0.01s window length (T,,)

is used in the sequence decomposition and the bode plots of the

moving average filter and the first-order LPF are shown in Fig.

8(b). It can be observed that, the moving average filter results in

notches at the concerned harmonic frequencies. Consequently,

the accuracy of the sequence decomposition is significantly
improved by using the moving average filter.

E. Inner Voltage and Current Control Loops

Virtual Impedance Loops at
Fundamental Frequency

'The Moving Average|
Filter-Based
Sequence Detection

(Fig. 8(a))

Virtual Variable Harmonic

Impedance Loop
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Zcop(S)=Zoup(S)+G(S)(Z vap.s (8)+ Zuapn (5))
G(S)Vuy” Veap
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Fig. 9. Voltage and current loops integrated with virtual impedance loop. (a)
Simplified model of the inner loops. (b) Equivalent impedance model of a VSI.

From system control diagram of Fig. 3, the simplified model
of the inner loops is derived, as shown in Fig. 9(a). In order to
overcome the drawbacks of the passive damping method, the
active damping of a virtual resistor in parallel with the capacitor
is used to avoid resonance and enhance stability of the inner
loop controller.

The voltage loop reference signals are modified by the
virtual impedance loop which contains the virtual positive- and
negative-sequence impedance, and the virtual variable
harmonic impedance loops are shown in Fig. 9(a). Then, the
output voltage of the a DG unit can be derived as

Vs (8) = G(S)Vyy = (G(S)Z,5 () + Zos ()i (34)
where G(s), Zy,s and Z,, are the closed-loop voltage transfer
function, resistive-inductive virtual impedance, and the output
impedance without virtual impedance loops, respectively [7],
[13]. The virtual positive sequence impedance loop at
fundamental frequency is only for attenuating circulating
current, which can be omitted [27]. The transfer functions in

(34) are derived as
G(S) — Gv (S)Gi (S)GPWM (S)
LCs? +(Cs+G, (5))G, (8)Gpyy () +K,nCs +1

Zva/f (S) = Z\;ra[i,f (S) + Zvrz/f,h (S)

_ Rii  —aoly; _{ Rin hwoLv,h:| (36)
ON R —ha, L, Ron

Ls+G,(s)

Zoaﬂ (S) = 2 (37)

LCs® +(Cs+G, (s) +k,pCS)G; (5)Gpy (5) +1

Under nonlinear load conditions, the dominant harmonic

components should be taken into consideration for the voltage

and current controllers in order to suppress output voltage

harmonics. The transfer function of the voltage and current
controllers are

(35)

k s k. s
G (s)=Kk_ + v + ___hv? 38
/(5) Mgy 6002 h=—5,7-11,13 s*+ (a’oh)2 %)
k. K
Gi (S) — kpi + . r|S + h.s (39)

2 2 2
S+ h-s7-1113S +(a,h)

where kp, and k; are the proportional coefficients, k., and k; are
the resonant coefficients at the fundamental frequency, k;, and
ko represent the voltage and current resonant controller
coefficients for the h™ order harmonic component.

The total output impedance with the virtual impedance loop
can be derived as

Ze,p(8)= G(S)(thzﬁ,f (S)+Zyup 1 (S)) + Zos () (40)

From (35)-(40), the equivalent impedance model of a DG unit
can be derived, as shown in Fig. 9(b).

Without
Damping

Magnitude (dB)

With Active

>
3 Damping
[6)
a3
=
o .
A80 b 0 [T
10 10 10° 10* 10°
Frequency (Hz)
(@
= A0r ithout 2, | "A T With z, ko and
) 20 and Kap l" \\ muti-resonant
% ! I e lcontroller
g o= H 1’: II .
c 0 W ;> 3 ‘
2 NELTIY :
2 -20+JL_W. ARl
) ith Z, and ]
180 without Kap
(o))
§ 90‘ ‘\__--_. 'n i A2
2 A |
s O
T RN
-90k Yo :
10 10° 10°
Frequency (Hz)
(b)

Fig. 10. Bode plots of the closed-loop voltage gain and the output impedance of
a DG unit. (a) Closed-loop voltage gain of G(s) with PR plus multi-resonant
controller. (b) The output impedance with PR and multi-resonant controllers.

By using the closed-loop model described by (35)-(40), the
bode plots of the closed-loop voltage gain and the output
impedance with and without AD method are illustrated in Fig.
10. From Fig. 10(a), it can be observed that the AD method
ensures effective damping at LCL resonance frequency and the
system shows sufficient stability margin. The gains of the
closed-loop voltage controller are unity at the fundamental and
5™ 7 11" and 13" harmonic frequencies, respectively, which
means the system obtains the zero-error tracking capability at
both the fundamental frequency and target characteristic
harmonic frequencies.

The total output impedance Zc,4(s) of a DG unit under PR
controller plus virtual impedance loops which contains the
virtual positive- and negative-sequence impedance, and the
virtual variable harmonic impedance loops without AD is given
in Fig. 10(b). It shows that, the total output impedance is about
40 dB without AD under resonance frequency of the LC filter
and about 20 dB under the considered frequencies such as -5fo,
7fq, -11fy, 13f,, etc. Large output impedance leads to a large
harmonic voltage drop under current harmonics, which distorts
the output voltage [7]. The total output impedance of the DG
under PR plus multi-resonant controller with virtual impedance
loops using AD method, Zc.4(s) is greatly reduced and lower
voltage distortion can be expected under nonlinear loads.
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I1l. EXPERIMENTAL RESULTS

In order to validate the feasibility of the proposed enhanced
hierarchical control strategy, the experimental results obtained
from two paralleled-connected DG units are presented and
compared. The experimental setup was built and tested in the
Microgrid Research Lab of Aalborg University [32], which
consists of two 2.2kW Danfoss inverters connected in parallel
with linear and nonlinear loads, and dSPACE1106 platform
was used to implement the control algorithms. The controller
parameters of the MG are shown in Table | and Il. The
schematic and photo of experimental setup are shown in Fig.11
and Fig.12, respectively.

TABLE Il
SYSTEM PARAMETERS OF EXPERIMENTAL SETUP
Symbol Parameter Value
Ve, Ve DC and MG voltages 650V, 311V
fo, fs MG and switching frequencies 50 Hz, 10 kHz
L, Ly Filter and output inductances 1.8 mH, 1.8 mH
C Filter capacitor 25 uF
R, Balanced resistive load 115/230 Q@
L, R, Cr Nonlinear load 84 uH, 460 Q, 235 uF
Kap Active damping coefficient 285
Kous Kevy Ks, 7,112,130 Voltage loop PR parameters 0.175, 200, 50, 40, 20, 20
Kpiv Kriy Ks, 7.11,13i Current loop PR parameters 3,50, 10, 10, 5,5
Inverter 1
DC |- ) R
power | Vdc] q ) 1,abc
supply| T LCL filter ﬁ }_
650 V C
3>%.;Swnch 10 N
Vci,abe]
PC-Simulink A P
RTW & dSPACE o
witch -
Control Desk Switch 3 Nonlinear
v Load
C2,abc R
be v, _><._ Resistive
power |Vde ] 1 - P
swpply| T LCL filter | - Switeh2 /g
650 V 102,abc

Inverter 2

Fig. 11. Schematic of the experimental setup using parallel DG units.

Fig. 12 Photo of the experimental setup.

The experimental results of the VSIs in the islanded MG
system with and without using the proposed virtual impedance
loops and AD method under resistive load conditions are
compared in Fig. 13 and Fig. 14. As shown in Fig. 13, small
output voltages of inverter 1 and inverter 2 would result in
severe output currents oscillations, and higher output voltages
reference would trip the converters due to the overcurrent
protection. Fig. 14 shows the experimental results of the MG
under resistive load conditions, when the inner loop AD
scheme with kyp=28.5 and the proposed virtual impedance
loops with the virtual positive- and negative-sequence
impedance, and the virtual variable harmonic impedance loops
are used. It is observed that the oscillations of the output
currents are alleviated with the proposed AD method and
virtual impedance loops, which confirms theoretical analysis.
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Fig. 13. Experimental results of the islanded MG system without using the
proposed control method under resistive load conditions. (a) The output
voltages of inverter 1. (b) The output currents of inverter 1. (c) The output

voltages of inverter 2. (d) The output currents of inverter 2.
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Fig. 14. Experimental results of the islanded MG system with using the
proposed control method under resistive load conditions. (a) The output
voltages of inverter 1. (b) The output currents of inverter 1. (c) The output
voltages of inverter 2. (d) The output currents of inverter 2.
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Fig. 15. Transient response of the output currents during resistive load step
changes (t=3.53s) and sudden disconnection of inverter 1 (t=7.35s). (a) The
output currents of inverter 1. (b) The output currents of inverter 2.

Fig. 15 shows the output currrent waveforms of the MG
sharing the resistive load by using the droop method with the
additional phase-shift loop (ky) and AD (kap) method. Both
inverters are sharing the resistive load in the normal operation
mode, and a load step increase of 230 Q is suddenly applied at
t=3.35 s and inverter 1 is disconnected at t=7.35 s, while only
inverter 2 is supplying the total load currents. As shown in Fig.
15, the inverter 2 can supply the load and the system remains
stable when inverter 1 trips.
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Fig. 16. Experimental results of the output voltages of a VSI. (a) The output
voltages of inverter 1 without using the proposed method. (b) The output
voltages of inverter 1 with using the proposed method.

Fig.16 shows a comparison of the experimental results of the
islanded MG system under nonlinear load conditions with and
without using the virtual impedance loops which contains the
virtual positive- and negative-sequence impedance, and the
virtual variable harmonic impedance loops and harmonic
compensation in the voltage and current loops. As shown in Fig.
16(a), when the harmonic compensation is not activated and
only the virtual positive- and negative-sequence impedance
loops are activated, the output voltages are severely distorted
by nonlinear loads and the total harmonic distortion (THD) of
output voltage is about 5.45%. Fig. 16(b) shows the
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experimental results when harmonic compensation is enabled
and the proposed control method is used, where the multiple PR
controllers are tuned at the 5™, 7" 11" and 13" harmonic
frequencies in the voltage and current loops. In this case, THD
of output voltage is reduced to 1.20%. It can be concluded that
the THDs of the output voltages are effectively reduced with
the proposed control strategies which contains AD method,

harmonic compensation and the virtual positive- and
negative-sequence impedance, and the virtual variable
harmonic impedance loops.
4. ........ . ......................................
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Fig. 17. Experimental results of the islanded MG system with the conventional
droop control. (a) The output currents of inverter 1. (b) The output currents of
inverter 2.

Fig. 17 shows the performance of the MG when the control
of the virtual positive- and negative-sequence impedance, and

the virtual variable harmonic impedance loops are not activated.

It is shown that the currents of inverter 1 and 2 are not identical,
due to the circulating currents between these DG units. When
the power sharing errors are compensated by using the
proposed method, the transient response of the currents under
nonlinear loads are given in Fig. 18. From Fig. 17 and Fig. 18, it
is shown that the current sharing errors are effectively reduced
and inverter 1 and 2 have similar output currents and the
reactive and harmonic power sharing performances are
improved. Note that the virtual harmonic impedance at the
dominant harmonic frequencies, i.e., 5", 7", 11", and 13" are
controlled. The higher harmonic frequencies can also be
controlled in the virtual variable harmonic impedance loop
when needed. The stability of the MG is also guaranteed under
nonlinear load conditions when the load step and sudden
disconnection of one DG unit are applied.

The experimental results of the islanded MG system with
and without using the secondary controller for the proposed

control scheme under resistive load conditions are shown in Fig.

19. Fig. 19(a)~(c) show the experimental results without using
the secondary controller and when a load change is suddenly
applied at t=3.35 s and the first inverter is disconnected at

11

t=7.35 s. As shown in Fig. 19(a), the active power (P4, P,) and
reactive power (Qi, Q,) sharings of the two DG units are
achieved. And small amount of reactive power can be observed
due to the effect of output inductance (L,).
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g >

—
<z
2
< 0
—
-
D EEIE . [ P I
|
-4
| 12 14 16 18 20
Time (s)
()
Normal
Operation Load Step  Inverter 1 Disconnection
<
80
R
[\
=2
u eaariisasrdie
5 .
[} 112 14 16 18 20

Time (s)

(b)
Fig. 18. Transient response of the output currents during load step changes
(t=3.53s) and sudden disconnection of inverter 1 (t=7.35s) under nonlinear
loads with the proposed virtual impedance loop and harmonic compensation
controls. (a) The output currents of inverter 1. (b) The output currents of
inverter 2.

As depicted in Fig. 19(b), the peak voltages of inverter 1 and
2 are not exactly the same under normal operation conditions,
and small deviation is observed. With an increase of the load is
applied at t=3.35 s, the peak voltage of inverter 2 drops and the
voltage of inverter 1 increases. When inverter 1 is swithed off at
t=7.35 s, the peak voltage of inverter 2 drops again due an
increase of load. As shown in Fig. 19(c), the frequency is
deviated from 50Hz, i.e., a steady-state error about 0.005Hz can
be observed under normal operation conditions. With an
increase of load, the frequencies of both inverter 1 and inverter
2 drop for about 0.006 Hz. After the tripping of inverter 1, the
frequency of the MG drops for 0.01Hz to reach a steady state of
49.976 Hz.

Fig. 19(d)~(f) show the performance of the islanded MG
with using the secondary controller. Fig. 19(d) shows the
dynamic response of the active power and reactive power in the
DGs for each scenario. Note that there is a small increase in
active power to restore the frequency deviation when the
secondary control is activated.

The effect of the secondary control strategy to restore
voltage and frequency deviations of the DGs are depicted in Fig.
19(e) and (f). Notice that the deviations in voltage amplitude
and frequency due to droop control and virtual impedance loops
are recovered to the nominal values. Fig. 19(e) shows the peak
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voltages of inverter 1 and 2 are identical under the normal
operation scenario. The voltage amplitude restoration can be
observed when a sudden increase of load is applied, and voltage
amplitude recovers to the nominal value successfully even after
disconnection of the inverter 1. Fig. 19(f) shows that the
frequencies of inverter 1 and 2 are controlled to 50 Hz
simultaneously under normal operation conditions. When the
loads are suddenly increased, both frequency curves drop and
gradually recover to 50 Hz. In the last scenario, the frequency
restoration of inverter 2 is also achieved when the inverter 1 is
switched off from the MG at t=6.8 s, which recovers to the
pre-defined frequency after a few seconds.

Fig. 20 shows the experimental results of the islanded MG
system for the proposed control scheme under nonlinear load
conditions. Fig. 20(a)~(c) show the performance of the MG
without using secondary controller and when a balanced
resistive load is suddenly applied at t=3.35 s and inverter 1 is
disconnected at t=7.35 s. And Fig. 20(d)~(f) show the
performance of the islanded MG with using the secondary
controller, respectively.

Fig. 20(a) and (d) show that the active powers and reactive
powers can be shared between DGs by means of droop control
and enhanced virtual impedance loop, no matter with or
without using the secondary control. These results illustrates
that the P-w droop control is sufficient to share the active power
once the virtual impedance loops and inner AD scheme are
adopted, since the frequency is a global variable in the MG
system [5]. The proposed secondary control is able to keep the
reactive power shared between DG units under load variations.
After disconnection of the inverter 1 from the MG system in the
last scenario, inverter 2 feeds the load currents by injecting the
doubled active power. By comparing Fig. 20(b), (c) and (e), (),
it can be observed that frequency and voltage amplitude
restoration of the DG units can be achieved by means of the
secondary control strategy.

IV. CONCLUSION

This paper presents an enhanced hierarchical control for
3-phase parallel-connected VSl-based islanded MGs. The
proposed method utilizes the primary control which is based on
the virtual impedance loops with the virtual positive- and
negative-sequence impedance loops at fundamental frequency,
and the virtual variable harmonic impedance loop at harmonic
frequencies, and droop control scheme with an additional
phase-shift loop to enhance the sharing of reactive power and
harmonic power between the DG units. The moving average
filter-based sequence decomposition has been proposed to
accurately extract the fundamental positive and negative
sequences, and harmonic components for the virtual impedance
loops. With the centralized controller of the secondary control,
the voltage amplitude and frequency restoration are achieved.
The developed small-signal model for the primary and
secondary controls shows that, an overdamped feature of the
power loop is achieved to improve the whole MG system
damping.

A multi-loop control strategy with the inner-loop AD method
for resistive and nonlinear load conditions is also presented.
The capacitor currents of the LCL filter are used as feedback

13

signals to actively damp the high frequency resonances while
an outer voltage loop with output virtual impedance regulates
the output voltage and ensure system stability over a wide range
of operating conditions. Experimental results from two
parallel-connected DG units verified the effectiveness of the
proposed control strategies.
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