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Abstract: This paper presents the mathematical model and control of the voltage source inverter
(VSI) connected to an alternating current (AC) microgrid. The VSI used in this work was a six-switch
three-phase PWM inverter, whose output voltages were controlled in a synchronous (dq) reference
frame via a sliding mode control strategy. The control strategy required only output voltages; other
states of the system were estimated by using a high-gain observer. The power-sharing among
multiple inverters was achieved by solving power flow equations of the electrical network. The
stability analysis showed that the error was ultimately bound in the case of the real PWM inverter
and/or with a nonlinear load in the electrical network. The microgrid was simulated using the
SimPowerSystems Toolbox from MATLAB/Simulink. The simulation results show the effectiveness
of the proposed control scheme. The output voltage regulation of the inverter and power-sharing
was achieved with the ultimately bounded error for the linear load. Later, the nonlinear load was
also included in the electrical network and the error was shown to remain ultimately bounded. The
output voltage regulation and power-sharing were achieved with the nonlinear load in the system.

Keywords: microgrids; observers; output feedback; power system control; sliding mode control;
voltage control

1. Introduction

The conventional electrical grid is a vast network, composed of large electricity gen-
erating systems, multiple transformers, transmission lines, and distribution lines. The
distance between electricity generation and electricity consumption is large (100 s of Km).
Due to these distances, the line losses are huge and any failures in the transmission lines
can cause a disruption of electricity for a large population. The solution lies in the micro-
grid [1]. The microgrid is a low voltage electricity grid that works at the distribution level.
It is composed of small electricity generation systems (such as solar-based generation and
wind-based generation) distributed over the network and electrical loads at the distribution
level [2,3]. These generating systems are called distributed generating units (DG units).
The integration of DG units at the distribution level poses multiple challenges that need
to be solved [4]. The DG units are connected to the microgrid through voltage source
inverter (VSIs) [5]. For the operation of the microgrid, proper control system mechanisms
are required to stabilize the voltage and frequency of the inverters and to perform proper
power-sharing among multiple DG units [6]. VSIs can work in the voltage control mode
(VCM) or in power control mode (PCM) [7]. The microgrid operates in the grid-connected
mode or in the islanded mode [8,9]. Under the grid-connected mode, the voltage and
frequency of the microgrid are determined by the main grid. Microgrid control systems
work in the PCM, perform active and reactive power-sharing among the DG units, and
exchange power with the main grid [10]. In the islanded mode, at least one VSI must work
in the VCM [7]. In the VCM, the control system of the inverter must stabilize the output
voltage magnitude, frequency, and phase. It must also maintain the sinusoidal shape of
the inverter output [11]. The control system of the VSI must work with the presence of any
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unknown load. The unknown load means unknown disturbance, so the control system
must be able to reject any kind of disturbances. The DG units frequently join and leave
the microgrid, resulting in the change of grid topology, so the control system must be
able to work in a distributed way and only depend on the variables, which are locally
available [12]. The control system of the VSI can be designed in a natural (abc) reference
frame, a stationary («f) reference frame, or a synchronous (dq) reference frame [13]. The
AC voltage and current signals appear as sinusoidal in the abc and a3 reference frames but
as constants in the dq reference frame. These signals can be converted using Clarke and
Park transformations [14]. Control systems designed in the abc or a5 reference frames track
their sinusoidal reference signals, whereas control systems designed in the dq reference
frame track the constant reference signals.

This paper focuses on the control system design of the VSI in the voltage control
mode (VCM). Many control system designs have been proposed in the literature on this
problem. PI controllers [15] are employed in the cascaded configuration as current and
voltage controllers. The structure of the controller is simple; however, the parameters of
the controller are difficult to tune. The LC filter of the VSI introduces oscillatory behavior
in the output if the parameters of the controller are not perfectly tuned [16]. PI controllers
with automatic tuning of controller gains have also been introduced in the literature. A
self-adaptive Salp Swarm optimization-based tuning of the PI controller was applied for
microgrid control [17]. A hybrid Harris hawks and particle swarm optimization algorithm
(H-HHOPSO)-based tuning of the PI controller was given for the microgrid control [18].
The PI control was applied in the dg reference frame. PR controllers [19-21] have also
been applied to the microgrid control. PR controllers were applied in «f and abc reference
frames, tracking sinusoidal reference signals.

Optimal control techniques have been applied in the microgrid control. These tech-
niques work on optimizing some objective functions or minimizing some cost functions.
In reference [22], the authors applied optimal control to regulate the output voltage and
power-sharing by solving a constrained optimization problem. A convex optimization
problem with the involvement of linear matrix inequalities was solved to synthesize the
voltage controller of the inverter in the microgrid [23]. A model-based optimal linear
quadratic tracking control [24] was applied to regulate the voltage and current control of
the AC microgrid with optimally-minimizing system energy. Joint control of the linear
quadratic optimal control and disturbance residual generator [25] was applied for the
output voltage control of the inverter in the AC microgrid with disturbance observation
and cancellation. Model predictive control [26-28] was applied to the microgrid control;
however, it required the exact information of the model and parameters. MPC works by
predicting the plant output over a prediction horizon and finding the appropriate control
signal over a control horizon by solving a constrained optimization problem. It lacks
the robustness to disturbances and parametric uncertainty. In [29], the authors provide a
detailed review of the model predictive control applied on the microgrid.

H, control is another optimal control technique that finds the controller by minimizing
a cost function based on the Hy norm. It has been applied in the microgrids to improve the
transient performance in the output voltage of the inverter, but it lacks the robustness to dis-
turbance and parametric variations [30]. Due to disturbances and parametric uncertainties,
a robust control strategy is required that ensures stability in worst-case scenarios. Robust
He controllers [31-35] have been applied and ensure stability in the presence of parametric
uncertainties. In the He, control, the controller is also synthesized by solving an optimiza-
tion problem. A Ho norm-based cost function is minimized. He, control with an artificial
bee colony algorithm [36] has been applied for voltage and frequency control with power-
sharing among multiple inverters in the microgrid. Mixed Hj/ Heo controllers [37-39] have
been applied as well to provide robust stability in the presence of parametric uncertainties
and disturbances. A mixed Hy/He control with Markov chain [40] has been applied to
regulate frequency and energy sharing in the microgrid. A robust p-synthesis controller [41]
was designed to regulate the output voltage of the inverter and power-sharing among
multiple inverters in an AC microgrid. It is an output feedback controller (thus, removing
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the requirement for any other state of the system). It also provides the damping of resonant
oscillations and robustness to control loop delays and parametric uncertainties.

In addition to linear controls, nonlinear control strategies, such as sliding mode
controllers [38,42—46], have been applied, ensuring robust stability in worst-case scenarios
of disturbances and parametric variations. Intelligent control techniques have been applied
as well, but require training procedures (and the tuning of training parameters is difficult).
Adaptive fuzzy control [47] has been applied for microgrid voltage control. Neural network
and fuzzy logic-based control schemes [48] have been applied for microgrid voltage control
and energy management. In [49], the authors provide a detailed review of various neural
network algorithms applied to the AC microgrid. In [50], the authors provide the current
progress and future scopes for the implementation of artificial intelligence techniques in
the microgrid control. In a microgrid, all voltage controllers need a synchronization signal,
which is provided by a global positioning system (GPS) [51].

In this paper, a high-gain observer (HGO)-based sliding mode controller (SMC) is
presented for VSI control in the VCM. The power-sharing among multiple inverters was
achieved by solving power flow equations [52] for a microgrid. The main contribution of
the paper is the SMC design and its stability analysis for the problem of the VSI output
voltage control in the dq reference frame. SMC is a robust control scheme that provides the
stability for the worst-case scenario of perturbation in system variables, system parameters,
and disturbance signals. The use of this controller for VSI in the microgrid shows that if
the possible variations in electrical parameters are known, a controller with robust stability
can be designed. Furthermore, HGO and its stability analysis are presented for state
estimation. HGO saves the requirement of two three-phase current sensors and only a
three-phase voltage sensor is required for the control scheme. HGO also provides state
feedback performance with the output feedback control [53].

A mathematical model of the microgrid and control problem is presented in Section 2.
The control scheme is presented in Section 3. Section 4 presents the stability analysis.
Power-sharing is discussed in Section 5. The simulation results are presented in Section 6.
The paper is concluded in Section 7.

2. Problem Formulation

In a microgrid, DG units are connected through the VSI. The VSI used here is a PWM
inverter, which requires an RLC filter at the output to extract the fundamental frequency
from the generated PWM voltage signal. The VSI with its output filter is shown in Figure 1.
In this figure, Vi 4p is the VSI terminal voltage, I ,p is the filter current, V,p is the output
voltage, and Iy .1 is the load current or current injected into the microgrid by the VSI. Ry, L¢,
and C; are the resistance, inductance, and capacitance of the VSI output filter, respectively.
The inverter was connected to the microgrid at the point of common coupling (PCC).

PWM Veane AR Lt Vane 2 |
b AN ~ Y\ abe PCC

— VSI
Vac — a

Tt.abe Ci J‘
bab :|: Load

\Gating Signals

Comparison with
Triangular Wave

T

Vt,abc

Figure 1. Voltage source inverter (VSI) with the output filter.

The problem considered in this paper was voltage control at the PCC. For the control
design, a mathematical model of the system shown in Figure 1 was required. So, without
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considering the switching phenomenon of the PWM inverter, the system shown in Figure 1
can be represented by the following dynamical equations in the abc reference frame [31].

+ RtIt,abc + Vabc
dVabc

t

dl
Vt,abc = L; :;bc

' 1)

It,abc = IL,abc + Gt

Here, Vi abe, Itabe, Vabe and Iy ,pc are 3 X 1 vectors, representing the three-phase
signals. The system can also be represented in the dg reference frame by the following
dynamical equations.

vy 1 1

T woVy + altd - aILd

dly, 1 R, 1

T oy — Sty — — o

T Ltth L, LtVd"‘w tg "
T oM A

dltq 1 Rt 1

o vy, — M — =V — wol

dt LT T T Weld

Here, w, is the angular frequency of the system. The variables in Equation (2) are
linked with variables in Equation (1) by Park’s transformation, as follows:

Vabe — Vy, Vq
Vt,abc — Vi, th
It,abc > Ly, Itq
Iabe < Ialig
Vabc,ref — V;r V;

Here, V. ref is defined as:

Va,ref = \/EVrms Sin(wot =+ (P)
Vb,ref = \fZVrms sin(wot —271/3 + ¢) 3)
Vc,ref = \szrms Sin(a)ot —47/3 + 4))

Vims and ¢ in Equation (3) will be generated from the power-sharing mechanism.

The sinusoidal signals in the abc reference frame appear as step signals in the dg
reference frame. So, the problem considered in this paper was to design a control scheme in
the dq reference frame, capable of minimizing the following tracking errors to an ultimate
bound in finite time, by manipulating the variables V;; and Vi;. Moreover, V}; and V;; are
control signals to be generated by the control scheme; these signals will be converted into
the abc reference frame to generate the gating signals of the VSI.

ed:Vd—V;

(4)

3. Control Scheme

In this section, the sliding mode control is presented to regulate the output voltage of
the VSl in the dq reference frame. The control design is model-based and a mathematical
model of the VSI in the dq reference frame was used, which is given in Equation (2). The
system shown in Equation (2) is a multiple-input multiple-output system with two inputs
{Vi4, Vig} and two outputs {V,, V; }. This system can be converted into two single-input
single-output systems by considering the following change of variables so that two separate
controllers can be designed with a single input and a single output.
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X1 = Va, o4 = g, tg = Vig, ya = Va, ra = V3,
dig = —Ipg + woCiVy, dog = woly
and
X1g = Vg, Xog = lig g = Vig, yg = Vg, 19 = Vy,
dlq = _ILq — woCtVd, qu = —woltd
The two single-input single-output systems are as follows:
1
X1j = C Xoj + adl]
1 R 1 5)
Xoj T X1j — I X2j + ftu] + d2]
Yj=xy
here,j =d, gq.

Here, one system is with j = d and the other system is with j = 4. Both of these systems
are second-order linear time-invariant systems. Here, x1; and x;; are state variables, u; is
the input variable, y; is the output variable, di; and dy; are disturbance variables, and r; is
the reference signal.

Equation (5) clearly suggests that both systems contain the same dynamics and the
same controller can be designed for both systems. From this point, j will be dropped from
Equation (5) for the controller design.

The system shown in Equation (5) is in x coordinates. It can be converted into normal
form ({ coordinates) by considering the following change of variables. The normal form is
useful in the control design.

f1=x1
1 1
= — —d
02 Ctx2+ o

The system in the { coordinates is as follows:

G1=20
.1 R, R 1
{0 = Ltctgl L 0o+ Ltctdl + Ctdz
1 1 (6)
+ Ctdl + Ltctu
(o = h(g,dy,dy) + gu
y=0

In this paper, based on the system shown in Equation (6), the sliding mode con-
troller [54] is designed with the following sliding surface ‘s” shown in Equation (7),

s =alo +bl1+cl> ilo=y—r=0—71 )

Using the sliding surface ‘s’, the controller equation is given as follows in Equation (8).
In the controller equation, § is a constant that must satisfy the inequality given in Equation (8).

s
p

The B value depends on p(, dq,dy); this p({, d1, dp) value can be found as follows by
using inequality (9).

u=—ﬁsat< ) B> p(Z o) + o, o> 0 ®)

$ =alo+bly+cly
$=a(fy—r)+ bl +c[h(, dy,d2) + gu]
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a(81 — 1) +bla +ch(g,dy, d2)
g
The bounds on variables and constants involved in inequality (9) can be found by
the electrical characteristics of the VSI. These bounds on variables and constants represent
the worst-case scenarios of perturbation in the system parameters, system variables, and
disturbance signals. Thus, by following the inequality (9), a robust controller is designed
for this worst-case scenario.
The values of g, b, and c in the sliding surface Equation (7) can be found as follows.
As shown in Equation (8), when |s| < B, u = —s.

< p(C,dy, d2) ©)

u=Fo01 5" F=[-a —b—( (10)

Consider the following system:

{=Al+Bu
g:o 0 1 0 Co 0 11)
Zil=10 0 1 il +1] 0 |u
; -1 -R 1
&2 0 LiCy Ttt &2 LiCe

F can be found by any feedback design method that stabilizes the system shown in
Equation (11) with controller Equation (10) (i.e., the A + BF matrix has all eigenvalues with
a negative real part) and achieves the desired transient response.

The designed controller needs two variables {; and (>, which require a three-phase
voltage sensor and two three-phase current sensors. To save the sensors, {, is used instead
of { by using the high-gain observer (HGO) [54,55]. This saves the requirement of two
three-phase current sensors and only a three-phase voltage sensor is now required. The
HGO is given as follows:

L=6+1/e)y—0)
L=01/)y-4) (12)
y=0 ;e=10"°

The controller with HGO only requires output voltages {V;, V;} to generate control
signals {V}4, Vi, }. The complete control scheme is also shown in Figure 2.

Rt Lt IL,abc
PWM Viabe Vabe —> |
A1 | v —————W—"Y " I PCC
Vac ™= s J_ |
It,abe Ct Unknown
| | Load
TGating Signals = J?—
Comparison with
Triangular Wave & HGO GV 4 Vabe
. R dq
B b=Gra/au-a)|€ e g (1) P
Vt,abc 5 . dq ower

L=0/)y-4) .

Y=l se=10 Sharing

For inverter at Bus i
¢ ¢ Si = Vil = Pi+jQ;
) :i[i7 z Y, V]
SMC ) ' Yii [ v k:l:k%v o
Vt,abe dal, u/Viaq |to=v-r=0 -1l #/Vaq abe | , Vabe,rer Ve = il 9= 2Virad
abe € s = aZo + b7y + cfa [€—] 4q — V3
(s ~ Varer = V2Vrms sin(wot + ¢)
T - 7;5““(/7;) Virer = V2Vims sin(wot — 271/3 + ¢)
Vere = V2Vys sin(wot — 47/3 + ¢)

Figure 2. SMC with an HGO-based control scheme applied for the VSI voltage control.
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4. Stability Analysis

For the system in Equation (6) and the designed controller in Equation (8), the stability
analysis [54] is given as follows.

Considering the following positive definite Lyapunov function V and its derivative V,
the stability analysis is shown for the values of ‘s’ outside the boundary layer (|s| > B).

V =sla(g1 — 1) + blp + ch({,dv,d2)] + scgu
V < |s|cgo(g,dr,dn) + scgu

Fors > B,u = —p

V < |slegp(¢, d1,d2) — |s|cgp
V < |slego(Z, d1,d2) — |s|cglo(g, d1,d2) + Bo]
V < —cgBols| <0

Fors < —B,u=2p

V < |slegp(g, d1,d2) — |s|cgB
V < |slego(Z, d1,d2) — |s|cglo(g,d1, d2) + Bo]
V < —cgBols| <0

As shown above, the derivative of the Lyapunov function is negative definite (V < 0).
It clearly shows that ‘s” will reach the boundary layer (|s| = B) in finite time.

Inside the boundary layer (|s| < ), u = —s. Assume the error signal e = {7 —r, and
A 4 BF matrix has all Eigenvalues with negative real parts, then the following Equation (13)
shows the error dynamics of the closed loop system.

Rt Cc . 1+b . a Rt . 1 . 1 .
—+ — = di1+ —=—dy + =—d 1
e+<Lt+Ltct>e+(LtCt>e+LtCte LG 1+Ct 2+Ct 1 (13)

Equation (13) clearly shows that
ess = lime=20 (14)
t—o00

If the following condition in Equation (15) holds.

lim dy =0

t—o0 . (15)
lim dz =0

t—o0

The condition in Equation (15) does not hold in the presence of the PWM inverter
and/or the nonlinear load, so the steady state error is only ultimately bounded and is
inversely proportional to the constant ‘a’.

1
€ss X 7 (16)

The value of ‘a” cannot increase much because it will also increase the requirement
of the V. voltage at the VSI input. This stability analysis clearly shows that if the value
of p(g,dq,dy) is founded by inequality (9), the closed-loop system remains stable and the
error signal is ultimately bounded.

The stability analysis for HGO in Equation (12) is as follows:
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The system in the { coordinates shown in Equation (6) can be written as:

=0
{o = ¢(g,dy,do,u) (17)
y==0
The estimation errors are
O=0-0
L=0-0

From system Equation (17) and the high-gain observer Equation (12), the estimation
error dynamics are as follows:

G=—1/e) 1+

B 0 = (18)
Lo =—(1/€) La+ ¢(,dv, da,u)
The transfer function from ¢ to { is
— € €
Gols) = (es)?+es+1 LS + 1} (19)

The estimation error converges to zero, as € goes to zero. This property can also be
shown in the time domain by using scaled estimation errors:

m==a/e
772=§~2

The scaled estimation error dynamics are as follows:

€= —1m+1n

20
€tjp = —11 +€p(L, d1,do, u) .

Here, it is clearly shown in the time domain that the estimation error converges to zero
as € goes to zero. This clearly justifies the very small value of €, shown in Equation (12).

The transient response of the high-gain observer suffers from the peaking phenomenon [55].
The adverse effects of the peaking phenomenon on the system states can be avoided by
using the saturated control signal as shown in Equation (8).

According to the separation principle [53], the controller and observer can be designed
separately and the performance of the state feedback controller can be recovered by the
output feedback controller as € goes to zero. Moreover, if the system under the state
feedback is exponentially stable (as in this paper), then the system under the output
feedback is also exponentially stable for a properly chosen value of e.

5. Power-Sharing

A microgrid consists of multiple electrical buses, connected with electrical lines. All
electrical lines have their own line impedances. The VSI shown in Figure 1 is connected
to a microgrid’s electrical bus with its PCC. Loads are also connected to the buses. In a
microgrid, the buses can be connected in any arbitrary topology. In order to perform proper
power-sharing among multiple inverters (i.e., the total generated power is equal to the total
power consumption plus the total line losses), a microgrid model is required.

A microgrid is modeled by its bus admittance matrix Ygys [56]. Ypus is ann X n
matrix, where 7 is the total number of buses in the microgrid. All the voltages and currents
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in the microgrid are represented as phasor quantities. The currents injected into the
microgrid at each bus can be found as

I =YpysV (21)

here, I and V are the n x 1 vectors, representing the currents injected into the microgrid at
each bus and voltage at each bus, respectively. The power injected into the microgrid at
each bus is also a phasor quantity and can be found as

Si:‘/illfk:Pi"i'jQi ;i=1,2,...,n
P; = Pg; — Pp; (22)
Qi = Qci — Qpi

where P; and Q; are the active and reactive powers, respectively, injected at bus i. Pg; and
Qgi are the active and reactive powers respectively, generated at bus i. Pp; and Qp; are the
active and reactive powers respectively, drained at bus i. The buses only containing the
loads are called the “load buses”. P; and Q; at the load buses have negative values.

For power-sharing among multiple inverters, P; and Q; are decided for each bus in
the microgrid, and the following Equation (23) is solved iteratively for each bus to find
the reference voltage of each inverter in the microgrid, except for the slack bus. The slack
bus voltage has the same magnitude as the nominal voltage of the microgrid and the 0 rad
angle. The slack bus’s active and reactive powers are decided by the microgrid.

yen _ 1

5t n
1
=y - L YaVk

VI TR

(23)

here, ‘+” in Equations (22) and (23) represent the complex conjugate and ‘v’ is the iteration
operator. Yj; is the element of the Ygyg matrix in the iy, row and ky, column. If Bus 1 is
selected as the slack bus, theni = 2,3,...,n. All voltages and currents in these equations
are phase-to-phase, and voltages found by Equation (23) have to be converted into phase-
to-neutral for Equation (3), as

Vi . .
Vims = il ; for inverter at bus i

V3 (24)
¢ = 2LV;rad

6. Simulation Results

In this section, the microgrid of four buses containing three inverters and a load bus
are simulated by using the SimPowerSystems toolbox of Matlab/Simulink, as shown in
Figure 3.

BUS1
VSI Za

BUS 4

7B ’_‘ Linear

BUS 2 Load

Zc

BUS 3

Figure 3. Microgrid of four buses.
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All VSIs used in the microgrid are identical and their electrical parameters are shown
in Table 1. The line impedance and admittance are calculated as

Zp=Rp+jwoly,  Ya= !
Za
, 1
Zp = Rp+jwolp,  Yp=—— (25)
Zp
. 1
Zc = R¢ + jwoLc, Yo = ——
Zc
Table 1. Electrical parameters of the microgrid.
Electrical Parameters Values
DC voltage source (V) 1000 V
PWM carrier frequency 12.8 KHz
Nominal voltage of the system 220V
(phase-to-neutral) rms
Nominal frequency of the system (w.) 100 v rad/s

Resistance of the VSI output filter (Ry) 020
Inductance of the VSI output filter (L;) 1 mH
Capacitance of the VSI output filter (C;) 20 uF
Line resistance (Ry4) 0.25 Q)
Line inductance (Ly4) 1.2 uH
Line resistance (Rp) 0.27 Q)
Line inductance (Lg) 1.3 uH
Line resistance (R¢) 0.26 O
Line inductance (L¢) 1.4 pH

The bus admittance matrix Ygys for the microgrid shown in Figure 3 is as follows:

Yo 0 0 —Yy
Yoo | O Ys O ~Yp
BUS = 1 0 0 Yo —Yc

—Ys —Yg —Yo Ya+Yp+Yc

The active power, reactive power, and voltages for all buses of the microgrid operation
are shown in Tables 2 and 3. Bus 1 is selected as the slack bus. Buses 2, 3, and 4 are PQ
buses. PQ buses have defined active and reactive powers, and their voltages are calculated

by Equation (23).

Table 2. Voltage and power details of the microgrid operation for 0 < ¢t < 0.1s.

Bus i [Vi| (Vems) ZV;(rad) P;(W) Qi(VAR)
Bus 1 V3 x 220 0 7K + losses 7K + losses
Bus 2 V3 x 218.4811 0.0065 3K 3K
Bus 3 V3 x 219.2180 0.0031 5K 5K
Bus 4 V3 x 217.2469 0.0122 —15K —15K
Table 3. Voltage and power details of the microgrid operation for ¢ > 0.1 s.
Bus i [Vi| (Vims ) ZV;(rad) P;(W) Qi(VAR)
Bus 1 V3 x 220 0 6K + losses 6K + losses
Bus 2 V3 % 219.6713 0.0010 5K 5K
Bus 3 V3 x 219.2077 0.0032 4K 4K
Bus 4 V3 x 217.6293 0.0104 —15K —15K
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|V1] and £V form the reference voltage signal for VSI at Bus 1 using Equations (24)
and (3). Similarly, |V, | and £V, form the reference voltage signal for VSI at Bus 2, |V3| and
ZV3 form the reference voltage signal for VSI at Bus 3. The controller that controls V; by
generating the control signal V}; is referred to as the “d controller”, and the controller that
controls V; by generating the control signal Vi, is referred to as the “g controller”. The
controller parameters for both controllers are shown in Table 4, where a4, b, and ¢ values (F
matrix) are the same for both controllers and are found by the pole placement method to
achieve the desired settling time of “0.04 s”. The p values for both controllers are found by
inequalities (8) and (9) using the bounds given in Table 5.

Table 4. Controller parameters of the VSL

Controller Parameters Values
a 200
b 1.04
c 3.98 x 10*
B for d controller 500
B for g controller 250

Table 5. Bounds on the system variables and parameters of the microgrid.

Bounds on the System Variables and Parameters

—40% < Ry < +40%
—40% < Ly < +40%
—40% < C < +40%

0 < xy < 35
0 < xy < 30
—30 <dy < 0

—4x10° < dyy < 4x10°

—15%x10° < diy < 6x103

—-100 < x; < 150
12 < xy <10
-10 <dy < 10
—9x10° < dyy < 0

-7x10° < dj; < 7x10°

The simulation results show that the error was ultimately bounded in finite time and
the suggested power-sharing was also achieved. The output voltages of the inverters at
Buses 1, 2, and 3 in the abc reference frame are shown in Figure 4. It can be seen in Figure 4
that the output voltage of the inverters effectively tracks the reference signals. The current
delivered by the inverters at Buses 1, 2, and 3 in the abc reference frame are shown in
Figure 5. The output voltage d components of the inverters at Buses 1, 2, and 3 are shown in
Figure 6. In Figure 6, the performance of the "d controller" can be observed and its effective
working can be seen. The output voltage reference tracking is effectively performed. The
output voltage g4 components of the inverters at Buses 1, 2, and 3 are shown in Figure 7.
From Figure 7, the performance of the "q controller" can be observed. The reference tracking
is performed with the ultimately bounded error. This ultimately bounded error is due to
the condition shown in Equation (15). Although the errors in the dq reference frame are
only ultimately bounded, the output voltages of the inverters in the abc reference frame
track their reference signals. The active power and reactive power injected at Buses 1, 2, and
3, and drained by the load at bus 4, are shown in Figure 8. The scheduled power-sharing
shown in Tables 2 and 3 can be observed in Figure 8. Thus, the required power-sharing
was also achieved. It is due to the reference tracking of the inverter’s output voltages in the
abc reference frame.
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Vq*(V) and Vg(V)
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Figure 4. Output voltages of the VSI at Buses 1, 2, and 3 in the abc reference frame.
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Figure 5. Output current of the VSI at Buses 1, 2, and 3 in the abc reference frame.
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Figure 6. Output voltage d component of the VSI at Buses 1, 2, and 3.
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Figure 7. Output voltage g component of the VSI at Buses 1, 2, and 3.
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Active Power injected at Buses 1,2, and 3, and drained at Bus 4 Reactive Power injected at Buses 1,2, and 3, and drained at Bus 4

16000 : — : : — 16000 ‘ — ‘ : —
14000 ﬁi 1 14000 - — gﬁ 1
P4 Zo4

10000 10000

6000 6000

Active Power(W)
Reactive Power(VAR)

0 0.04 0.08 0.12 0.16 0.2 0 0.04 0.08 0.12 0.16 0.2

time(s) time(s)

Figure 8. Active power and reactive power injected at Buses 1, 2, and 3, and drained at Bus 4.

The presented control design is also compared with PI controller-based cascaded voltage
and current control of the microgrid [15], shown in Figure 9. The proportional and integral
gains of the current controller are 10. The gains of the voltage controller are 0.1. The results
show that the performance of the control design presented in this paper gives better voltage
regulation and power-sharing attainment. This PI control scheme has been widely used
because of its ability to remove the steady-state error; eliminating the steady-state error while
achieving the right transients is difficult with this PI control scheme. The output voltage
d components of the inverters at Buses 1, 2, and 3 are shown in Figure 10. In this figure, a
steady-state performance comparison is shown. It can be seen that the SMC design provides
better reference tracking. The output voltage g components of the inverters at Buses 1, 2,
and 3 are shown in Figure 11. The SMC design also provides better reference tracking of the
output voltage’s 4 component. Due to better reference tracking of the output voltages 4 and g
components by SMC, active and reactive power attainment are also better compared to PI
control. The comparison of active power attainment by the SMC and PI controls of the VSIs at
Buses 2 and 3 are shown in Figure 12. The reactive power comparison is shown in Figure 13.
The better performance of SMC can be seen in all these comparison figures. Here, the SMC
design is the output feedback, which used only the output voltage of the inverter. The PI
control not only used the output voltage but also the RLC filter’s input and output currents.

Power
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Figure 9. PI-based control scheme applied to the VSI voltage control.
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Active Power(W)

Output Voltage d Component of VSI at Bus 1 Output Voltage d Component of VSI at Bus 2 Output Voltage d Component of VSI at Bus 3
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Figure 10. Output voltage d components of the VSI at Buses 1, 2, and 3 (comparison of the SMC and
PI controls).
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Figure 11. Output voltage g components of the VSI at Buses 1, 2, and 3 (comparison of the SMC and
PI controls).
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Figure 12. Active power injected at Buses 2 and 3 (comparison of the SMC and PI controls).

To check the performance of the presented controller design with the presence of the
nonlinear load, a thyristor-based fully controlled bridge rectifier with a 1 k(2 resistance was
attached on Buses 1, 2, and 3 as shown in Figure 14. The simulation results show that the
error was ultimately bounded in the dq reference frame and the scheduled power-sharing
was achieved.
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Figure 13. Reactive power injected at Buses 2 and 3 (comparison of the SMC and PI controls).
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Figure 14. Microgrid of four buses with nonlinear loads.

The output voltages of the inverters at Buses 1, 2, and 3 with the nonlinear load in the
abc reference frame are shown in Figure 15. With the presence of the nonlinear load, the
inverter’s output voltage reference tracking in the abc reference frame can be seen. The
controller is effective as well in the presence of the nonlinear load. The current delivered
by the inverters at Buses 1, 2, and 3 with the nonlinear load in the abc reference frame are
shown in Figure 16. The output voltage d components of the inverters at Buses 1, 2, and
3 with the nonlinear load are shown in Figure 17. The output voltage 4 components of
the inverters at Buses 1, 2, and 3 with the nonlinear load are shown in Figure 18. In the
dq reference frame, the errors are still ultimately bounded with the nonlinear load. The
active power and reactive power injected at Buses 1, 2, and 3 with the nonlinear load, and
drained by the load at bus 4, are shown in Figure 19. Due to effective reference tracking of
the inverter’s output voltage, the required power-sharing was also achieved.
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Figure 15. Output voltages of the VSI at Buses 1, 2, and 3 with the nonlinear load in the abc reference frame.
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Output Current of VSI at Bus 1 Output Current of VSI at Bus 2 Output Current of VSI at Bus 3

ILabc(A)
ILabe(A)
ILabc(A)

0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
time(s) time(s) time(s)

Figure 16. Output current of the VSI at Buses 1, 2, and 3 with the nonlinear load in the abc refer-

ence frame.
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Figure 17. Output voltage d component of the VSI at Buses 1, 2, and 3 with the nonlinear load.
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Figure 18. Output voltage g4 component of the VSI at Buses 1, 2, and 3 with the nonlinear load.

To show the scalability of the proposed control scheme, a microgrid of six buses with
five VSIs shown in Figure 20 was also simulated. In this simulation, the VSI parameters
Rt, Lt, and Ct were changed at +40% of their nominal values, to check the performance
of the controller in the presence of parametric uncertainty. The load variation was also
considered in this simulation. The line impedances Z4, Zp, and Z¢ were the same as in
previous simulations. The line impedances Zp and Zg were considered the same as Zp and
Zc, respectively. VSI at Buses 2, 3, 4, and 5 shared 5%, 10%, 15%, and 20% of the total load

connected at bus 6, respectively. The remaining load was shared by the VSI connected at
Bus 1.
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Active Power injected at Buses 1,2, and 3, and drained at Bus 4 Reactive Power injected at Buses 1,2, and 3, and drained at Bus 4
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Figure 19. Active power and reactive power injected at Buses 1, 2, and 3 with the nonlinear load, and
drained at Bus 4.

The output voltages of the inverters connected at Buses 3, 4, and 5 in the abc reference
frame are shown in Figure 21. One could observe that the output voltages tracked their
reference signals. The current delivered by the inverters at Buses 3, 4, and 5 in the abc
reference frame are shown in Figure 22. The active power and reactive power injected
at Buses 1-5, and drained by the load at Bus 6, are shown in Figure 23. It is clearly
demonstrated that the scheduled power-sharing was also achieved.
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VSI Zo
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BUS S
Figure 20. Microgrid of six buses.
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Figure 21. Output voltages of the VSI at Buses 3, 4, and 5 in the abc reference frame (six-bus
microgrid).
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Output Current of VSI at Bus 3 Output Current of VSI at Bus 4 Output Current of VSI at Bus 5
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Figure 22. Output currents of the VSI at Buses 3, 4, and 5 in the abc reference frame (six-bus microgrid).
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Figure 23. Active power and reactive power injected at Buses 1-5, and drained at Bus 6 (six-bus
microgrid).

7. Conclusions

In this paper, the output voltage control problem of the VSI connected in the AC
microgrid was considered. The sliding mode controller was designed in the dq reference
frame to asymptotically bring the error close to zero. The controller requires values of
two states of the system. The first state is the inverter’s output voltage; for the second
state, the VSI’s RLC filter input and output currents are required. A high-gain observer
was designed to estimate this second state of the system, which saves the requirement
of two current sensors (only one voltage sensor is required). Stability analyses were
shown for the controller and observer, clearly showing that the errors were converged and
ultimately bounded. SMC provided robust stability for worst-case perturbations in the
system variables and parameters. A high-gain observer also provided the state feedback
performance with the output feedback controller, according to the separation principle. The
active power and reactive power-sharing among multiple inverters connected in an AC
microgrid were also considered. The required power-sharing was achieved by solving the
power flow equations, which generated the reference signals of all inverters. The required
power-sharing was also achieved, due to reference tracking of the inverter’s output voltages.
The stability analysis and simulation results clearly show the effectiveness of the proposed
control scheme, even in the presence of the nonlinear load and parametric uncertainty. A
comparison of our design with the PI control was also presented, which showed the better
performance of the presented control design.
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Abbreviations
The following abbreviations are used in this manuscript:

VSI voltage source inverter
PWM pulse width modulation
SMC  sliding mode controller
HGO  high-gain observer

VCM  voltage control mode

PCC  point of common coupling
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