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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 Pl-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 AC microgrid, boost converter, droop control, integral-proportional control, particle swarm
optimization, proportional-integral control, small-signal analysis, voltage source converter.

I. INTRODUCTION of bus voltages, network frequency, and injected currents,
The interconnection between locally operated loads and while also improving their transient responses to system
one or more distributed energy resources (DERs), including disturbances and preserving stability [3].

energy storage systems (ESSs) and distributed generation Instability in VSC-MGs can be caused by poorly tuned
(DGs), as an independent controllable entity is what con-  ¢opgrollers, and until the controller is re-tuned, the system

stitutes a micr(?gr.id (MG) [1]. Two-stage power conversion cannot be stabilized. A challenging issue for VSCs in
structures consisting of DC-DC boost converter and DC-AC relation to small-signal stability is the tuning of voltage

voltage source converter (VSC) subsystems can facilitate and current controllers [4]. This becomes more challeng-

the integration of DERs such as ESSs or solar photovolatic ing under varying operating conditions. The conventional
systems (PVs) in MG networks, in which the low fluctuating proportional-integral (PI)-based control method is the most
output voltage of the resource is increased by the boost con- used control method in VSCs, incorporating an outer voltage
verter to a high regulated DC-link voltage fed to the VSC[2].  conroller and an inner current controller developed in a
A voltage source converter-based microgrid (VSC-MG) synchronously rotating d-q reference frame [5], [6]. In MG
operating in either islanded or grid-connected mode require networks, stability assessment via small-signal analysis
control methods to aid in maintaining the operational limits (eigenvalue, sensitivity, and participation factor analyses)

requires appropriate state-space models of each component

The associate editor coordinating the review of this manuscript and B O . .
approving it for publication was Yifan Zhou. 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 Pl-based voltage and current controllers in a
VSC, allowing a more effective utilization.
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2) The proposed objective function within 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.

Il. 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 o € [0, 1], where if « = 1 results in a PI
controller, whereas if @ = 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

Pd =Veq =Veds Pq=Veg—Veq M
i;'kd = Kiypa + Olev(V:d —Vea) — (I =a)Kpyveq

— wnCpveg +Fciga ()
iy = Kivdg + oKy (Ve — veg) — (1 = )Kpyveq

+ 0, Crveq + Figg ?3)

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

Ada| _[00][Ada 10][AvE,
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where ¢>'dq is the error between the measured output capacitor

voltage v.4, and the reference output capacitor voltage v

o
edg 10

the d-g reference frame. The d-g components of the injected

grid current and VSC output current reference are igq, and i}, g
respectively. This voltage controller compares v
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to generate i;‘dq. Fc is the feed-forward control gain of the
injected grid current iyq,. The nominal frequency operating
point is w,. Cy models the filter capacitance of the LCL
filter. The proportional and integral coefficients of the voltage
controller are K, and K;, respectively.

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

Ya =iy —lid, Vg =iy, —lig (6)
Vida = Kicva + aKpe(ify — iig) — (1 — o)Kpciia

— wpLiijg + Fyveq @)
Vig = KicVq + oKpe(iy, — lig) — (1 — @)Kjpciig

+ wpLilig + Fyvey (8)

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

Ava] _[0 0 [Ara]  [10][ A%
Ayy| T 100] [ Ay, | T |0 1] | A
(e — —_——
Acvse Blcyse
—1 0 []|Aiy
[ A <9>
—_—
B2¢yse
Avig _ Kic 0 ||Ayy n aK,. 0 AiY
Avig 0 Kic||Ayy 0 aKp Ai;"q
—_— —_—
Ceyse Dlcyse
4 —Kpe —wpL; || Aijg n Fy 0O AvVeq
a)nL,- _Kpc Aiiq 0 FV Ach
N — —_——
D2¢yse D3cyse
(10)

where yy, is the error between the measured VSC output
current ijg; and the reference VSC output current iy,
in the d-g reference frame. The d-g components of the
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output capacitor voltage and VSC output voltage are v.qq,
and vjq, respectively. This current controller compares il’.‘dq
with i, to generate vig. Fy is the feed-forward control
gain of the output capacitor voltage v.q,. L; models the
VSC-side inductance of the LCL filter. The proportional and
integral coefficients of the current controller are K. and K.
respectively.

C. BENEFITS FROM BLENDING IP AND Pl 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 « € [0, 1]. The
closed-loop transfer function between the output Y (s) and
reference input Y, (s) is

Y(s) (aKps+ Ki)N(s)

(11

Yo(s)  sD(s)+ (Kps+Ki)N(s)
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FIGURE 5. Step Response Characteristics.

The step response of (11) shown in Fig. 5 for K, =
30 and K; = 80, illustrates a larger overshoot with PI (« =
1) control and a slower response with IP (¢ = 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 — a)K), provides an
active damping like term that improves the stability of the
system. Combining both controllers through an appropriately
selected blending factor (e.g. « = 0.75) aids in moving the
controller zeros further to the left of the complex plane
thereby minimizing overshoot and also aids in moving system
poles to more convenient locations for a desired system
response through matrices D1yys and Dlcyg. 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
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aided by a proposed optimization framework for a desirable
system performance.

Ill. 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 ¢ 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 wepe. Viag 18 the nominal voltage operating point
in the d-g reference frame. The difference in phase angle
between a common reference frame rotating at wgcom and an
individual VSC’s reference frame is §. Droop gains are set
by m,, (in rad/s/W) and n, (in V/Var) for active and reactive
power respectively. The d-g components of the injected grid
current and output capacitor voltage are igq, and v.q,, with
corresponding steady-state values /44, and V.4, respectively.
In the individual VSC, the droop-governed frequency is
wg, wWhereas the droop-governed command output capacitor
voltage is ngq-

AS 0 -m, O AS -1
AP | =0 —wgp: O AP |+ | 0 |[Awgeom]
AQ 0 0 —wge||AO 0
——
Apyse B2pysc
0 00 O i;“’
+ Ea)cpc Igd ng Ved ch AiCZ (12)
—lgq Iga Veq —Vea Aig
849
Blpyse
Awg 0—m, O AS
A, =10 0 —ng|| AP (13)
Avg, 0 0 O AQ
—_ ——

Cpuse
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 k; in (17) is

1 T, 26 1
kd———di— (14)

_Li TSW v (112d+113])3/2

122831



IEEE Access

C. Eyisi, Q. Li: Blended IPPI Control for Voltage Source Converter-Based AC Microgrids

where iy, igdq, Vidg» and veqq remain as previously described.
Their corresponding steady-state values are liyg, Ieag, Vidg
and V.4, respectively. The switching period and dead-time
are Ty, (= 1/fs,) and T, respectively. The d-g components of
the VSC’s grid-bus voltage at the PCC and its corresponding
steady-state value are vgq, and Vg, respectively. The output
voltage of the associated boost converter and its correspond-
ing steady-state value are vy’ and V7 respectively. The
LCL filter parameters R, and L,, Cr and Ry, and L; and R;
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 L, and R, respectively. The d-g components of
the injected grid current and its low-pass filtered values are
igdq and igqyr Tespectively, with corresponding steady-state
value Iggyr = Iyqq. This filter’s cut-off frequency is wey;.
The d-g components of the droop-governed command output
capacitor voltage and the reference output capacitor voltage
are v, g @nd vjdq respectively.

Al'g;if _ —Weyi 0 Aigdf
Adggr 0 —wei|| Algyr
—_—

Avire

weyi 0 Aigd
+|: 0 “)CW:| [Aigq:|
[ ———;
Byirt
Avjd _ —R, Lywy || Algyr
Aqu Lywy, =Ry || Adgyr
Cyirt
10 Av?d Lylgyr
+[o 1} [Avgq | Loy [Awg]  0)
[—— —_—

D2,y

19)

Dlyir

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 (Veqq, Tigg, and ij.‘dq) to the VSC’s current
controller. T is the sampling period delay.

—sT.
sTSll_e '

T, 5 2n

Gpce(s) =e”
The reference frame transformation using one of the VSC’s
synchronous reference frame as the common D-Q reference
frame with frequency wg; = wgcom [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 I,pp and
Vepg tespectively. The phase angle difference between an
individual VSC’s d-q reference frame and the common D-Q
reference frame is § and its corresponding steady-state value
is 80.
g

[cos(80) —sin(8o) | [ Adga
[ Adgo |

| sin(d) cos(8o) || Adgg
|:—Igd sin(8o) — Igq COS((SO)} ™
Igq cos(8p) — Igy sin(&p)
-Avgd- _ I cos(8p) Sin(50)- -Ang
| Avgg | [ —sin(8o) cos(8o) | [ Aveo

—Vep sin(8p) 4 Vg cos(8o)
[—Vib c05(60) — Vs sin(Bo)i| [as]  (23)

(22)

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

. Av; Av
[xict] = Aver [ Axier |+ Blier [A lfi} + B2y [A gd} + B3t [ A (15)
Vig Veq
[xict] = [Aita Aiig Aiga Aigg Avia Aveg], [xia] = [Adia Aiig Aiga Aigg Avea Aveg] (16)
LR RVE etk 0 0 -z 0
—wn +kaligligV 3" _% —kal Vi 0 0 0 _Lii
0 0 —i_i wp i 0
0 0 T an
R/R; R/R R R
oo RV RekalaligVg'  TE—o 0 =L -7 o
R/R; R/R R R
Rfkdlidliqvgcm CLf - 2_, _Rfkdlzgi Vgcm 0 /L_gg - CLf —®n _L—C - L_gf'—
Alel
Loo00% 0] foo-L o Z o7
L L Le Lg Ly —Tig Ty —Ieqg Veg —Vea]”
. , d d d (18)
TR P R R
- i s B3l
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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 q5b is the error
between the measured DC-link output voltage v5% and the
reference DC-link output voltage V4" The boost converter’s
input current reference is z’b”*. This voltage controller
compares v+ with vi%' to generate t’”* The proportional and
integral coefficients of the voltage controller are K;;vb and K},

respectively.

[ads] = [0] [Agp]+ [1] [Avir]+[-1][Avg] @4
—_ — —_——
Avp Blyp B2y
[ m*] — [wa] [A¢b] +[ pvb] [Avaut*]
—— ———
Cv}, D]Vb
+ [-Ku] [Ava] (25)
——
D2y,

The state-space model of the PI-based inner current
controller is as shown in (26)—(27), where ¥} is the error
between the measured input current 1’" and the reference
input current l;]”* The boost converter’s duty cycle is dp. This
current controller compares 1’"* with i to generate dj,. The
proportional and integral coeff1c1ents of the current controller
are K, and K, respectively.

[an]= [o] [an]+ [1] [ag"]+ [1[A5T] - @6)
—_— —_——
Acp BlCh - B2cp .
[ady] = [Kip ] [Av] + [Kpeo] [Ady ]+ [ Kpen] [Ad5]
~—— ~—— ~—
Cep Dicp D2cp
(27)

The state-space model of the power model (Fig. 7)
is as shown in (28)—(29), where Rj; and Lj are the
internal resistance and inductance of the input filter inductor
respectively, Cy. is the capacitance of the output DC-link
capacitor, and R, 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
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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 Ry, Lp, and R,y 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 d;, and Vpy
respectively. The input and output currents are iy’ and 94,
whereas the input and output voltages are v}, and ve. The
steady-state values of the input current, the output voltage
and the duty cycle of the boost converter are I;", V5", and D),

respectively.

) —Rip—DpRonp —14Dp . 1
mn m
A | Ly Ly Al Ly in
out - 1—Dy Aypout + [Avb
A Vi Cu 0 Ve 0

——
App Blpp
VU +Vpb—Ronp 1"
+ [adp]+| 1 |[aige]
_ —Cu
Cdc ———
B2pp B3py
(28)
Al 107[ A 000 AV""
ot | = Ao | T g (29)
Avge ] T L0 1] [Aavge] 1000
—— ——
Cpp Dpy

The DCE is applied and approximated in a similar way as
with the VSC subsystem to all input signals (i and z’"*) 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 v;qy and v3¥
are linked through the d-g components of the VSC’s duty
cycle dgg, with corresponding steady-state value Dy, whereas
9" and ijq, are linked through the power balance principle
equating the VSC’s output active power to the active power

in the DC-link.

Avig | _ [Da out Vm” Ady
[Aviql_[oql [Avi ]+[ 0 V"”’ Ad, (30)
_—— _f_/

CVIink Dviink
ol Ali; 3 Ad,
[Aldct] [Dd ] |:Al:;:| + E [Iid qu] |:Adz:| (31)
Cclink Dciink
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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 Ry as shown in (32) through matrices
Mysc, My, and Myp, 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 [izypg] and [izppo] respectively [5], [6].

[Aveno]| =Ry (Mvsc [Aigpo] +Min [Ainpo]

+ Mup [Bizooo] ) (32)
Axpcvsc Axpcvsc
Airnpg | =Amc | Ainpo (33)
Ai LDDQ Al.LDDQ

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 Aysg. For the ith
DG, the state vector xpcysc containing all associated states in
the VSC and boost converter subsystems is as shown in (34).

sin _out

Axpcvsci = A [¢bi Vbi Ui Vdci

T
8i Pi Qi lgdgfi Bdqi Vdgi lidgi Lgdgi Vcdqi] 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 pj is set to 5. At iteration k, the inertia weight
wX decreases linearly from wy,q, to wy,;, with settings 0.9 to
0.4 respectively, whereas the velocity and position vectors for
each particle i are Vl.k and Xl.k respectively. The constants c1,
¢y are positive numbers set to 2, and ry, r, are two uniformly
distributed random numbers in the range [0, 1]. The second
and third components in (36) scaled by cjr; and crp
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
Xpbf.‘ and Xsb* respectively.

WE = Woar — (Wimax — Wain) - (k — 1)/N) (35)
VkJrl w Vk +cr (Xpb — ik) +car (Xsbk —Xlk) (36)
sz+1 =Xik + Vik+1 (37)
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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 = o or my = o £
Jjo has a frequency of oscillation f = w/2m, and damping
ratio ¢ = —o/+/02 + w?. 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 minimum would indicate that
all dominant modes in the system are at their furthest possible
locations from the right half of the complex plane.

mm] Z Om

s.t.Oganfl n=1,2,...,N)
00<0,<0 (m=12,....M)
50 < &m (33)

where «, represents the blending factors of the IPPI
controllers for the nth VSC. The conditions oy < o, <
0 and ¢y < ¢, are imposed simultaneously to have some
degree of relative stability and limit the maximum overshoot
respectively, where M is the number of modes, o, and ¢, are
the real part and damping ratios of the mth mode respectively,
and oy and ¢ 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.

Xi,”jl'ax = max [Xi,j]7 Xlr”;m = min [Xl,]]

if X, > X", then X}, = X\ (39)
else if Xik X,’T”, then Xk X,-”’}m

Vi = 0200 X, Vi = v

if Vi > vi® then V= v/ (40)
else if V-k V" then Vk V-’"-in

L]
where X} [ and X[ min are the upper and lower limits with
regards to the domam of stability for the jth element of the
ith particle’s position X;;, whereas Vl”;"x and V’;”” are the
upper and lower limits with regards to the jth element of
the ith particle’s velocity V; ;. The following steps describe
the complete optimization framework using PSO.
1) Initialization:

1.1 In the swarm of size p,, randomly select each
particle’s position X;; within the domain of
stability.

1.2 Initialize each particle’s velocity V; ; to 0.

1.3 Evaluate overall system modes for each particle.

1.4 Evaluate J using (38) for each particle. Xpb; is
initialized with a copy of X;, whereas Xsb is
initialized with a copy of X; 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 Xpb; with a copy of X;.

7) Swarm Best Update: In current iteration, update Xsb
with a copy of Xpb; 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
the MG 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 « = 1 the controllers
become PI controllers, whereas if « = 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 o changes. This
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TABLE 1. VSC, boost converter, and network model parameters.

Par. Value Par. Value Par. Value
Vv, 230 V Fow 10 kHz T, 2 s
W, ®; 1007 rad/s T 50 us Wcpes Oeyi - 207 Tad/s
Li 35045 uH | Cf 70 uF Ly 34 uH
R; 30 mQ Ry 210 Rq 1 mQ
m, T x107° ng 9x 1074 Ry 10kQ
Ky 0.2475 Ky 4375 Vi 540 V
Kpe 3.0583 Ki 2668.8 Vb 1.1V
Ry 1 mQ Ly 300 MH Ca’c 10 mF

Ronp 2 mQ Fy 1 Fc 1
Zuas j().?d;; ol Ko 00034 K., 8.8188
Zuas jo.(sldgz:; o K as26s K!,  606.0489
Zid1 , 7+ Ziaa . 14+ Zia3 . (4-85+
j2.198) Q@ j4.396) Q j1.4444) Q
.4+ 0.1162+ (0.1356+
Zida . Y/ VI Zinps )
j0.7536) Q j0.0233) Q j0.0271)
(0.0969+ (0.0193+ (0.0231+
Zmze Zinas . Zinse .
j0.0194) Q j0.0091) Q j0.011) Q
& sc j’; .199). 61:9 L scz jO()OrJr:Q Zvyscs /;388) Zn+9
TABLE 2. Steady-state initial operating conditions.
Par. Value Par. Value
5()1 0 rad Vcdl7 Vch» Vm'3 [299, 304,294] \'%
802 —3.6x107%rad |Veg1, Ve, Vegs [0.4,0,0.91V
So3 —2.99x 102 rad | Iy1, Lo, Iz [180,177,184] A
Vept, Ve, Veps [298,303,2931V | Lyt Lo, iy~ —[46,44,511 A
Veors Veor, Veos  —11.5, 1.8, 11V | Lgar, Iga, Lz [179,177,183] A
Vaer> Ve Vass [800] V Lgs g Iy —[55,53,60] A
I g in [152,152,153] A | Dp1, Dpa, Dy [0.326]
Dy1,Daz, Dy 10.39,0.39,0.38] | Dy1, Dy, Dgs [0.02]
P, 01 [80.37, 24.88] kVA Py, O» [80.47, 24.06] kVA
P3, 03 [80.69, 26.781 kVA|  Iiup1, liag: [38.7,—12.4] A
Inpias Imo1a— 1140.5,—42.81 A | iupa, Laga [19.7,—6.3]1 A
Inpas: Ingas  [157.1,—46.51A | Lups, Liuos [55.3,—16.9] A
Tinp3e: Iinp3s [128,—43.4]1 A Tiapa Tiaga [106.6,—33.4] A
Iinpas, Linoas [33.9,-9.5] A Liaps, liags [159.5,—50] A
Iipses linpse [31,—-6.6] A Tiaps Tiags [159,—-50] A

table compares the conventional PI-based controllers with
the blended IPPI controllers as « 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 m{i exists fora =1 and o = 0.6,
and would result in an unstable overall system performance.
Not shown in the table are for « < 0.6, where the system
remains unstable due to modes m{} and m{g 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 « 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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o = 0.9. This inference therefore demonstrates the need to
select an appropriate blending factor «, 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. « = 1), are unable to ensure a stable overall
system performance.

TABLE 3. Mode analysis at different blending factors.

my a=1 a=09 oa=0.8 a=0.7 a=0.6
m —4.29 —4.29 —4.29 —4.29 —4.29
my —5.38 —5.38 —5.38 —5.38 —5.38
m3 —55.61 —55.62 —55.64 —55.66 —55.68
my —60.89 —60.89 —60.90 —60.91 —60.91
ms —62.75 —62.75 —62.75 —62.75 —62.75
me —62.80 —62.80 —62.80 —62.80 —62.80
my —62.80 —62.80 —62.80 —62.80 —62.80
mg —64.00 —64.00 —64.01 —64.02 —64.02
my —68.65 —68.67 —68.69 —68.71 —68.73
myg | —73.65 —73.69 —73.72 —73.76 —73.79
myp | —138.49 | —133.36 | —129.61 | —126.68 | —124.29
mpy | —175.67 | —160.74 | —152.53 | —146.90 | —142.65
s 5.30 —52.26 —26.06 —3.56 11.47
"4 | 41170659 | +£j509.00 | +j400.81 | 4j343.13 | +j305.73
s —4.80 —67.43 —42.04 —17.95 —1.29
"6 | 172659 | 4j520.13 | +415.45 | +£354.42 | +315.07
o | —157.87 | —157.88 | —157.89 | —157.90 | —157.90
M1 4113055 | 413051 | £/130.47 | £j130.44 | £/130.40
o | —165.42 | —16541 | —164.82 | —164.11 | —163.44
M0 1 4713481 | 413279 | 413136 | £j130.43 | £j129.82
o | —167.48 | —166.41 | —165.19 | —164.18 | —163.37
"2 113360 | 4/131.25 | +j130.03 | +/129.37 | +/128.98
| —21272 | —324.68 | 21497 | —162.65 | —131.76
"% | 1i827.00 | 4/532.30 | +/405.41 | +359.89 | +330.70
s | —21694 | —31484 | —20532 | —155.41 | —125.79
"6 | 4i809.64 | +£j506.76 | +j392.13 | +j348.98 | +j320.80

In this study, the desired performance metrics oy and &
are chosen to be —1000 and 0.1 respectively. Each particle’s
position X; = (o, oy, @3) contain the parameters to be
optimized. Analysis from Table 3 revealed the system is
stable for or; 2 3 € [0.68, 0.99]. Further analysis revealed the
domain of stability a2 3 € [0.775, 0.962] satisfied ¢, > 0.05,
whereas o1 2 3 € [0.88, 0.912] satisfied &, > 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 «; 23 € [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, o = opt are
(a1 = 0.90244, ap = 0.89974, and w3z = 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 & = 0.7 that is on the margin of stability and the unstable
scenario with conventional PI-based controllers where o = 1.
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FIGURE 9. Objective Function Convergence.

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

my o = opt Gn
my —4.29 1.00
my —5.38 1.00
m3 —55.63 1.00
my —60.90 1.00
ms —62.75 1.00
me —62.80 1.00
my —62.80 1.00
mg —64.01 1.00
) —68.67 1.00
mig —73.69 1.00
mii —133.36 1.00
mp —159.78 1.00
mi3 —50.27 £j493.43 0.1013
mi3 —67.74£j530.82 0.1266
mil —157.88 +,130.51 0.7708
mi —165.40+j132.80 0.7798
ms —166.29 +131.09 0.7853
m33 —327.30+535.17 0.5217
m3 —298.22 + j483.20 0.5252

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-g components of the
output VSC currents i;q; and the output VSC voltages viq,
from the DGs is shown in Fig. 10 for « = 0.7 and in Fig. 11 for
o = opt. The dominant oscillatory mode m{i fora = 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 @ = 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.
InFig. 11, for @ = opt, the steady-state values after the change
in load are i,'d],z,g. [220.7, 218.8, 232.0] A, iiq1,2,3 [—56.7,
—56.3, —68.1] A, vi41,2,3 [307.2,311.5,299.8] V, and vj41 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 (¢ = 1) and optimized
blended IPPI controllers (¢ = opt) respectively. Both
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FIGURE 12. Active and Reactive Power Outputs from DGs for « = 1.
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FIGURE 13. Injected Grid Currents from DGs for « = 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 o = 1 (i.e. conventional PI-based controllers)
the system is unstable due to the unstable mode m!; 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-g components of the injected
grid currents ig44,, the d-g components of the output capacitor
voltages V¢4, 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 o = 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
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FIGURE 15. Droop-Governed VSC Frequency from DGs for « = 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. The DG at bus 1 responds slower than the DG 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 Pj>3 [98.2, 98.6, 98.9] kW and Q; 23 [29.3,
29.4, 33.6] kVar. The response of the d-g components of the
injected grid currents izq, from the DGs is shown in Fig. 17.
The d- and g- 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
Igq1,2,3 [220, 218, 232] A and igg1,2,3 [—66, —66, —78] A.
The response of the d-g components of the output capacitor
voltages v¢qy 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 v¢41,2,3 [294, 299, 285] V and v¢41,2,3
[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 « = opt obtained, (a; = 0.90244,
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oy = 0.89974, and a3 = 0.88405), are analyzed under three
different operating conditions (OCs), and the locations of the
dominant modes ml—m%g are compared with the conventional
PI-based controllers (i.e. « = 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 (P 2,3 [74.40, 74.49, 74.69] kW and
0123 [23.01, 22.23, 24.81] kVar). OC 2 uses dissimilar
active power droop gains (m,1,2,3 [0.9, 1, 1.1] x 7 x 107%)
resulting in different DG power outputs (P 2.3 [88.69, 80.07,
73.00] kW and Q23 [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 m, and a
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TABLE 5. Mode analysis at different operating conditions.

OCs oC1 0oC2 0C3

my a=1 a = opt a=1 o = opt a=1 o = opt
m —4.39 —4.39 —4.27 —4.27 —4.96 —4.96
my —5.49 —5.49 —5.35 —5.35 —6.20 —6.21
m3 | —55.47 | —55.49 | —55.77 | —55.79 | —56.04 | —56.06
my | —60.92 | —60.93 | —60.91 | —60.92 | —60.89 | —60.89
ms | —62.76 | —62.76 | —62.75 | —62.75 | —62.76 | —62.76
me | —62.80 | —62.80 | —62.80 | —62.80 | —62.80 | —62.80
m; | —62.80 | —62.80 | —62.80 | —62.80 | —62.80 | —62.80
mg | —63.90 | —63.90 | —64.07 | —64.08 | —64.03 | —64.03
mg | —68.34 | —68.37 | —68.51 | —68.54 | —68.61 | —68.64
my | —72.76 | =72.79 | —73.60 | —73.64 | —82.97 | —83.04
myy | —137.69 | —132.72 | —138.35 | —133.24 | —222.72 | —187.63
myy | —174.03 | —158.85 | —176.39 | —160.22 | —345.59 | —221.65

1265 | —4272 | 321 —51.39 | 3590 | —15.36
+j699.96 | +j493.89 | +/707.62 | +j493.04 | £j693.36 | +j485.77
5| 258 | —59.11 | —520 | —68.69 | 23.00 | —36.57
+/719.23 | £/530.19 | £/727.20 | +/530.92 | +714.88 | £/520.85
—157.62 | —157.63 | —157.87 | —157.88 | —157.57 | —157.58
+j130.38 | £130.35 | £/130.54 | +/130.50 | 4130.30 | £/130.26
1o | —165.16 | —165.16 | —165.57 | —165.58 | —165.73 | —164.04
20 | 11134.70 | £/132.73 | £j134.91 | £132.87 | £7130.24 | £/129.26
—167.21 | —166.08 | —167.37 | —166.13 | —164.99 | —163.14
"2 | 1/133.56 | £j131.07 | £7133.50 | £/131.03 | £/127.62 | +/127.87
53 | —210.98 | —326.30 | —213.99 | —329.33 | —215.27 | —319.00
"4 | /827,31 | £/534.83 | £/831.07 | £536.63 | £/832.30 | £552.56
55 | —215.56 | —297.39 | —217.30 | —295.60 | —217.37 | —292.30
126 | 1808.85 | 4j482.61 | +j804.59 | +jd481.24 | +/815.83 | +j505.84

decrease in the active power output for the DG’s VSC with
the larger m,. OC 3 uses higher reactive power gains (n412,3
[2,2,2] x 9% 10_4). In OC 3, a consequence of a higher n, is
areduction in the output voltage of the VSCs and hence active
and reactive power outputs (P23 [71.41, 71.42, 71.44]
kW and Q; 23 [22.20, 21.81, 23.17] kVar). The takeaway
from Table 5 is that the modes m}f1 and m}g 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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