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1 | INTRODUCTION

High-energy losses in power generation and transmission, high
generation costs, carbon emissions, environmental concerns,
and high investment costs for grid expansion are all serious
issues in conventional power systems [1]. However, deep inte-
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Abstract

In voltage-controlled voltage source inverters (VSIs)-based microgrids (MGs), the inner
control is of prime interest task for guaranteeing safe and stable operation. In this paper, an
in-depth investigation of the modelling, control design, and analysis of the voltage and cur-
rent inner control loops intended for single-phase voltage-controlled VSIs is established.
The main objective of this work is to provide a comprehensive study of the mathemat-
ical modelling, control design, and performance evaluation of the inner control’s loops
considering different proportional-integral (PI) controller types with and without compen-
sation, and to determine the optimal scheme that can offer better performance in terms
of implementation simplicity, robustness, and transient and steady-state responses. Thus,
the mathematical closed-loop models of designed outer voltage and inner current con-
trol schemes based on PI, P, and feedforward controllers with and without compensation
are, first, derived. Following this, a systematic and effective control design for tuning the
different PI controllers’ parameters is proposed. Furthermore, an analysis revealing the
performance of the designed voltage and current control schemes is provided. This analy-
sis enables us to choose a P controller and PI feedforward controller for the current control
loop and the voltage control loop, respectively. The chosen P and PI controllers should be
simple; meanwhile, they should offer a wide bandwidth. A simulation study is carried out
in MATLAB/Simulink software to assess the performance of the adopted inner control
scheme for both linear and non-linear loads. In addition, an experimental setup, based on a
TMS320F2837xD uC, of a single-phase VSI supplying linear and non-linear loads is built
to verify the effectiveness and the robustness of the adopted inner controller. The results
demonstrated: (1) the necessity of introducing the compensation term, which is respon-
sible for offering control improvement against voltage perturbation, (2) the high tracking
performance of the chosen controller in terms of dynamic and steady-state responses as
well as its simplicity of implementation.

gration of renewable energy sources (RES) in the energy sector
can help to reduce greenhouse gas emissions by at least 55%
compared to 1990 [2]. In this regard, the concept of micro-
grids (MGs) has been introduced for promoting distributed
energy resources (DERs). They work like a small-scale power
grid that integrates a variety of renewable DERs as a plan to
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meet new environmental criteria imposed by state authorities
[3, 4]. Besides, the MGs have the possibility of working in two
modes, connected to the grid or islanded [5-7]. Often, power
electronic converters are employed as an interface for connect-
ing DERs to the MG bus, the main grid network, and/or local
loads. Morte particularly, voltage source inverters (VSIs) are the
most common converters used for connecting distributed gen-
erators (DGs) to the MG via an LC filter, especially when
energizing critical loads in islanded mode [8, 9]. Considering
islanded mode, a local controller called primary control is gen-
erally adopted for VSIs” output voltage regulation as well as
the control of power balance among DG units. This control
level includes two main control units, the power-sharing con-
trol bloc based on the droop control strategy, intended for
regulating the voltage magnitude and frequency based on the
requested load power in parallel-connected DGs, and the inner
controller which is detailed in this paper [5, 10]. This controller
is responsible for adjusting the inverter output voltage to the
desired voltage reference (i.e. provided by the droop control)
with good tracking performance and a high stability of the MG
system. However, for achieving such objectives under differ-
ent DGs’ disturbances, the modelling and control design of the
inner control, which ate challenging tasks, should be carefully
investigated.

Various conventional and advanced control techniques have
been adopted for the inner control implementation intended
for voltage-controlled VSIs-based MG [11-21]. Among them
are classical linear control systems with single or multiple
proportional-integral (PI) feedback/feedforward loops [11-16],
proportional-resonant (PR) control strategies [17-19], and
advanced control strategies, such as model predictive control
(MPC) [20], and sliding mode control (SM) [21], etc. How-
ever, the double-loop inner control scheme based on the PI
controller, which consists of cascaded external voltage and
internal current control loops (CCLs), is the most popu-
lar technique that has been applied to regulate the output
voltage of the voltage-controlled VSIs. In this scheme, the volt-
age and current controllers are often designed by employing
either a simple PI regulator or the PI feedforward regula-
tor; then, the modelling and control design-based stability
analysis are investigated to select the controllers’ parameters.
For instance, the authors in [22] investigated the modelling
and control design-based stability analysis of a P regulator
employed as an inner CCL, and an integral-resonant (IR) reg-
ulator proposed as the outer voltage controller. This suggested
controllers-based inner control scheme is applied for single-
phase voltage-controlled inverters in grid-connected MGs. In
[23], brief modelling and design of a dual-loop controller based
on a P controller for the CCL and four different resonant
regulators for the capacitor voltage control are considered
for an LC-filtered voltage-controlled VSI. Stability analysis
as well as control design of dual-loop and single-loop volt-
age PI controllers intended for voltage-controlled VSI are
established in [24]. Researchers in [25] covered the mod-
elling and design of the CCL and VCL by integrating a P
and a PI controller in each loop, respectively. Both loops

are studied in a8 frame for a three-phase voltage-controlled
inverter.

The majority of the existing studies, unfortunately, have either
provided brief modelling and design of the VCL and CCL or
considered only the adopted type of the PI controller. In addi-
tion, the number of research works applied for single-phase
voltage-controlled VSI is limited. Furthermore, the authors
often investigated control design-based stability analysis consid-
ering the PI parameters change, which is difficult in the case
of multi-loop control with several parameters. To this end, this
paper provides an in-depth investigation of the modelling, con-
trol design, and analysis of four designed inner control schemes
based on a PI and feedforward controller types for the VCL
and a P, PI, and feedforward controller types for the CCL
intended for an LC-filtered single-phase voltage-controlled VSI.
The contributions made in this paper are

* The closed-loop models of the CCL and VCL considering
different PI controller types, with and without compensation,
are derived;

* A systematic control design-based stability analysis is devel-
oped to tune the parameters of each controller type. Also, in
this design, unlike the existing methods, the stability assess-
ment is carried out considering the settling time vatiations,
not the controller parameter variations;

* Root-locus analysis is performed to evaluate the perfor-
mance of each controller, which allows the selection of the
appropriate controller type;

* The robustness of the chosen control scheme is verified
with and without compensation terms and under various
conditions.

To assess the selected controller tracking performance, a sys-
tem is built in the MATLAB/SimPowerSystem environment.
The given results demonstrate the robustness of the proposed
controller for output voltage tracking with good performance
in both steady-state and transient conditions and under vari-
ous abnormalities. Then, to validate the proposed controller, an
experimental test based on a TMS320F2837xD uC is done.

The rest of this paper is organized as follows: Section 2
describes the primary control scheme of single-phase voltage-
controlled VSI-based MG. In Section 3, the modelling, control
design, and analysis of the VCL and CCL are provided with the
aid of a suggested guideline and analysis based on the root locus.
Results and discussions are presented in Section 4. Section
5 introduces experimental tests based on a TMS320F2837xD
MCU. The main conclusions of this work are summarized in
Section 6.

2 | MODELLING AND CONTROL OF
VOLTAGE-CONTROLLED VSIS

In this section, the structute and modelling of the voltage-
controlled VSI system within AC MG are presented, and the
respective inner control scheme is described.
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2.1 | Description of the system under study
The structure of the voltage-controlled single-phase VSI with
the controller scheme including the double-loop inner con-
troller is depicted in Figure 1. One can notice that the VSI
with an LC filter stage is fed by a DC source, and linked to
an AC bus or the point of common coupling (PCC), via a line
impedance (Z,). In addition, this VSI supplies a load, which is
tied to the MG AC bus. The control scheme consists of (1) a
power controller based on the droop method and (2) an inner
controller.

The droop control is in charge of providing the reference of
the inverter output voltage according to the P/fand O/ 1”droop
characteristics given below, with the help of a sinusoidal signal
generatot.

w =" —mP,, 1)
E=E f — ”aQwe.r (2)

where w, E, "/ and E"/ are the frequency and the magnitude
of the inverter output voltage and their references, respectively,
m and # are the droop gains, while £, and 0, are the mea-
sured active and reactive powers. More details about the droop
controller can be found in [20].

The inner controller, which is the focus of this paper, is
responsible for regulating the inverter output voltage to its ref-
erence, offered by the droop control block, and producing the
expected voltage reference of the inverter to the PWM module
that, in turn, generates the commands of the invertet’s switches.

2.2 | LC-filtered VSI model

According to Figure 1, the mathematical model of the LC-
filtered VSI can be derived as follows:

Ll%li @) =0, (&) = iy &) — 0, (2) ®)

c%y[ O=i @) =i (@) @

Schematic of the inner controller-based primary control for a single-phase VSI. VSI, voltage source inverters.

Ubc iz

FIGURE 2

Block diagram of the LC-filtered VSI average model. VSI,
V()ltﬁgC source inverters.

Vi (¢) = DUpc () ®)

where 7, L, and C ate the LC filter inductor resistance and
inductance, and capacitor, 7, and 7, are the filter and output

currents, 7

s Ve, and Upe ate the inverter average voltage, the

output voltage, and the DC source voltage, and D is the duty
cycle.

Considering these equations, the schematic diagram of the
averaged model of the LC-filtered inverter in Laplace (s-domain)
can be established as shown in Figure 2. The system model, as
shown, includes the transfer functions of the filter inductor and
capacitor, G; and G, which can be defined as follows:

1

L
fi‘i— 15 (6)

v = Z

where s denotes the Laplace operator, while the big symbols in
Figure 2 define the average values of the respective variable.

2.3 | Inner control scheme

The inner control scheme, as shown in Figure 1, is a double-
loop controller that consists of an external VCL and an internal
CCL. The VCL is introduced for controlling the capacitor volt-
age and producing the current reference to the CCL. But, the
CCL is intended for adjusting the inductor current to the ref-
erence generated by the first loop. These control loops are
designed based on PI controllers; however, in order to ensure
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FIGURE 3  Block diagram of (a) the CCL, and (b) the P, PL, and feedforward controllers. CCL, current control loop.

simple implementation and good tracking performance, the
type of the used PI controller should be carefully chosen and
their parameters should be properly tuned. In addition, the
compensation process is another essential issue that should be
considered in the design of these control loops. To this end, the
modelling and design of the VCL and CCL based on different
PI controllers, with and without compensation, are investigated
in the next section.

3 | MODELLING AND CONTROL
DESIGN OF THE VCL AND CCL

The inner controller should ensure that the VSI module per-
forms as a robust voltage source, in order to reduce the impact
of VSIs’ internal impedance on the system control performance.
Therefore, in this section, the mathematical models of consid-
ered VCL and CCL are developed. These loops are based on
three different controller types including P, PI, and PI feed-
forward controllers, as well as, with and without compensation
terms. Further, a systematic and effective control design is pro-
vided for a proper tune of the controllers” parameters, in which
the stability is analyzed considering the settling time variation
instead of the controller parameters variation. Moreover, the
robustness of the proposed controller against the variation of
the system and controller parameters is elaborated. Finally, the
discretization procedute of the adopted controller is given.

3.1 | Internal current controlloop (CCL)

Figure 3a shows the schematic diagram of the CCL designed
based on P, PI, or feedforward controllers with and with-
out compensation, in which their structures are as depicted in
Figure 3b. In this control loop, the actual current (7 1) of the fil-
ter inductor and the corresponding current reference (ZZ{ ) are
compared, and the resulting error is handled by one of the con-
trollers; P, PI, or feedforward. In addition, the controller output
is either considered directly as a reference without compensa-

-Comp

3

FIGURE 4 Block diagram of the VCL. VCL, voltage control loop.

tion or with the compensation term (2,), to get the inverter side
voltage reference.

According to Figure 3b, the expression of the current con-
troller considering different types, P, PI, and PI feedforward,
and the compensation term, can be obtained as follows:

P controller
re

_ref ref .
v, = /ép.l- <ZL1 - zL1> + v, (72)
PI controller

i =G (ZL{ - z'Ll> +, (7b)

PI feedforward controller

7 =) (z,{ = z'Ll) — ko] + o, (79)

inv

where £, and £; ; are the gains of the current controller, Z;;f is
the voltage reference of the inverter side, and C;(s) is the transfer
function of the PI controller which can be defined as follows:
k.
G (5) = kps + — ®
s

3.2 | Outer voltage control loop (VCL)

Figure 4 depicts the designed VCL scheme based on PI and
PI feedforward controllers considering the compensation. As
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shown, the error is evaluated by comparing the actual output

voltage (»,) of the LC-filter capacitor and its reference (v[ref ).
This error is used by the controller to generate the output

current reference, (z;elf), in corporation with the current induc-
tor (77 ), which is the compensation term. Considering the PI
and PI feedforward controllers and the compensation term, the
expression of the voltage controller can be obtained as follows:

PI controller

ZZ{ =C, (”;ef - ”f> +in %a)

PI feedforward controller

z[mlf =q (%ﬁf - w) A (b)

where C,(s) is the transfer function of a PI controller, which can
be written as follows:
’éi v

G (5) = kpy + == 10)

where £,, and £;,, are the voltage controller’s gains.

3.3 | Closed-loop model

The schematic diagram of the closed-loop model of the voltage-
controlled LC-filtered VSI including the inner control loops is
illustrated in Figure 5. From this figure, the closed-loop model
consists of the system model, that is, VSI with LC filter, the
functions of the controllers, and the transfer function, G (s),
describing the time delay dynamics, which can be defined by its
one of the simplest linear approximations given below:

D) 1
D (5) 14157

Gy (5) = 1

where 7 denotes the sampling time, and "/ is the duty ratio

of the PWM, which can be defined as a function of the output
voltage reference and the DC side voltage as follows:

_ref
.
D f — _im 12
Upc (42
Based on Figure 4, the mathematical closed-loop models of
the current and voltage controls can be expressed as follows:

Closed-loop model of voltage-controlled LC-filtered VSI. VSI, voltage source inverters.

TABLE 1  Expressions of G7, G 1, 7,11, and Z; 1.
P-type PI-type Feedforward-type
Current G BF & p.i GrG; CGrG; (Ci—k /,,,) GrG;
i 144, G G; 1+G Gy G 1+G Gy G
control loop o o o
yas Gi(Gr=1) Gi(Gr—1) Gi(Gr=1)
! 144y, G G; 1+G Gr G 1+GGrG;
} £y, GG, oGP, (C—k, ) GPI G,
Voltage control  GPF — — O
> 144,62 G, 1+G,GP G, 1+G,¢7 G,
loop ! ! !
Z G, H; G, H; G, H;
o 144,677 G, 1+, G, 14,6 G,
7 £GP G, ok octrc,
M2 kPTG, GGG, 146G G,
. _ ~BF 7/
i1 = Q 7+ Hw, (13)
_ ~BF ref . .
v, =G v+ Z i+ Zgairn (14)

where the transfer functions GfF LGPY .7, and Z. ;5 can
be defined, for each controller’s type, as given in Table 1.

By substituting the expressions of these functions into (13)
and (14), the voltage and current closed-loop models can be eas-
ily derived for each controllet’s type. By the way, these transfer
functions are very useful for system stability analysis and control
parameters tuning,

3.4 | Control design and parameters’ tuning

Tuning a controller is an important task in the control system
because good controller tuning can ensure high efficiency, low
energy cost, increased production rate, and reduced process
variability. This subsection proposes a systematic and effec-
tive control design for the tune of the controllers’ parameters
for steering the closed-loop response to satisfy preset time-
domain desired specifications. Unlike the existing techniques,
which perform parameters tuning-based stability analysis with
random variation of the controller parameters (ie. £, and
£;), the suggested method provides a systematic guideline for
the parameters tuning with stability analysis considering the
variation of the transient response settling time.

The first step in the guideline is to derive the simplified
closed-loop model of both voltage and current controls.
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TABLE 2  Simplified closed-loop transfer function of the current control.

G%F H;
simplify simplify
Epi.
P-ty A 0
-type " Epi 1
%.Y‘F /;"’
Pl-type —_— 0
P 24 n*epi .r+k'4
7 14
Lpi
L
Feedforward-type L 0

TABLE 3  Simplified closed-loop transfer function of the voltage control.

BF
G, Zi1n Zi12
simpli fy simplify simplify
£py | Ky
) r -
Pl-type T 0 0
C C
Feedforward-type _— 0 0
P 2+ /(1(4 s+ k(lf'

By assuming that the time delay is very small compared to the
current controller response time, and the CCL is considered in
steady state, the transfer function of (11) results in

Gr (Jﬂ)lj'leaz{y—;r/ﬂ/c =1 (1 5)

Hence, the closed-loop transfer functions of the current con-
trol given in Table 1, taking into consideration (6) and (8), can
be simplified as presented in Table 2.

On the other hand, based on the hypothesis that the CCL is
faster compared to the VCL, the CCL is considered in steady
state and its closed-loop transfer function becomes

G =1 (16)

i
simplify Steady—state

Therefore, and by considering the transfer functions of the
voltage control given in Table 1, the simplified closed-loop
transfer function of the voltage control for each controllet’s type
can be derived as given in Table 3.

From Table 2, the transfer function GiBF of each controllet’s
type represents the simplified closed-loop mathematical model
of the current control, in which, in the case of the P-type
controller, it exhibits a first-order transfer function. While, in
the case of the Pl-type and feedforward-type controllers, it
exhibits a second-order transfer function. Otherwise, according
to Table 3, the transfer function GyBF of each controller’s type
defines the simplified closed-loop model of the voltage control,
where it exhibits a second-order transfer function for both PI
and feedforward controller types.

The second step, in the guideline, is determining the mathe-
matical expressions of the controllers’ parameters as a function
of the settling time. By matching the derived closed-loop mod-
els, given in Tables 2 and 3, with desired first-order and

second-order transfer functions, described by the following

equations:
: 1
Ghr = 17
= b (173
desired
2
- [On
e O P — (17b)
L 2 4+ 28,5 + w?
desired s i%is i
2
; W,
= (17¢)
desired 2 + 2§ywy~r + w;,

The expressions of the parameters £;, 7, {;, ®;, {,, and @, can
be defined as follows:

a. For the CCL

P-type Controller

(182)

PI and feedforward controllers
g N +kpi
L 2w,
i
Ly

(18b)
w; =

b. For the PI and feedforward type controllers of the VCL

_ K
gl’ - 2Cw,
o (19)

¢

w, =

where £;, T, {;, and w; stand for the gain factor, the time con-
stant, the damping factor, and the natural frequency of the inner
current control, respectively. Also ¢, and w, denote the damping
factor and the natural frequency of the outer VCL.

Based on (18) and (19), the parameters of the CCL and VCL
for each controller’s type can be expressed as follows:

a. CCL
P-type controller

Ly
kpi = - (20a)

PI and feedforward controllers

by, =208, —r
pui 157" 1
{ k=1, w? (20b)
b. Pl-type and feedforward controllers of the VCL
k,, =2C¢w,
p.v vy

On the other hand, the parameters 7, ;, ,, @;, and @, can
be described as a function of the transient response overshoot
M, and the settling time 7 as follows:
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a. The CCL
P-type Controller
1, =4T (22a)
PI and feedforward controllers
S
_ A\
My,; = ¢ (22b)
L= %

b. The PI-type and feedforward controllers of the VCL

S
— ,V1-¢?
Mpo=¢ 23)
ltr.z’ =5
g['wl'

It is worth mentioning that the values of the damping factor
and the settling time are chosen according to the analysis based
on root-locus plots while considering the following conditions:

e
SR (U
04<¢,<1

24

where f,, /., and f,,, are the fundamental frequency, the LC-
filter resonant frequency, and the inverter switching frequency.
Also, #,;, and {; , are the current and voltage settling times and
the damping factors, respectively.

By adjusting one of the parameters each time, the impact of
each parameter on system performance is analyzed. The param-
eters range, which ensures the system stability, can be obtained.
According to the pole distribution, the current and voltage con-
trol parameters that help to achieve the desired performance for
the system can be acquired.

3.5 | Sensitivity assessment of the control
parameters

The influence of the settling time (7, ;, #,) and damping factor
¢, ¢,), which are related to the PI controllers” parameters; on
the roots’ movement of the closed-loop models of the current
control GZ.B " and the voltage control Gf T are investigated.

By the way, the characteristic equations of the current control
closed-loop model can be expressed as follows:

P controller

1+ £,,GrG =0 (25a)

PI and feedforward controllers

1+ CGrG =0 (25b)

Also that of the voltage control closed-loop model is defined
as follows:

1+GG"G, =0 (26)

The root plots of the current control characteristic equation
are illustrated in Figure 6. In this figure, note that the black, red,

and blue curves represent the root locus of the PI and feedfor-
watd controllers-based CCL, which are obtained by fixing ¢; at
three different specified values and increasing ;. But the green
colour curve represents the root locus of the P-type CCL which
is achieved by increasing 7 ;.

It can be observed from this figure that there is a complex
couple that moves from the positive part of the real axis (unsta-
ble region) to the negative part (stable region) with a decrease in
the imaginary part when 7 ; increases. In addition, when increas-
ing the damping coefficient {, the convergence in the imaginary
part tends to disappeat, thereupon a couple of the root is equal
in value on the real axis of the negative portion, then they
diverge with keeping negative real values. Furthermore, the third
root of the PI-type and feedforward type CCL, with a real value,
is increasing in the negative real part on the real axis.

In fact, the optimal controller’s parameters can be chosen
when a couple of the root is near the real-axis negative part, and
the root angle has a small value, as illustrated in Figure 6. Hence,
the value of the settling time 7, ; can be selected according to the
following condition:

£ >531%x107" @7

Note that by comparison, the system stability range in the P-
type-based CCL has a wide range of changes in the value of the
response time, which allows for reaching the optimal response
time while maintaining the system stability.

Figure 7 portrays the plots describing the influence of the
settling time, #, ,, and the damping factor, {,, on the roots distri-
bution of both types of voltage controllers, PI, and feedforward.
These root-locus curves are obtained by fixing both £ ; and ¢,
at specified values, meanwhile, by increasing 7, ,. As seen, when
the damping coefficient value §, increases, as well as, the settling
time 7, ; is chosen in the section that achieves the CCL stability,
the roots move to the stable region. Also, it can be noticed that
the damping coefficient §, can be selected to guarantee that the
curve is in the part where all the roots are near the negative
side of the real axis. Thus, the damping coefficient value can be
determined as follows:

0.6<¢, 28)

As shown in Figure 7, that clarifies the possibility of detet-
mining the settling time 7 ,, which achieves VCL stability. It can
be concluded that this parameter can be selected as

£, >3.078x107 s 29)

In addition, the impact of the settling time 7, and the damp-
ing factor ¢, on the closed-loop model of the voltage control,
G,?F , of both types of controllers, PI and feedforward consid-
ering bode plots are established, and the results are presented
in Figure 8. Note that the curves representing the bode plots of
the transfer function G2 of both controllers’ types shown in
Figure 8a are obtained for specified fixed values of the settling
time 7 ; and the damping factor¢, while increasing the settling
time 7, ,. But, Figure 8b depicts the bode plots of G for both
PI and feedforward controllers obtained by fixing #,, and 7 ; at
specified values while increasing ¢,
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FIGURE 7 Poles’ movements of the closed-loop transfer function of the voltage control with zoom-in.

As can be seen in Figure 8, a decrease in the response
time while maintaining the damping value is proportional to an
increase in the transfer function amplitude. The latter is consid-
ered to be in the resonant frequency domain with a decrease in
the phase angle. Also, an increase in the damping value while
maintaining the response time is proportional to an increase
in the transfer function amplitude in the resonant frequency
domain with an increase in the phase angle.

Itis concluded by comparing the curves of both types of con-
trollers that it is possible to reach the lowest response time that
has a small amplitude in the resonant frequency domain and has
a low angle value. Such performance is achieved by using the
feedforward controller for the VCL.

3.6 | Robustness assessment of the designed
controllers

The performance of the designed inner controller is investigated
in terms of stability, considering variations in system parame-
ters (l.e. Ly, 1, C} and 7, ). The results are shown in Figure 9.

Through this study, the range of the system parameters change
can be determined, where the voltage control system remains
stable. Obviously, the proposed design values of current and
voltage controllers give high dynamic performance and robust
stability under parameter variations.

3.7 | Control scheme discretization

It is well known that a controller should be discretized, at
first, in order to be implemented in a microcontroller (MCU).
Therefore, the discrete presentation of the current and volt-
age controllers is described below. By the way, the trapezoidal
method is used to implement a discrete-time integrator, which
can be presented by the following formulation:

T,
28) = k= 1) + 5 [u(k) + uk = 1)] (30)

where y(£) and y(#—1) are the actual and previous output
voltages, while #(£) and #(k— 1) are the actual and previous
input voltages of the integrator. £ defines the operator of the
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FIGURE 8

discrete-time domain. It is worth noting that in this method, the
integral operator in the s-domain, that is, 1/, is approximated
by [27]:
1 L1+3"
oL TR 31)
5 214+ z_l

where g denotes the discrete g-domain operator.
Accordingly, the model of the inner controller in discrete time
can be presented by

(c(f) = (k= 1) + [yj”f %) — v[(,é)]

i1 ) = iy (k) — k. (B) + i, = [x(8) + (k= 1)]

Y _ref . (32)
yzhi (/é) =k .7 [ZL{(/é) — 11 (’é)] + l/[('é)
: 7 (&
D f ( k) — iW ®*)
N Upc (%)

where x(#) is the state variable.

108

Bode plots of the voltage closed-loop model of (a) PI type and (b) feedforward controller type. PI, proportional-integral.
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4 | SIMULATION RESULTS

For the purpose of evaluating the performance of the proposed
inner controller for single-phase VSIs under different operating
conditions, the system depicted in Figure 1 is built in MAT-
LAB/Simulink. First, a comparative study between control with
and without compensation is done for a resistive linear load
of 100 Q and non-linear load, and the results are illustrated in
Figures 10—12. It is worth noting that the non-linear load is sim-
ulated with an uncontrolled rectifier feed an RC load of 100 Q
and 1000 uFE.

Figures 10 and 11 show the capacitor voltage and the induc-
tor current and their references in the presence of linear and
non-linear loads, respectively, with and without compensation
terms. One can see that the transient response with the com-
pensation process is very fast with a zero steady-state error, and
it suppresses the voltage overshoot and fluctuation while feed-
ing a non-linear load. In addition, in Figure 12, which depicts
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FIGURE 11  Results for the case of non-linear load: voltage (a) without compensation, (b) with compensation, and current (c) without compensation, (b) with

compensation.
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FIGURE 12 THD with and without compensation for the case of: (a) linear load, and (b) non-linear load. THD, total harmonic distortion.
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bi " FIGURE 14 Performed scenarios of reference variations.
1SC

FIGURE 13 Performed scenatios of linear load connection and in the case of non-linear 10ad’ which is the main drawback of
disconnection. most existing research works, the THD decreases from 6.8826%
to 3.0535% after introducing the compensation. Therefore, the

THD value is below the limit (5%) defined by IEEE Standard

the voltage total harmonic distortion (THD), it can be seen that 519 [28]. These outcomes confirm the necessity of introduc-
there is no big difference in the THD in both control with and ing the compensation term for achieving accurate voltage and
without compensation in the case of linear load operation. But, current tracking,
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FIGURE 15 Simulation results in response to case 1.

TABLE 4  Parameters of the simulation study.

Parameters Symbol Unit Value
Nominal voltage E, A% 220
Nominal frequency I Hz 50
Switching frequency b2 kHz 20
Simulation frequency ya MHz 1

DC voltage Upc Y% 495
Output filter capacitor C ME 23
Output filter inductor Lr mH, Q 2,1
Line impedance of DG L mH, Q 0.5,0.8
Voltage controller P gain Ky - 0.1839
Voltage controller I gain Kyi - 183.87
Current controller P gain /39 - 6.2831

Abbreviation: DG, distributed generator.

Since the previous results confirm the necessity of adopt-
ing the compensation term, the next simulations are conducted
by introducing it into the designed control loops. The con-
sidered performance criteria for the designed control scheme
are the transient and steady-state responses and the waveforms
of the inverter’s current and voltage. The implemented system
parameters are summatized in Table 4. The following cases are
considered for testing the designed controller:

* Case 01: Linear load change

Two linear loads of 500 W are supplied at different times as
shown in Figure 13.

* Case 02: Non-linear load operation

Here, the VSI supplies a non-linear load represented by a
diode-bridge rectifier with an RC load (100 Q and 1000 uF)
considered.

* Case 03: Voltage disturbances

Finally, the simulation is conducted in the presence of linear
load, and different scenarios are carried on as demonstrated in
Figure 14, where:

* Scenario 01: Voltage reference sag of 0.2 p. u (AE) of its
fundamental amplitude (£ *) is performed from 0.2 to 0.3 s.

* Scenario 02: A step change of the inverter frequency (Aw)
from 50 to 100 Hz is setat 7= 0.5t0 0.7 s.

* Scenario 03: A phase jump is introduced into the output
voltage reference (Ap = %) at7=0.9s.

The obtained simulation results show the controller-tracking
performance regarding the instantaneous capacitor voltage and
inductor currents, and their references in response to case stud-
ies, 1, 2, and 3, are portrayed in Figures 15-17, respectively.
Figure 15 shows that an increase/decrease in power demand
leads to an increase/decrease in the current, while the voltage is
maintained stable. The controller follows the reference current
established by the VCL even under feeding non-linear load as
shown in Figure 16. But Figure 17a proves the effective and sta-
ble operation of the CCL, in which the inductor current tracks
its reference cutrent established by the VCL either if the ampli-
tude/frequency values of the voltage reference varied or a phase
jump happened. The same performance for the output voltage
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FIGURE 18  Experimental (a) real setup and (b) schematic setup.

and its reference is achieved as can be seen in Figure 17b. All
the investigated cases demonstrate that the transient response of
both voltage and current are well damped, lasting less than 2 ms
(fast response) and without overshoot. Furthermore, the signals
are relatively free of both, switching frequency and low-order
harmonic distortion.

5 | EXPERIMENTAL RESULTS

To validate the effectiveness of the designed inner control
scheme for controlling a single-phase VSI, an experimental
setup of an islanded MG is conducted, as shown in Figure 18.
As seen in Figure 18a, a VSI with LC filter fed by a DC source
is associated with the AC bus via a line impedance, where the
loads are linked. The designed inner control scheme, which
consists of CCL with a P-type controller and a PI feedforward-
type for the VCL, is implemented in a TMS320F2837xD MCU

Linear Load
__ LCFilter  Line Impedance
-  —
L,n Ly,

a

]
I
T

Nonlinear
Load

Measurements

family (LAUNCHXIL-F28379D) with a switching frequency of
20 kHz. The system measurements are captured using voltage
and current sensors and sent to the MCU through condition-
ing cards. The results are memorized in a memory card and
plotted using MATLAB software. In Figure 18b, the different
components included in the experimental setup are presented.
Similar tests as the simulation study with the same parameters
are considered.

Figures 19-21 show the obtained results of the proposed
controller under the performed tests. The voltage petrformance
shown in Figure 19 illustrates the precise tracking of the volt-
age reference when the load changes for both control strategies,
with and without compensation. From the current waveforms,
it can be noticed that the control strategy with compensation
provides better performance than the control without com-
pensation in terms of power quality and tracking; the actual
current is almost matched with its reference. From Figure 20,
one can notice that the control strategy with compensation
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ensures precise tracking of both output voltage and current
references under non-linear load operation. But the controller
without compensation performs good tracking of the output
voltage reference, but poortly in current tracking;

Figure 21 validates the effective tracking of the output volt-
age and current for the control strategy with compensation
under amplitude and frequency variations and phase jump.
It can be seen that the voltage and current follow properly
their references with good transient response against the stated
disturbances. In addition, it can be observed that proper single-
phase sinusoidal waveforms of the output voltage and current
are achieved.

6 | CONCLUSION

An in-depth investigation of the modelling and design of volt-
age and CCLs considering three different types of PI controllers
applied for a voltage-controlled single-phase VSI in MG was
developed in this paper. The mathematical modelling of the
CCL and VCL was provided. Thetefore, the closed-loop models
of the inner current control considering P, PI, and feedforward
types, and the voltage control based on PI and feedforward
controller types were derived. Besides, a detailed control design
guideline of the CCL and VCL considering different PI con-
troller types was proposed. Further, an analysis was presented,
which enabled us to choose the P controller type for the CCL
and the PI feedforward type for the VCL. The paper also inves-
tigated the impact of the compensation process, which has given
a better insight into the output voltage and current, where the
THD has decreased from 6.8826% to 3.0535% after introduc-
ing the compensation term. Simulations have been conducted
using MATLAB/SimPowerSystem environment, to verify the
effectiveness of the adopted controller. Also, experimental tests
have been carried out to confirm the performance of the con-
trol purpose. The obtained simulation and experimental results,
for both linear and non-linear loads, verify the analysis pre-
sented in this paper and have validated the effectiveness of the
adopted control scheme. This proposed scheme has shown the
following advantages; ease of implementation, a high tracking
performance with good transient and steady-state responses,
and robustness under different disturbances.
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