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ABSTRACT To allow a more effective utilization of distributed energy resources (DERs) in microgrids
(MGs) and avoid violating operational limits of the asset, it is important that the stability and transient
behavior or response of quantities such as voltages and currents is improved and maintained at
appropriate levels. This paper uses small-signal analysis to investigate the behavior of blended integral-
proportional/proportional-integral (IPPI) voltage and current controllers by deriving state-space models
and performing eigenvalue analysis in a voltage source converter-based microgrid (VSC-MG). The results
are compared with conventional PI-based voltage and current controllers on the same VSC-MG, and
show that by adjusting the blending factor for each VSC’s IPPI-based voltage and current controllers,
an improvement in stability and transient behavior can be achieved. An optimization framework based
on particle swarm optimization is developed to aid in selecting blending factors for stable VSC-MG
operation. Simulations are performed with the aid of MATLAB/Simulink to validate the theoretical
analyses.

INDEX TERMS ACmicrogrid, boost converter, droop control, integral-proportional control, particle swarm
optimization, proportional-integral control, small-signal analysis, voltage source converter.

I. INTRODUCTION
The interconnection between locally operated loads and
one or more distributed energy resources (DERs), including
energy storage systems (ESSs) and distributed generation
(DGs), as an independent controllable entity is what con-
stitutes a microgrid (MG) [1]. Two-stage power conversion
structures consisting of DC-DC boost converter and DC-AC
voltage source converter (VSC) subsystems can facilitate
the integration of DERs such as ESSs or solar photovolatic
systems (PVs) in MG networks, in which the low fluctuating
output voltage of the resource is increased by the boost con-
verter to a high regulated DC-link voltage fed to the VSC [2].
A voltage source converter-based microgrid (VSC-MG)
operating in either islanded or grid-connected mode require
control methods to aid in maintaining the operational limits
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of bus voltages, network frequency, and injected currents,
while also improving their transient responses to system
disturbances and preserving stability [3].
Instability in VSC-MGs can be caused by poorly tuned

controllers, and until the controller is re-tuned, the system
cannot be stabilized. A challenging issue for VSCs in
relation to small-signal stability is the tuning of voltage
and current controllers [4]. This becomes more challeng-
ing under varying operating conditions. The conventional
proportional-integral (PI)-based control method is the most
used control method in VSCs, incorporating an outer voltage
controller and an inner current controller developed in a
synchronously rotating d-q reference frame [5], [6]. In MG
networks, stability assessment via small-signal analysis
(eigenvalue, sensitivity, and participation factor analyses)
requires appropriate state-space models of each component
in the network [7]. In addition, stability assessment requires
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inclusion of DC-side dynamics in the state-space modeling
thereby introducing dynamic coupling between both VSC
and boost converter subsystems [8].

In relation to preserving stability, an expansion of stability
margins could translate to a higher degree of utilization
and wider operating regions for the DER. Transients in
VSC-MGs drive the system close to its operational limits
which may cause these limits to be violated and potentially
lead to instability. In PI controllers, the proportional and
integral coefficients act on the error between the reference
input command and the controlled output. However, the
PI controller has a sluggish response, experiences a large
overshoot, and is sensitive to the proportional and integral
coefficients. Overshoots can lead to instability and stress
components within the VSC-MG. In integral-proportional
(IP) controllers, the integral coefficient acts on the error
between the reference input command and the controlled out-
put, while the proportional coefficient acts on the controlled
output. Hence the IP controller is a two degree-of-freedom
(2DOF) controller as the response to the input command
and the response to the disturbance can be optimized
independently. Initially introduced in [9], the IP controller has
been used in [10] as a position controller for a synchronous
motor and in [11] and [12] to improve the performance of DC
and AC motor drives. Its also been used in [13] for DC-link
voltage control in shunt active power filters and in [14] for
rotor current control in doubly-fed induction generators. The
IP controller overcame the drawbacks of the PI controller in
these applications, particularly reducing the large overshoot.
However, the IP controller experiences a large rise time,
indicative of a slower response.

A PI controller designed for one operating condition
may not perform well for another operating condition. For
operating conditions close to operational limits, the problem
of fast mitigation of transients becomes very important.
A trade-off can be established by blending an IP controller
with a PI controller to improve the performance of the distur-
bance rejection and input command tracking simultaneously,
where both controllers are incorporated through a blending
factor [15]. The blended integral-proportional/proportional-
integral (IPPI) controller combines the desirable attributes
from both controllers and is incorporated in this paper to
allow a more effective utilization of the VSC-interfaced DG
and avoid violating its operational limits. This paper develops
small-signal state-space models for blended IPPI voltage
and current controllers, and investigates their behavior
and small-signal stability in a VSC-MG. The results of
the model are compared with the conventional PI-based
voltage and current controllers on an islanded test VSC-MG
network with DGs integrated through VSC and boost
converter subsystems. The investigations within the paper
show:

1) The blended IPPI-based voltage and current controllers
provides an added flexibility compared to the conven-
tional PI-based voltage and current controllers in a
VSC, allowing a more effective utilization.

2) The proposed objective functionwithin an optimization
framework is effective in selecting appropriate blend-
ing factors to enhance the damping characteristics and
preserve stability for a desirable system performance.

The rest of the paper is organized as follows. Section II
derives the small-signal state-space models for the blended
IPPI voltage and current controllers. The VSC-MG model
comprised of VSC and boost converter subsystems are
presented in Section III. An optimization framework utilizing
particle swarm optimization (PSO) through an objective
function proposed to enhance damping characteristics is
developed in Section IV. Small-signal stability analysis
is performed on an islanded test VSC-MG network in
Section V, and includes simulation results demonstrating
the effectiveness of the optimization framework. Section VI
concludes the paper.

II. THE PROPOSED BLENDED IPPI CONTROLLERS
The VSC subsystem spanning from its input terminals to
the point of common coupling (PCC) is shown in the
Fig. 1. Components within this subsystem include the VSC,
the power controller, the virtual impedance model block,
the inductor-capacitor-inductor (LCL) filter and dead-time
model block, the digital control emulator (DCE)model block,
and the inner IPPI current controller and outer IPPI voltage
controller. The Figs. 2 and 3 representing the voltage and
current controllers respectively, illustrate the application of
the blending factor α ∈ [0, 1], where if α = 1 results in a PI
controller, whereas if α = 0 results in an IP controller.

A. IPPI-BASED VOLTAGE CONTROLLER
The IPPI-based outer voltage controller is shown in Fig. 2
where the state and algebraic equations are

φ̇d = v∗cd − vcd , φ̇q = v∗cq− vcq (1)

i∗id = Kivφd +αKpv(v∗cd − vcd )− (1−α)Kpvvcd
− ωnCf vcq+FC igd (2)

i∗iq = Kivφq+αKpv(v∗cq− vcq)− (1−α)Kpvvcq
+ ωnCf vcd +FC igq (3)

By linearizing and combining (1), (2), and (3), the
corresponding state-space model is as shown:[

1φ̇d
1φ̇q

]
=

[
0 0
0 0

]
︸ ︷︷ ︸
AVvsc

[
1φd
1φq

]
+

[
1 0
0 1

]
︸ ︷︷ ︸
B1Vvsc

[
1v∗cd
1v∗cq

]

+

[
−1 0
0 −1

]
︸ ︷︷ ︸

B2Vvsc

[
1vcd
1vcq

]
(4)

[
1i∗id
1i∗iq

]
=

[
Kiv 0
0 Kiv

]
︸ ︷︷ ︸

CVvsc

[
1φd
1φq

]
+

[
αKpv 0
0 αKpv

]
︸ ︷︷ ︸

D1Vvsc

[
1v∗cd
1v∗cq

]
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FIGURE 1. VSC Subsystem.

FIGURE 2. IPPI-Based Voltage Controller.

FIGURE 3. IPPI-Based Current Controller.

+

[
−Kpv −ωnCf
ωnCf −Kpv

]
︸ ︷︷ ︸

D2Vvsc

[
1vcd
1vcq

]
+

[
FC 0
0 FC

]
︸ ︷︷ ︸
D3Vvsc

[
1igd
1igq

]

(5)

where ˙φdq is the error between the measured output capacitor
voltage vcdq and the reference output capacitor voltage v∗cdq in
the d-q reference frame. The d-q components of the injected
grid current and VSC output current reference are igdq and i∗idq
respectively. This voltage controller compares v∗cdq with vcdq

to generate i∗idq. FC is the feed-forward control gain of the
injected grid current igdq. The nominal frequency operating
point is ωn. Cf models the filter capacitance of the LCL
filter. The proportional and integral coefficients of the voltage
controller are Kpv and Kiv respectively.

B. IPPI-BASED CURRENT CONTROLLER
The IPPI-based inner current controller is shown in Fig. 3
where the state and algebraic equations are

γ̇d = i∗id − iid , γ̇q = i∗iq− iiq (6)

vid = Kicγd +αKpc(i∗id − iid )− (1−α)Kpciid
− ωnLiiiq+FV vcd (7)

viq = Kicγq+αKpc(i∗iq− iiq)− (1−α)Kpciiq
+ ωnLiiid +FV vcq (8)

By linearizing and combining (6), (7), and (8), the
corresponding state-space model is as shown:[

1γ̇d
1γ̇q

]
=

[
0 0
0 0

]
︸ ︷︷ ︸
ACvsc

[
1γd
1γq

]
+

[
1 0
0 1

]
︸ ︷︷ ︸
B1Cvsc

[
1i∗id
1i∗iq

]

+

[
−1 0
0 −1

]
︸ ︷︷ ︸

B2Cvsc

[
1iid
1iiq

]
(9)

[
1vid
1viq

]
=

[
Kic 0
0 Kic

]
︸ ︷︷ ︸

CCvsc

[
1γd
1γq

]
+

[
αKpc 0
0 αKpc

]
︸ ︷︷ ︸

D1Cvsc

[
1i∗id
1i∗iq

]

+

[
−Kpc −ωnLi
ωnLi −Kpc

]
︸ ︷︷ ︸

D2Cvsc

[
1iid
1iiq

]
+

[
FV 0
0 FV

]
︸ ︷︷ ︸
D3Cvsc

[
1vcd
1vcq

]

(10)

where ˙γdq is the error between the measured VSC output
current iidq and the reference VSC output current i∗idq
in the d-q reference frame. The d-q components of the
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output capacitor voltage and VSC output voltage are vcdq
and vidq respectively. This current controller compares i∗idq
with iidq to generate vidq. FV is the feed-forward control
gain of the output capacitor voltage vcdq. Li models the
VSC-side inductance of the LCL filter. The proportional and
integral coefficients of the current controller are Kpc and Kic
respectively.

C. BENEFITS FROM BLENDING IP AND PI CONTROLLERS
Consider a plant G(s) = N (s)/D(s) in the block diagram
shown in Fig. 4 where both IP and PI controllers are
incorporated through a blending factor α ∈ [0, 1]. The
closed-loop transfer function between the output Y (s) and
reference input Yr (s) is

Y (s)
Yr (s)

=

(
αKps+Ki

)
N (s)

sD(s)+
(
Kps+Ki

)
N (s)

(11)

FIGURE 4. IPPI Control Loop.

FIGURE 5. Step Response Characteristics.

The step response of (11) shown in Fig. 5 for Kp =

30 and Ki = 80, illustrates a larger overshoot with PI (α =

1) control and a slower response with IP (α = 0) control
when working alone. The PI controller by introducing zeros
causes the overshoot. The overshoot can be eliminated by
the IP controller that does not introduce zeros. For fixed
pole locations, the closer the zeros are to the origin of the
complex plane, the larger the effect on dynamic performance
related to overshoot. The feedback of (1−α)Kp provides an
active damping like term that improves the stability of the
system. Combining both controllers through an appropriately
selected blending factor (e.g. α = 0.75) aids in moving the
controller zeros further to the left of the complex plane
therebyminimizing overshoot and also aids inmoving system
poles to more convenient locations for a desired system
response through matrices D1Vvsc and D1Cvsc. In a similar
manner to PI controllers with setpoint weighting, the blended
IPPI controllers offer a much better solution than traditional
ways of de-tuning the PI controller [16]. This paper illustrates
the blended IPPI controllers, albeit similar to PI controllers
with setpoint weighting, as newly applied to VSCs and

aided by a proposed optimization framework for a desirable
system performance.

III. STATE-SPACE MODEL OF A GENERIC VSC-MG
Small-signal state-space models are developed from the
linearizarion of mathematical equations describing system
dynamics, around stable operating points. In the investigated
VSC-MG, this is inclusive of state-space models for both
VSC and boost converter subsystems, and interconnected
lines and loads. Dead-time effect [17], and the effect of the
digital controller’s time delay [18], are also incorporated. The
graphical modeling approach in [19] is adopted in the small-
signal state-space modeling of the VSC-MG.

A. VSC SUBSYSTEM STATE-SPACE MODELING
The state-space models shown within this subsection for the
power controller, LCL filter with dead-time effect, virtual
impedance, VSC DCE, and reference frame transformation
are available in [5] and [19] with more detailed information.
The state-space model of the power controller is as shown
in (12)–(13), where p and q are instantaneous active and
reactive power outputs of the VSC with low-pass filtered
steady-state values P and Q respectively. This filter’s cutoff
frequency is ωcpc. Vndq is the nominal voltage operating point
in the d-q reference frame. The difference in phase angle
between a common reference frame rotating at ωgcom and an
individual VSC’s reference frame is δ. Droop gains are set
by mp (in rad/s/W) and nq (in V/Var) for active and reactive
power respectively. The d-q components of the injected grid
current and output capacitor voltage are igdq and vcdq, with
corresponding steady-state values Igdq and Vcdq respectively.
In the individual VSC, the droop-governed frequency is
ωg, whereas the droop-governed command output capacitor
voltage is vccdq.1δ̇

1Ṗ
1Q̇

 =

0 −mp 0
0 −ωcpc 0
0 0 −ωcpc


︸ ︷︷ ︸

APvsc

1δ

1P
1Q

+

−1
0
0


︸ ︷︷ ︸
B2Pvsc

[
1ωgcom

]

+
3
2
ωcpc

 0 0 0 0
Igd Igq Vcd Vcq

−Igq Igd Vcq −Vcd


︸ ︷︷ ︸

B1Pvsc


1vcd
1vcq
1igd
1igq

 (12)

1ωg
1vccd
1vccq

 =

0 −mp 0
0 0 −nq
0 0 0


︸ ︷︷ ︸

CPvsc

1δ

1P
1Q

 (13)

The state-space model of the LCL filter incorporating
dead-time effect with continuous space vector pulse width
modulation (SVPWM) [17] is as shown in (15)–(18), at the
bottom of the next page. where kd in (17) is

kd =
1
Li

Td
Tsw

2
√
6

π

1(
I 2id + I 2iq

)3/2 (14)
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where iidq, igdq, vidq, and vcdq remain as previously described.
Their corresponding steady-state values are Iidq, Igdq, Vidq,
and Vcdq respectively. The switching period and dead-time
are Tsw(= 1/fsw) and Td respectively. The d-q components of
the VSC’s grid-bus voltage at the PCC and its corresponding
steady-state value are vgdq and Vgdq respectively. The output
voltage of the associated boost converter and its correspond-
ing steady-state value are voutdc and V out

dc respectively. The
LCL filter parameters Rg and Lg, Cf and Rf , and Li and Ri
model the grid-bus-side inductance, filter capacitance, and
VSC-side inductance respectively.

The state-space model of the virtual impedance block [20]
is as shown in (19)–(20), where the virtual inductance and
resistance are Lv and Rv respectively. The d-q components of
the injected grid current and its low-pass filtered values are
igdq and igdqf respectively, with corresponding steady-state
value Igdqf = Igdq. This filter’s cut-off frequency is ωcvi.
The d-q components of the droop-governed command output
capacitor voltage and the reference output capacitor voltage
are vccdq and v

∗

cdq respectively.[
1 ˙igdf
1 ˙igqf

]
=

[
−ωcvi 0
0 −ωcvi

]
︸ ︷︷ ︸

Avirt

[
1igdf
1igqf

]

+

[
ωcvi 0
0 ωcvi

]
︸ ︷︷ ︸

Bvirt

[
1igd
1igq

]
(19)

[
1v∗cd
1v∗cq

]
=

[
−Rv Lvωn
Lvωn −Rv

]
︸ ︷︷ ︸

Cvirt

[
1igdf
1igqf

]

+

[
1 0
0 1

]
︸ ︷︷ ︸
D1virt

[
1vccd
1vccq

]
+

[
LvIgqf

−LvIgdf

]
︸ ︷︷ ︸

D2virt

[
1ωg

]
(20)

The state-space model of the VSC’s DCE, modeling its
digital implementation [21] as shown in (21), follows the
Padé approximation illustrated in [16]. This is applied to
all input signals (vcdq, iidq, and i∗idq) to the VSC’s current
controller. Ts is the sampling period delay.

GDCE (s) = e−sTs
1
Ts

1− e−sTs

s
(21)

The reference frame transformation using one of the VSC’s
synchronous reference frame as the common D-Q reference
frame with frequency ωg = ωgcom [5], in which all other
individual VSCs in the network are transformed to is as
shown in (22)–(23). In the common D-Q reference frame,
the steady-state values of the individual VSC’s injected
grid current and grid-bus voltage at the PCC are IgDQ and
VgDQ respectively. The phase angle difference between an
individual VSC’s d-q reference frame and the common D-Q
reference frame is δ and its corresponding steady-state value
is δ0.[

1igD
1igQ

]
=

[
cos(δ0) −sin(δ0)
sin(δ0) cos(δ0)

][
1igd
1igq

]
+

[
−Igd sin(δ0)− Igq cos(δ0)
Igd cos(δ0)− Igq sin(δ0)

][
1δ

]
(22)[

1vgd
1vgq

]
=

[
cos(δ0) sin(δ0)

−sin(δ0) cos(δ0)

][
1vgD
1vgQ

]
+

[
−VgD sin(δ0)+VgQ cos(δ0)
−VgD cos(δ0)−VgQ sin(δ0)

][
1δ

]
(23)

B. BOOST CONVERTER SUBSYSTEM STATE-SPACE
MODELING
The boost converter subsystem spanning from its input
terminals to the input terminals of the VSC subsystem is
shown in the Fig. 6. Components within this subsystem
include the boost converter power model, the digital control

[
˙xlcl

]
= Alcl

[
1xlcl

]
+B1lcl

[
1vid
1viq

]
+B2lcl

[
1vgd
1vgq

]
+B3lcl

[
1ωg

]
(15)[

˙xlcl
]
=

[
1 ˙iid 1 ˙iiq 1 ˙igd 1 ˙igq 1 ˙vcd 1 ˙vcq

]
,

[
xlcl

]
=

[
1iid 1iiq 1igd 1igq 1vcd 1vcq

]
(16)

−
Ri
Li

− kd I 2iqV
out
dc ωn+ kd Iid IiqV out

dc 0 0 −
1
Li

0
−ωn+ kd Iid IiqV out

dc −
Ri
Li

− kd I 2idV
out
dc 0 0 0 −

1
Li

0 0 −
Rg
Lg

ωn
1
Lg

0

0 0 −ωn −
Rg
Lg

0 1
Lg

1
Cf

−
Rf Ri
Li

−Rf kd I 2iqV
out
dc Rf kd Iid IiqV out

dc
Rf Rg
Lg

−
1
Cf

0 −
Rf
Li

−
Rf
Lg

ωn

Rf kd Iid IiqV out
dc

1
Cf

−
Rf Ri
Li

−Rf kd I 2idV
out
dc 0 Rf Rg

Lg
−

1
Cf

−ωn −
Rf
Li

−
Rf
Lg


︸ ︷︷ ︸

Alcl

(17)

[
1
Li

0 0 0 Rf
Li

0

0 1
Li

0 0 0 Rf
Li

]T
︸ ︷︷ ︸

B1lcl

,

[
0 0 −

1
Lg

0 Rf
Lg

0

0 0 0 −
1
Lg

0 Rf
Lg

]T
︸ ︷︷ ︸

B2lcl

,
[
Iiq − Iid Igq − Igd Vcq −Vcd

]T︸ ︷︷ ︸
B3lcl

(18)
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FIGURE 6. Boost converter subsystem.

emulator (DCE) model block, and the inner PI current
controller and outer PI voltage controller. The state-space
models shown within this subsection are available in [19]
and [22] with more detailed information.
The state-space model of the PI-based outer voltage

controller is as shown in (24)–(25), where φ̇b is the error
between the measured DC-link output voltage voutdc and the
reference DC-link output voltage vout∗dc . The boost converter’s
input current reference is iin∗b . This voltage controller
compares vout∗dc with voutdc to generate iin∗b . The proportional and
integral coefficients of the voltage controller areK ′

pvb andK
′

ivb
respectively.[

1φ̇b
]
=

[
0
]︸︷︷︸

AVb

[
1φb

]
+

[
1
]︸︷︷︸

B1Vb

[
1vout∗dc

]
+

[
−1

]︸ ︷︷ ︸
B2Vb

[
1voutdc

]
(24)

[
1iin∗b

]
=

[
K ′

ivb

]︸ ︷︷ ︸
CVb

[
1φb

]
+

[
K ′

pvb
]︸ ︷︷ ︸

D1Vb

[
1vout∗dc

]
+

[
−K ′

pvb
]︸ ︷︷ ︸

D2Vb

[
1voutdc

]
(25)

The state-space model of the PI-based inner current
controller is as shown in (26)–(27), where γ̇b is the error
between the measured input current iinb and the reference
input current iin∗b . The boost converter’s duty cycle is db. This
current controller compares iin∗b with iinb to generate db. The
proportional and integral coefficients of the current controller
are K ′

pcb and K
′

icb respectively.[
1γ̇b

]
=

[
0
]︸︷︷︸

ACb

[
1γb

]
+

[
1
]︸︷︷︸

B1Cb

[
1iin∗b

]
+

[
−1

]︸ ︷︷︸
B2Cb

[
1iinb

]
(26)

[
1db

]
=

[
K ′

icb

]︸ ︷︷ ︸
CCb

[
1γb

]
+

[
K ′

pcb
]︸ ︷︷ ︸

D1Cb

[
1iin∗b

]
+

[
−K ′

pcb
]︸ ︷︷ ︸

D2Cb

[
1iinb

]
(27)

The state-space model of the power model (Fig. 7)
is as shown in (28)–(29), where Rlb and Llb are the
internal resistance and inductance of the input filter inductor
respectively, Cdc is the capacitance of the output DC-link
capacitor, and Ronb is the resistance of the switching device
in its ‘‘on-state’’. PI-based voltage and current controllers
are often used in DC-DC boost converters in comparison
with advanced control methods [23], and not in the scope of
this paper. Moreover, some dominant modes in an islanded
VSC-MG network were shown in [24] to be more sensitive

FIGURE 7. Boost Converter Power Model.

to states belonging to the boost converter’s power model
and not sensitive to states belonging to its accompanying
PI-based voltage and current controllers. Hence requiring
the parameters Rlb, Llb, and Ronb be carefully selected.
Consequently, the blending of IP and PI controllers is not
considered for the boost converter. The boost converter’s duty
cycle and the diode’s forward voltage drop are db and VDb
respectively. The input and output currents are iinb and ioutdc ,
whereas the input and output voltages are vinb and voutdc . The
steady-state values of the input current, the output voltage,
and the duty cycle of the boost converter are I inb , V out

dc , andDb
respectively.[

1 ˙iinb
1 ˙voutdc

]
=

[
−Rlb−DbRonb

Llb
−1+Db
Llb

1−Db
Cdc

0

]
︸ ︷︷ ︸

APb

[
1iinb
1voutdc

]
+

[
1
Llb
0

]
︸ ︷︷ ︸
B1Pb

[
1vinb

]

+

V outdc +VDb−RonbI inb
Llb

−
I inb
Cdc


︸ ︷︷ ︸

B2Pb

[
1db

]
+

[
0

−
1
Cdc

]
︸ ︷︷ ︸

B3Pb

[
1ioutdc

]

(28)[
1iinb
1voutdc

]
=

[
1 0
0 1

]
︸ ︷︷ ︸
CPb

[
1iinb
1voutdc

]
+

[
0 0 0
0 0 0

]
︸ ︷︷ ︸

DPb

[
1vinb
1db

]
(29)

The DCE is applied and approximated in a similar way as
with the VSC subsystem to all input signals (iinb and iin∗b ) to
the boost converter’s current controller.

C. LINKING THE VSC AND BOOST CONVERTER
SUBSYSTEMS
The state-space model linking both VSC and boost converter
subsystems [19] is as shown in (30)–(31), where vidq and voutdc
are linked through the d-q components of the VSC’s duty
cycle ddq, with corresponding steady-state valueDdq, whereas
ioutdc and iidq are linked through the power balance principle
equating the VSC’s output active power to the active power
in the DC-link.[

1vid
1viq

]
=

[
Dd
Dq

]
︸ ︷︷ ︸
CVlink

[
1voutdc

]
+

[
V out
dc 0
0 V out

dc

]
︸ ︷︷ ︸

DVlink

[
1dd
1dq

]
(30)

[
1ioutdc

]
=

3
2

[
Dd Dq

]︸ ︷︷ ︸
CClink

[
1iid
1iiq

]
+

3
2

[
Iid Iiq

]︸ ︷︷ ︸
DClink

[
1dd
1dq

]
(31)
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D. LINE, LOAD, AND COMPLETE VSC-MG NETWORK
STATE-SPACE MODELING
The state-space models of a generic RL line and RL load
are available in [5] with more detailed information and not
repeated here. The complete VSG-MG network state-space
model is as shown in (33), and is as a result of introducing
a virtual resistor RN as shown in (32) through matrices
MVSC , MLN , and MLD, mapping the VSCs, lines, and loads
respectively to each bus in the network. The state-space
model of all interconnecting lines and loads in the VSC-MG
network are [iLNDQ] and [iLDDQ] respectively [5], [6].[

1vgDQ
]
= RN

(
MVSC

[
1igDQ

]
+MLN

[
1iLNDQ

]
+ MLD

[
1iLDDQ

])
(32)1 ˙xBCVSC

1 ˙iLNDQ
1 ˙iLDDQ

 = AMG

1xBCVSC
1iLNDQ
1iLDDQ

 (33)

The lines, loads, and VSC and boost converter subsystems
are combined using the graphical modeling approach in [19]
to construct the complete system state matrix AMG. For the ith
DG, the state vector xBCVSC containing all associated states in
the VSC and boost converter subsystems is as shown in (34).

1xBCVSCi = 1
[
φbi γbi iinbi v

out
dci

δi Pi Qi igdqfi φdqi γdqi iidqi igdqi vcdqi
]T

(34)

IV. OPTIMIZATION OF THE BLENDING FACTOR
Particle swarm optimization (PSO) forms the basis to which
an optimization framework is developed in this section
due to its convergence capability and simplicity of tuning
parameters [25]. Inspired by the swarm intelligence concept,
it has an easy implementation and an effective memory
capability. Particles in the swarm are subject to velocities
within the search space using the swarm’s best experience and
its own best knowledge as shown in (35)–(37), where k , i, and
N are the iteration index, the particle, and the total number of
iterations set to 50 respectively. The total number of particles
in the swarm ps is set to 5. At iteration k , the inertia weight
wk decreases linearly from wmax to wmin with settings 0.9 to
0.4 respectively, whereas the velocity and position vectors for
each particle i are V k

i and X ki respectively. The constants c1,
c2 are positive numbers set to 2, and r1, r2 are two uniformly
distributed random numbers in the range [0,1]. The second
and third components in (36) scaled by c1r1 and c2r2
represent the ‘‘self-knowledge’’ and ‘‘group-knowledge’’
components of each particle respectively. During the iterative
process, the best positions each particle i has attained based
on its own knowledge and the swarm’s best experience are
Xpbki and Xsb

k respectively.

wk = wmax −
(
wmax −wmin

)
·
(
(k−1)/N

)
(35)

V k+1
i = wkV k

i + c1r1
(
Xpbki −X ki

)
+ c2r2

(
Xsbk −X ki

)
(36)

X k+1
i = X ki +V k+1

i (37)

This tool is used to obtain an appropriate blending factor
in the scenario where PI controllers are unable to preserve
stability, by moving the dominant modes in the system to
their furthest possible locations from the right half of the
complex plane. A mode in the form my = σ or mx

y = σ ±

jω has a frequency of oscillation f = ω/2π , and damping
ratio ζ = −σ/

√
σ 2 +ω2. An improved stable overall system

performance is attainable when the dominant modes are
moved further to the left of the complex plane. The objective
function expressed in (38) at its minimumwould indicate that
all dominant modes in the system are at their furthest possible
locations from the right half of the complex plane.

min
α
J =

M∑
m=1

σm

s.t. 0 ≤ αn ≤ 1 (n= 1,2, . . . ,N )

σ0 ≤ σm ≤ 0 (m= 1,2, . . . ,M )

ζ0 ≤ ζm (38)

where αn represents the blending factors of the IPPI
controllers for the nth VSC. The conditions σ0 ≤ σm ≤

0 and ζ0 ≤ ζm are imposed simultaneously to have some
degree of relative stability and limit the maximum overshoot
respectively, whereM is the number of modes, σm and ζm are
the real part and damping ratios of themth mode respectively,
and σ0 and ζ0 are the corresponding desirable performance
metrics. To facilitate the convergence of the swarm, the
conditions in (39) and (40) are performed at every iteration
after each particle’s velocity and position are updated.

Xmaxi,j = max
[
Xi,j

]
, Xmini,j = min

[
Xi,j

]
if X ki,j > Xmaxi,j , then X ki,j = Xmaxi,j (39)

else if X ki,j < Xmini,j , then X ki,j = Xmini,j

Vmax
i,j = 0.2

(
Xmaxi,j −Xmini,j

)
, Vmin

i,j = −Vmax
i,j

if V k
i,j > Vmax

i,j , then V k
i,j = Vmax

i,j (40)

else if V k
i,j < Vmin

i,j , then V k
i,j = Vmin

i,j

where Xmaxi,j and Xmini,j are the upper and lower limits with
regards to the domain of stability for the jth element of the
ith particle’s position Xi,j, whereas Vmax

i,j and Vmin
i,j are the

upper and lower limits with regards to the jth element of
the ith particle’s velocity Vi,j. The following steps describe
the complete optimization framework using PSO.

1) Initialization:
1.1 In the swarm of size ps, randomly select each

particle’s position Xi,j within the domain of
stability.

1.2 Initialize each particle’s velocity Vi,j to 0.
1.3 Evaluate overall system modes for each particle.
1.4 Evaluate J using (38) for each particle. Xpbi is

initialized with a copy of Xi, whereas Xsb is
initialized with a copy of Xi having the best J .

2) Iteration & Weight Update: With k starting at 1,
update the iteration index. Update the inertia weight
using (35).
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FIGURE 8. Test VSC-MG Network.

3) Velocity Update: Update each particle’s velocity
using (36). Then apply (40) to ensure all velocities are
within predefined limits.

4) Position Update: With the updated velocities, each par-
ticle’s position is updated using (37). Then apply (39)
to ensure all positions are within predefined limits.

5) Objective Function Evaluation: For each particle, eval-
uate overall system modes. Then evaluate J using (38).

6) Particle Best Update: For each particle, if the evaluated
J in current iteration is better than the evaluated J ’s in
previous iterations, then update Xpbi with a copy of Xi.

7) Swarm Best Update: In current iteration, update Xsb
with a copy of Xpbi having the best J .

8) Stopping Criteria: Repeat steps 2 to 7 until one of the
following conditions is met:

8.1 The evaluated J has not improved for a predefined
number of iterations.

8.2 The maximum number of iterations N is reached.

V. SMALL-SIGNAL STABILITY ANALYSIS ON TEST
VSC-MG NETWORK
An islanded 50 Hz, 230 V VSC-MG network shown in
the Fig. 8 consists of DGs represented in a two-stage
power conversion structure comprised of VSC and boost
converter subsystems. Tables 1 and 2 show the parameters
and steady-state initial operating conditions respectively in
theMG network, similar to [19]. DGs in the network are rated
at 100 kVA. With the aid of MATLAB/Simulink R2018b,
stability is assessed using the small-signal state-space models
described in Sections II and III.

A. MODAL ANALYSIS
The complete state-space model of the VSC-MG network in
Fig. 8 has a total of 245 states, and the DG’s VSC at bus 1 is
selected as the common reference frame to which other VSCs
are transformed to. For the blended IPPI voltage and current
controllers described in Section II, if α = 1 the controllers
become PI controllers, whereas if α = 0 the controllers
become IP controllers. Table 3 shows certain eigenvalues
(modes) of interest due to the proximity of their trajectories
to the right half of the complex plane as α changes. This

TABLE 1. VSC, boost converter, and network model parameters.

TABLE 2. Steady-state initial operating conditions.

table compares the conventional PI-based controllers with
the blended IPPI controllers as α changes. The closer a
mode is to the right half of the complex plane, the larger its
contribution towards the overall system performance. These
modes are therefore considered the dominant modes in the
system. An unstable mode m13

14 exists for α = 1 and α = 0.6,
and would result in an unstable overall system performance.
Not shown in the table are for α < 0.6, where the system
remains unstable due to modes m13

14 and m15
16 as they move

further into the right half of the complex plane. The other
modes either remain fairly stationary or move further towards
the right of the complex plane as α decreases from 0.9.
An inference from Table 3 is that the modes are somewhat
the furthest away from the right half of the complex plane at
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α = 0.9. This inference therefore demonstrates the need to
select an appropriate blending factor α, that ensures modes
that can impact stability are at their furthest possible locations
from the right half of the complex plane. This provides an
added flexibility in the scenario where conventional PI-based
controllers (i.e. α = 1), are unable to ensure a stable overall
system performance.

TABLE 3. Mode analysis at different blending factors.

In this study, the desired performance metrics σ0 and ζ0
are chosen to be −1000 and 0.1 respectively. Each particle’s
position Xi = (α1, α2, α3) contain the parameters to be
optimized. Analysis from Table 3 revealed the system is
stable for α1,2,3 ∈ [0.68, 0.99]. Further analysis revealed the
domain of stability α1,2,3 ∈ [0.775, 0.962] satisfied ζm ≥ 0.05,
whereas α1,2,3 ∈ [0.88, 0.912] satisfied ζm ≥ 0.1. Therefore to
satisfy the condition limiting the maximum overshoot in (38)
and improve the computational efficiency of the optimization
framework, the domain of stability α1,2,3 ∈ [0.88, 0.912]
is the updated constraint of the optimization. Following the
steps describing the optimization framework using PSO in
Section IV, the convergence of the objective function is
shown in Fig. 9 and minimized at J = −13036 using (38).
The resulting optimized blending factors, α = opt are
(α1 = 0.90244, α2 = 0.89974, and α3 = 0.88405). The
corresponding locations and damping ratios for the modes of
interest are shown in Table 4. The next subsection compares
the dynamic performance of the optimized blending factors
with α = 0.7 that is on the margin of stability and the unstable
scenario with conventional PI-based controllers where α = 1.

FIGURE 9. Objective Function Convergence.

TABLE 4. Mode locations and damping ratios using optimized blending
factors.

B. SIMULATION RESULTS
Simulation results presented within include start-up transient
behavior and the (doubling) step change in the load at bus
6 at time = 0.2s. The response of the d-q components of the
output VSC currents iidq and the output VSC voltages vidq
from theDGs is shown in Fig. 10 for α = 0.7 and in Fig. 11 for
α = opt . The dominant oscillatory modem13

14 for α = 0.7 (see
Table 3) influences system performance due to its proximity
to the right half of the complex plane, resulting in a long
settling time. The desired dynamic performance is exhibited
for α = opt (see Table 4) as the optimized blending factors
move the dominant modes in the system to their furthest
possible locations from the right half of the complex plane.
In Fig. 11, forα = opt , the steady-state values after the change
in load are iid1,2,3 [220.7, 218.8, 232.0] A, iiq1,2,3 [−56.7,
−56.3,−68.1] A, vid1,2,3 [307.2, 311.5, 299.8] V, and viq1,2,3
[23.1, 22.1, 24.3] V.

The Figs. 12-15 and Figs. 16-19 illustrate the dynamic
responses at the AC terminal of the VSC subsystem for
conventional PI-based controllers (α = 1) and optimized
blended IPPI controllers (α = opt) respectively. Both
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FIGURE 10. Output VSC Currents and Voltages from DGs for α = 0.7.

FIGURE 11. Output VSC Currents and Voltages from DGs for α = opt .

FIGURE 12. Active and Reactive Power Outputs from DGs for α = 1.

FIGURE 13. Injected Grid Currents from DGs for α = 1.

scenarios illustrate the added flexibility and a more effective
utilization of the VSC-interfaced DGs that is allowed when
using blended IPPI voltage and current controllers. In the
scenario where α = 1 (i.e. conventional PI-based controllers)
the system is unstable due to the unstable mode m13

14 located
in the right half of the complex plane (see Table 3). The
Figs. 12, 13, 14, and 15 show responses of the active and
reactive power outputs, the d-q components of the injected
grid currents igdq, the d-q components of the output capacitor
voltages vcdq, and the droop-governed VSC frequency from
the DGs respectively, illustrating the influence of this mode
on overall system performance.

The desired dynamic performance is illustrated in the
scenario where α = opt (i.e. optimized blended IPPI
controllers) in which the dominant modes in the system are
moved to their furthest possible locations from the right

FIGURE 14. Output Capacitor Voltages from DGs for α = 1.

FIGURE 15. Droop-Governed VSC Frequency from DGs for α = 1.

half of the complex plane. The response of the active and
reactive power outputs from the DGs is shown in Fig. 16. The
active (P) and reactive (Q) power loads in the MG network
are shared between the DGs based on the droop control
characteristics of the VSC’s power controller together with its
adjacent virtual impedance loop. The response of the DGs to
the change in load is linked to its electrical distance from the
changed load. TheDG at bus 1 responds slower than theDG at
bus 3 due to its longer electrical distance from bus 6 where the
change in load occurred. The DG at bus 3 responds the fastest
and initially provides most of the additional power to meet
the change in load. The steady-state values after the change
in load are P1,2,3 [98.2, 98.6, 98.9] kW and Q1,2,3 [29.3,
29.4, 33.6] kVar. The response of the d-q components of the
injected grid currents igdq from the DGs is shown in Fig. 17.
The d- and q- components respond in a similar manner to
their corresponding active and reactive power outputs from
the DGs. The steady-state values after the change in load are
igd1,2,3 [220, 218, 232] A and igq1,2,3 [−66, −66, −78] A.
The response of the d-q components of the output capacitor
voltages vcdq from the DGs is shown in Fig. 18. An inverse
relationship exists between the d- component and the reactive
power sharing between the DGs. The steady-state values after
the change in load are vcd1,2,3 [294, 299, 285] V and vcq1,2,3
[0.4, 0, 1.2] V. The response of the droop-governed VSC
frequency from the DGs is shown in Fig. 19. The larger the
active power contribution from a DG during the change in
load, the larger the deviation of its droop-governed frequency.
The DG at bus 3 therefore has the largest swing compared to
the other DGs. The steady-state network frequency after the
change in load is 313.85 rad/s.

C. ANALYZING IMPACT ON DIFFERENT OPERATING
CONDITIONS
The blended IPPI-based controllers using the optimized
blending factors α = opt obtained, (α1 = 0.90244,
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FIGURE 16. Active and Reactive Power Outputs from DGs for α = opt .

FIGURE 17. Injected Grid Currents from DGs for α = opt .

FIGURE 18. Output Capacitor Voltages from DGs for α = opt .

FIGURE 19. Droop-Governed VSC Frequency from DGs for α = opt .

α2 = 0.89974, and α3 = 0.88405), are analyzed under three
different operating conditions (OCs), and the locations of the
dominant modesm1–m25

26 are compared with the conventional
PI-based controllers (i.e. α = 1) in Table 5. The parameters
changed are with respect to base parameters in Table 1. OC
1 is a 10% reduction in network load and hence a reduction
in DG power outputs (P1,2,3 [74.40, 74.49, 74.69] kW and
Q1,2,3 [23.01, 22.23, 24.81] kVar). OC 2 uses dissimilar
active power droop gains (mp1,2,3 [0.9, 1, 1.1] × π × 10−6)
resulting in different DG power outputs (P1,2,3 [88.69, 80.07,
73.00] kW and Q1,2,3 [22.28, 24.18, 29.33] kVar). In OC 2,
the droop control characteristics shows an increase in active
power output for the DG’s VSC with the smaller mp and a

TABLE 5. Mode analysis at different operating conditions.

decrease in the active power output for the DG’s VSC with
the larger mp. OC 3 uses higher reactive power gains (nq1,2,3
[2, 2, 2]× 9×10−4). In OC 3, a consequence of a higher nq is
a reduction in the output voltage of the VSCs and hence active
and reactive power outputs (P1,2,3 [71.41, 71.42, 71.44]
kW and Q1,2,3 [22.20, 21.81, 23.17] kVar). The takeaway
from Table 5 is that the modes m13

14 and m15
16 contributing to

instability in the three different operating conditions when
using PI-based control are at new stable locations when using
IPPI-based control having appropriately selected blending
factors. The optimized blending factors using one operating
condition is sufficient for other operating conditions.

VI. CONCLUSION
Small-signal state-space models are developed in this paper
for blended IPPI-based voltage and current controllers in a
VSC to provide an added flexibility in the scenario where
the conventional PI-based voltage and current controllers
are unable to ensure a stable overall system performance.
This translates to a more effective utilization of the
VSC-interfaced DGs. To achieve a desirable dynamic per-
formance, an optimization framework is developed utilizing
particle swarm optimization to select appropriate blending
factors. Within the optimization framework is an objective
function proposed to enhance the damping characteristics
and preserve stability through the resulting blending factors.
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Time domain simulations are carried out to illustrate the
responses of the DGs to a change in load. The analysis
and results confirm the effectiveness of the optimization
framework, the adequacy of the objective function, and the
desired performance of the optimized blending factors.
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