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Abstract: A control system must be installed in a
hybrid off-grid system that combines a solar
photovoltaic array with a diesel engine with variable
speed. By combining frame-based and stator flux-
oriented approaches to regulating converters that are
linked back-to-back, we are able to stabilize AC
voltages and regulate the system frequency. A
unique control method was created to optimize fuel
economy, and it may be used to regulate the speed
of the diesel engine. Using a double-loop control
system, the DC-link voltage and battery current are
regulated to keep power balanced and mitigate the
effects of variable speed operation's slow dynamics.
A combination of the perturbation and observation
approach with the dynamic model of the DC-DC
boost converter allows for efficient Maximum
Power Point Tracking (MPPT). So that the Fuzzy
Logic Controller's (FLC) unexpected shifts don't
cause overshooting. This performance showcases
the efficacy of coordinated control under varying
loads and environmental circumstances, and it is
executed using MATLAB/Simulink.
Included in the package are off-grid hybrid systems,
fuzzily-fed induction generators, coordinated
control, tracking of maximum power points, battery
energy storage, and fuzzy logic controllers.

LINTRODUCTION

Due to its dependability, diesel generators (DG)
have recently been the go-to option for providing
power in remote parts of the globe. In this
application, a 30-kW photovoltaic (PV) array is used
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to augment a 14.92 kw diesel generator (DG) that
operates on a fixed-speed machine. Enhanced DE
efficiency and fuel economy at light load are
achieved by this, all while the noise and pollution
produced by the DG are reduced. Although this
approach is cost-effective, it exacerbates the issue of
inadequate generator loading, leading to less
efficient combustion and diesel engine efficiency
(DE).

To examine this subject, we look at diesel engine
applications that employ variable speed machine
technology. Light loads are no match for the variable
speed operation's DE efficiency and fuel economy.
When there are variations in load or wind speed, or
during transitions, this system's delayed dynamic
reactivity = becomes the  major  concern.

In order to address the concerns around a steady
supply of electricity, it is necessary to control a
hybrid off-grid system that includes a solar
photovoltaic array and a variable-speed diesel
engine. This allows the diesel engine's speed to be
changed to match a predefined fuel consumption
goal while still providing stable operation with ac
voltages and system frequency management via the
use of stator flux-oriented frame-based control and
vector-based control for the back-to-back linked
converters. An efficient method of control is
developed. Integrating the de-de boost converter's
dynamic model with the perturbation and
observation approach also makes maximum power
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point tracking (MPPT) straightforward and
successful. All proportional-integral controllers use
a back-calculation anti-windup approach to prevent
overshoots during the abrupt transition.
However, using an AWPI Controller will result in a
system that has a slow reaction time and noticeable
harmonic distortions. We use a Fuzzy Logic
Controller in lieu of the AWPI Controller to
circumvent these problems. As a result, the system
responds quicker and errors are eliminated. You may
use Matlab/Simlink to look at the simulation results.

II. PROPOSED SYSTEM

Figure 1 depicts a proposed hybrid off-grid system.
The DE-driven variable speed DFIG's rotor
terminals are connected to the PCC via back-to-back
converters, while the stator terminals are linked to
the PCC via the circuit breaker (CB). To disconnect
the DFIG stator from the PCC while the DE is off
and reconnect it when conditions are right, the CB is
used. A common dc bus connects the SPA and BES,
which are connected by dc-dc boost and dc-dc buck-
boost converters, respectively. An ac dump load is
connected to the dc side in order to stop BES from
charging too much. With this OFF-grid setup, fuel
economy is achieved at light loads and with the DE
disabled, as the DG runs at variable speed based on
the current load power demand (PL), maximum and
minimum rated load power demand (Pn), power
generated from the SPA (PSPA), and the battery
energy storage system's state of charge (SoC%).

Fig. 1. Hybrid OFF-Grid system based on
variable speed DG and SPA under study

III. CONTROL STRATAGY

A. Coordinated Control Strategy
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The VSDG model and its coordinated control
mechanism are shown in Figure 2. The DFIG,
engine, speed regulator, and actuator are all part of
this model. In this document, you may discover
further information on the parameter design,
mathematical models of the actuators and engines,
and more. The DE speed is modulated by the
actuator, while the precise fuel efficiency is
provided by the governor. The ideal DE speed curve,
together the coordinated control algorithm and the
speed controller, make up the part that is responsible
for managing the DE speed. In, we get into the
specifics of DFIG control. The reference power
(PDFIG]]) is supplied via the coordinated control
technique, which utilizes nine modes, as shown in
Table 1. In response to changes in load and ambient
conditions, the DFIG may switch between super
synchronous and sub synchronous modes of power
generation.

Adtuator Engme @
\\-' &
Coordinated
Control A lgonthm Rotor side
P SoC% P,

Fig. 2. DE model and its coordinated control

B. Control of RSC

The introduction of AWPI controllers improves the
vector control system, as seen in Figure 3. Ensuring
the DFIG gets the necessary magnetizing current
and maintaining excellent performance across
different DE speed circumstances are the two
primary objectives of RSC control. In Fig. 1, we can
see that BES stimulates the DFIG stator via LSC.
The reference rotor speed (c[]), the measured value
(cZ), and the rotor speed error (Acf) are sent into the
proportional-integral  controller  (AWPI)  with
antiwindup feedback to determine the current along
the quadrature axis of the RSC.
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0.3Pn<PJ, uper- ast )
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where k5, ki3, e;, and Ta, denote the PI controller
gains of the inner loop, the error between the
saturated and unsaturated control signals, and the
antiwindup gain, respectively. The obtained duty
cycles are fed to PWM controller to get switching
signal for (5,-51,).

Fig. 4 shows developed control algorithm of de—dc
boost converter. To achieve high performance from
SPA under solar irradiation change, the improved
P&O technique given in [21], and dynamic model of
the dc—dc boost converter are combined. The
reference PV current (I,,,py) is estimated using the
P&O technique. The measured SPA current (Ipy) is
compared with I, p;and the error is fed to the PI
current controller with antiwindup feedback as

u; = kp3(Lppy — Ipy) + (ki3 - %) fot(ImPV -
Ipy)dt (6)

where k3, ki3, €3, and Tg3 denote proportional and
integral gains of the controller, the error between
saturated and unsaturated control signals, and the
antiwindup gain, respectively. The duty cycle (d) is
obtained using output of PI controller (u;) and
dynamic model of dc—dc boost converter [22] as
d=1+4"er (7)
Vac

The obtained duty cycle is fed to the PWM controller
to get the switching signal for the switch S1.

'~I.. bmproved | i,

P&O
v = Technique

Fig.4. Control strategy for DC—DC boost
converter

D. Control of DC-DC Buck—Boost Converter

Fig. 5 demonstrates developed control algorithm for
dc—dc buck—boost converter. To balance power in
OFF-grid system, to compensate SPA intermittency,
and to ensure an uninterruptible power to connected
load, especially during increase or decrease of
VSDG speed, transition between different operating
modes of DFIG, double-loop control is developed.
Reference BES current (i}, ) is obtained as

UGC CARE Group-1

cww,  Industrial Engineering Journal

< Volume : 53, Issue 9, September : 2024

.k * t *
lpat = kp4(Vdc - Vdc) + (ki4 - %) fo (Vdc -
Vao)dt (®)

where kp4, ki4, e4 and Ta4, Vdc, and Vdc* denote
the proportional and integral gains of the outer
control loop, the error between the saturated and
unsaturated control signal, and the antiwindup gain,
de-link voltage, and its reference, respectively. The
measured BES current (ip,.) is compared with its
reference ij,, and the BES current error is fed to PI
controller with antiwindup feedback to get the duty
cycle (d1) to generate the switching signal for S13
and S14.

Fig.5.Control strategy for dc—dc buck—boost
converter

D. Control of LSC

In Fig. 6, the control algorithm for the load side
converter (LSC), is presented. To inject power into
PCC and to maintain a constant ac voltage and
system frequency, stator fluxoriented frame-based
control is employed ([23]. The reference d-
component of the stator current (i5;) is estimated as

% t
ita = kpsbVpy + (kis = 7) [y BVpr dt (9)

where ks, k;s, es, Tys and AVp, denote proportional
and integral gains of controller, the error between the
saturated and unsaturated control  signals,
antiwindup gain, and error in PCC voltage, obtained
by comparing reference amplitude of PCC voltage
given in [12], and its measured value (VPL), as

2
VL = \/ (g) (VLZa + VLZb + Vch) (10)

where V4, V; 3, and V, . represent the measured PCC
voltages.

The stator current in g-axis (ig,) is obtained as

b Lonw -
lsg = _(L_S)lRSCq (11)

Where Ly, L, and iggc, are mutual and stator
inductances and RSC current in g-axis. The system
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frequency regulation is realized by forcing LSC to
operate at 60 Hz as

0, = 2nf.t (12)

where t and fs represent sampling time and the stator
frequency, which is equal to 60 Hz. The reference
currents of the stator (isa*, isb*, and iscx) are
obtained using inverse Park Transformation matrix
as [20]

lizabe] = Taqo(8) ™ [Lsaqo] (13)

where Tdqo (8s) —1 represents inverse Park’s
transformation. Measured stator currents are
compared with references and errors in stator
currents are fed to PI current controllers with
antiwindup feedback for inner control loops to get
duty cycles (dsa, dsb, and dsc) as

(dSa = kpelisq + (kie - e_s) ftAiSadt
{I b = kpelisp + (kze ) f Aig,dt
t Sc — kp6AlSc (kl6 ) f AlScdt

(14)

where Ky, kig, €6, and e4 denote the PI, controller
gains of inner control loops, the error between the
saturated and unsaturated control signal, and
antiwindup gain, respectively. The obtained duty
cycles are fed to the PWM controller to get the
switching signal for (5;—S¢).).

oo AW W on

Fig.6. Control algorithm for LSC

Iv. PROPOSED FUZZY LOGIC
CONTROLLER
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The fuzzy approach consists of three primary
phases. Level one, input; level two, processing and
stages Next, we have the Output Stage.
The error signal is fed to the Fuzzy controller and
used as feedback. In the processing step,
membership and truth values are used to decrease
the signal-to-noise ratio. By eliminating noise from
the output volume, the output stage may now be
regulated and set to a certain value.
The fuzzy-based logic controller's four-step setup:
First, never stop moving. The source of law 3) The
inference procedure fourthly, untangling. The PI
controller has surpassed all others in industrial
settings due to its basic form, low cost, and ease of
manufacture. Despite these benefits, PI controllers
fail miserably when dealing with things that are very
non-linear and unpredictable. This makes
developing a fuzzy logic controller more easier
while yet retaining the advantages of a Pl-style
control system. The control output is given by

KpAus + ki [edt (15)

where kp and ki are the same as in the basic PI
controller and stand for the FLC output. The look of
fuzzy Pairing fuzzy variables with input variables is
what fluzzification is all about. There is a distinct
membership function for every fuszified variable. To
keep the inputs and outputs afloat, as shown in
Figure 5, three sets of fluids are utilized: P for
positive, Z for zero, and N for negative. Inputs to the
fuse controller include both the original and
derivative errors.

Figure 7. Membership functions for fuzzy
controller

Q xi <0
mp(xi) =17 0 <xi <L (16)
1xi>1L
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Where xi marks the controller fuzzy inputs. The
adverse member feature is similarly
1 xi<-L
un(x) =47 —L<xi<0 (17)
Oxi>0

And the membership feature is zero set:

0 xi<-L
xi+L .
HZ(Xi) — T - L S X1 S 0 (18)
T o<xi<lL
0 xi>L

Inference

The variables that can be altered provide the basis
for control decision-making. Details act as guides
and inform production decisions. In Table 1 you can
see the foundational rules of the controller. Using
the min-max inference, we can find out how much
of a member the output variables are. The image. 2.
It was suggested to use a fuzzy controller. Make an
effort.

Fuzzy controller table 1 Rule Base
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F £ F F
Defuzzification

In numerical output, the output variables for the
fuzzy inference method should be transformed. Use
Zadeh operating rules and general defuzzifier for
fuzzy controller output:

Yi_q uewhuf
A k — &i=17\"JP) 1
ulk) =5 e n (19)

Fuzzy logic is one approach to real-time governance.
Identified by considering many factors and using a
resolution method based on multiple rules. More and
more people have started using Fuzzy MPPT in the
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last decade. Among the several advantages of fuzzy
logic controllers are their tolerance for non-linearity,
ability to operate with defective inputs, and lack of
necessity for an accurate mathematical model.
Figure 3 displays the Fuzzy MPPT model in
Simulink. Two inputs and one output characterize it.
The error (E) and the change of error (CE) are two
variables that FLC takes as input. D stands for duty
cycle output variable. As a result, tracking
performance under linear and nonlinear loads may
be improved using fuzzy control algorithms in
comparison to conventional methods. Nonlinear
control is a good fit for fuzzy logic since it doesn't
depend on complex mathematical formulae. Among
several other things, the structure of the membership
functions in the rule base determines how an FLC
will perform.

To construct our membership functions and rule
base, we use the Fuzzy Logic Tool Box in
MATLAB. Here we can see the error membership
function from a graphical standpoint in
Figure.Fuzzy logic causes input errors, as seen in
Figure 6.7. The error's evolution is shown by the
picture.A fuzzy logic controller's duty cycle is
shown in Figure 9.0, whereas Figure 8 shows the
same thing.

[T
— e —— —— i
ST 2o} — ety ‘
i - — -]
b P e e ]
Figure.8 Fuzzy logic Implementation in
Simulation
i NH NM NS Z1 rs M "
g 1 ‘
- u\““ / \ \
= 0.5 ' ’_ /
< 4 V. ¥ \ \ V4

L] 20 <10 0 10 20 0
input variable "e"

Figure.9 Fuzzy logic input Error (E)
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Case-1 System operates in modes 1 and 2

% of THD % of THD
obtained by obtained by
using AWPI using FLC
Inverter 13.61% 3.40%
Current
Load Current | 13.61% 3.40%
Load Voltage | 13.83% 3.87%

Case-2 System operates in modes 3 and 4

% of THD % of THD
obtained by obtained by
using AWPI using FLC
Inverter 27.75% 3.40%
Current
Load Current | 27.75% 3.40%
Load Voltage | 27.75% 3.31%

Case-3 System operates in modes 5, 6, and 7

% of THD % of THD
obtained by obtained by
using AWPI using FLC
Inverter 13.06% 3.34%
Current
Load Current | 64.94% 3.77%
Load Voltage | 6.54% 3.25%
Case-4 Sudden load increment.
% of THD % of THD
obtained by obtained by
using AWPI using FLC
Inverter 94.44% 2.64%
Current
Load Current | 81.34% 2.84%
Load Voltage | 10.14% 3.31%
CONCLUSION

UGC CARE Group-1

This article describes in depth the study and testing
of control mechanisms for a hybrid off-grid system
that uses a solar photovoltaic array and VSDG
electricity. Findings from the simulation indicate
that the system may operate fuel-efficiently when
the DE is turned off and the engine is operated at
variable speed. It compensates for slow dynamics
and maintains system smoothness when operating at
different speeds. Simulation and prototype
validation have added to the proof that the load can
continuously deliver regulated frequency and
sinusoidal voltage. It has been shown that the
upgraded P&O algorithm, in conjunction with the
combined dynamic model of the dc-dc boost
converter, achieves optimum performance from the
SPA when the amount of sunlight reaching it varies.
Further, studies have shown that double-loop control
compensates for the slow dynamics of variable
speed operation and enhances power management in
dynamic scenarios. Additionally, it has been shown
that back-calculation techniques used by Fuzzy
controllers exhibit resilience. System components
such as SPA, BES, load, and DE have their observed
conditions coordinated by the nine states of the
proposed Fuzzy control approach. Take a look at the
statistics to compare the percentages of total
harmonic distortion (THD) between the existing
controller and the proposed FLC.
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