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ABSTRACT

This study introduces a novel nine switch converter topology for integration and power flow between hybrid Self-excited induction generator - Photovoltaic (SEIG-
PV)-based isolated system. The hybrid isolated system houses a 22-kW SEIG, an 18-kW photovoltaic system, and Battery Energy Storage System (BESS). Nine switch
converter plays a vital role by providing continuous power supply irrespective of load or source side disturbances and helps in managing the power flow throughout
the system. Two separate decoupled control strategies have been designed for source side and load side, which helps in regulating the voltage and frequency to
be constant for both ends. The self-excited induction generator side power control strategy regulates the power flow and changes the DC-link voltage such that the
excess/deficit power is stored/extracted from BESS. The whole system is subjected to two different loads, that is, linear load and dynamic load, and the uninterruptible
power flow capability is also analyzed. The entire system has been simulated and modeled using Matrix Laboratory (MATLAB)-2018(a).

Index Terms—Battery energy storage system, decoupled control, nine switch converter, photovoltaic system, self-excited induction generator, uninterrupted power

supply

I. INTRODUCTION

Electrical power generation so far has included thermal, nuclear, and hydropower plants. This has
almost led to continuous degradation of environmental conditions. Depletion of conventional
energy sources has been increasing at a faster rate for which renewable energy sources are now
been brought into the picture. Renewable energy sources have a number of variants such as
micro-hydro, wind, PV, fuel cell, etc. Among these, the authors have considered the micro-hydro
and photovoltaic system, hybridized both with a BESS focused on the power flow control in the
system. Taking into consideration the micro-hydro-based SEIG system, it has been seen that the
control of “f” and “V” of SEIG has been most challenging. Though SEIGs inherit characteristics
including robustness, maintenance-free, and economically viable, but yet these machines show
stability issues which have been often investigated by authors in case of isolated system opera-
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tion. Moreover, it has been noticed that the voltage and frequency of the system vary when
fluctuations are observed in loads “P” or “Q” power demand. Excitation capacitance requirement
for SEIG-based system given in [1] greatly depends on the reactive power requirement of the
generator, for flux generation, and the reactive power supply capacity of the system. Failure in
excitation and severe voltage dips, as well as total blackout, have been observed in the case
of SEIG-based isolated systems when there is sudden reactive power demand. To regulate the
voltage of SEIG, a lot of research has been done. A fair amount of voltage regulation can be
achieved by using a combination of series and shunt capacitances that are delineated in [2,3]. In
literature, the use of saturable core reactors as stated in [4], Static Var Compensator (SVC) detailed
description in [5], and the converter-based series and shunt compensators [6,7] have also been
investigated for regulating the voltage in the SEIG system. Among different strategies for volt-
age control of SEIG, most effectiveness and efficiency have been observed in the case of Static
Synchronous Compensator (STATCOM) as given in [7,8].

In order to maintain the frequency support of a SEIG-based isolated system, a combination of
STATCOM and BESS has been delineated in [9-15]. Although electronic load controller helps in
mitigating the frequency demand in SEIG systems [10], electronic load controllers more often
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dissipate a lump sum amount of power at dump load which more-
over leads to inefficiency of the system. Finding a solution to this
issue, many researchers have opted for the hybridization of energy
sources. [11] provides information about a SCIG-based wind energy
conversion system hybridized with micro-hydro system housing
SEIG using back to back converters, which helps in easy integration
of energy source and controls the power flow. Literature [11,16,17]
depicts that the loads are directly connected to the terminals of SEIG.
This layout causes serious drawbacks, that is, when the load fluctu-
ates, disturbances are observed in the SEIGs current which leads to
variation in voltage and frequency of the SEIG. Again, this type of
arrangements of SEIG leads to a complete shutdown of the system
even in the presence of BESS, during any fault in SEIG.

Looking into the scenario, nine switch converter (NSC) can be chosen
as an effective solution for all the above-mentioned problems. Two
independent loads operating at different frequencies and voltages
can be supplied from a single NSC. This extraordinary feature of NSC
is quite capable of integrating different renewable energy sources.
In comparison with back to back converter, NSC is quite economi-
cal as it poses nine bidirectional switches. Decoupled power control
is possible in the case of NSC because of the presence of a DC-link.
Therefore, two different control algorithms can be imparted in order
to control both load and SEIG separately, which would help in stabi-
lizing the voltage and frequency of SEIG irrespective of rigorous load
fluctuation. Again, there exists another possibility of continuous sup-
ply to the load, irrespective of disturbance on source side, which has
also been investigated in this work.

In this study, a hybrid isolated system is taken into consideration. The
hybrid system is formed by the integration of SEIG, PV, BESS, and load
through an NSC. The two major aspects which are considered in this
study are power control in the system using NSC and the capability
of the system to provide continuous power supply during source

side disturbances and source disconnection. For power control of the
source and the load side of NSC, two different control strategies have
been discussed in this work. The SEIG side power flow is controlled by
a decoupled current component-based control strategy. This control
structure regulates the voltage and frequency of the SEIG by appro-
priate management of the active and reactive power. The load side
control structure regulates the load side voltage and frequency, irre-
spective of load and source disturbances. The performance of the NSC
for power control is examined and analyzed by switching two differ-
ent loads into the system, that is conventional RL load and induction
motor load. The hybrid system is also examined under source side dis-
turbances likely step variation in prime mover torque of the SEIG and
source disconnection. MATLAB and Simulink environment is used for
modeling and simulation of the work presented in this study.

1I. SYSTEM CONFIGURATION

A hybrid isolated system is taken into consideration which com-
prises SEIG, PV, and energy storage system, all of which are inte-
grated through a power converter. The architectural representation
is shown in Fig. 1.

In [7-11], it can be noticed that the loads are directly connected to
the SEIG system. In this study, the proposed configuration is dynamic,
reliable, and efficient as compared to the literature. Here, in this pro-
posed configuration, an independent power control strategy has been
used both for the generation side and load side. So, any fluctuation
in the load end does not affect the generation side voltage and fre-
quency. Similarly, supply to the load is possible if any one source, that
is, either PV or SEIG is disconnected. Nine switch converter enhances
the cost-effectiveness of the system with switch count minimization
as compared to conventional six switch back to back (B2B) converters.
Moreover, in the case of NSC, the gate pulse for middle set is obtained
from the XOR operation of top and bottom sets of switches. For this
reason, no extra dead time has to be introduced in the gate pulses of
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Fig. 1. Architectural representation of hybrid system.
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each phase leg which significantly increases the reliability of the NSC.
One of the major cons is possessed by NSC, that is increased DC-link
voltage requirement as compared to back to back converters.

11l. NSCSTRUCTURES AND CONTROL STRATEGIES

A. Nine Switch Converter

The architectural representation of NSC is given in Fig. 2. The name of
the converteritself suggests thatit houses nine bi-directional switches.
Furthermore, DC-link helps in controlling the two AC outputs/inputs
independently as given in [18-20]. For this extraordinary feature of
separate control of two AC sides of the NSC, it is suitable for hybrid
isolated systems.The NSCis divided into three switch sets, namely, top
set (T), middle set (M), and bottom set (B) where “i” denotes the phase
leg number, thatis, 1, 2, 3. It consists of two, 3-phase AC outputs. Here,
in the present configuration, a three-phase self-excited induction
generator is controlled through its XYZ terminal, and the load for the
proposed system is connected to the terminals ABC as given in Fig. 2.

The necessary condition will be that in any phase leg, only two
switches can remain ON at any point of time. Therefore, the neces-
sary generalized form to enhance the logic of switching sequence
is stated in (1).
T,' +M,‘ +B,‘ = 2 (1)
This implies that three different switching combinations for any
one phase legs are possible. The switching combinations with three
switching states and the respective voltages at both outputs w.r.t DC
midpoint are shown in Table I.

Apart from (1), the switching state of each phase leg can be
equated as

T,""M;Bi:1
)
B,‘+M,‘Ti :1
Voo =T, - M)
(€)
Voo =(TM, ~B)) %
2
L K3 KY K
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Fig. 2. Architectural representation of NSC. NSC, nine switch
converter.
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TABLE I. VOLTAGES WITH RESPECT TO DC MIDPOINT

T m, B, Vo Vo
1 1 0 Vi Vi
1 0 1 Vi ~ Vi
2
0 1 1 ~ ﬁ ~ Vi
2 2
T M, B, Vso Yo
1 1 0 Vi Vi
1 0 1 Vi ~ Vi
2
0 1 1 ~ ﬁ ~ Vi
2 2
T M, B, Veo V2o
1 1 0 Vi Vi
1 0 1 Vi - Vi
2
0 1 1 - ﬁ - Vi
2 2

where, p=phase A, B, C

g=phaseX,Y,Z
1 for Phases A and X

i=412 forPhases BandY } Substituting (2) in (3), we get,

3  forPhases Cand Z

VpO :{Ti —(1—7-,)}\/7‘1:(27-, —‘I)V7d

Va

Voo ={(1-B/)-B;} ; Va

(1-28;) 5

B. Control of SEIG system

The SEIG side control structure is designed to regulate the volt-
age and frequency of the SEIG. This control scheme basically man-
ages the active and reactive power of the SEIG side. The proposed
control structure is an orthogonal current component-based con-
trol scheme. In this scheme, the orthogonal components, that is,
in-phase and quadrature components of the voltage, are used to
control the frequency and voltage of the system. The in-phase com-
ponent controls the system’s active power, whereas the quadrature
component is used for controlling the reactive power of the system.
The active power management is done such that the excess/deficit
power is stored in/drawn from the battery energy storage system
which is connected to the DC-link of the NSC. The control scheme
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also enables reactive power support for the SEIG side to maintain a
constant voltage. The voltages from SEIG are sensed from its termi-
nal, and the peak voltage is derived as:

_ 2 2 2 2
Vy = /E(VA V2 4V, ) (5)

The peak voltage “V;” is then divided by the individual voltages to
achieve the in-phase components as in (6).

v, v,
A up = uc

%
=——,Ug= ==t
VT VT

=V (6)

Ua

After the in-phase components are found out, they are used to esti-
mate the quadrature components. Equation (7) gives the calculation
of w,, wg, w. which are the quadrature components as given in [8].

0 —

w u
wile 3 ) @)
w. 2 23 243 0.

J3 1 1

2

Both the in-phase and quadrature components have unity ampli-
tude and are displaced by 90° from each other.

In order to estimate the amplitudes of the in-phase and quadrature
current components, the errors of voltage and frequency are sensed
and fed to Pl controllers:

lip (M) =lyp (N =T+ Ky (N) +K py (€117 (N) — €1 (N —1)) (8)
lwp (M) =1,y (N =N+ K €0n, (M) +K pyy (€1, (M) =€, (N = 1)) 9)
where

e, =f —f (10)
e =Vier —V; (11)

where “f”is the frequency, “f*”is the reference frequency, “V,” is the
terminal voltage and “V, /" is the reference terminal voltage.K_, K

tref pur "pw!

K., and K, are the proportional and integral gains of the Pl controllers.

l,, and I, are the amplitudes of in-phase and quadrature current
components, respectively. The in-phase and quadrature current
components are calculated by multiplying their respective ampli-
tudes with their unit vectors which are given by (12) and (13).

lua :Iup XUq
Iub :lup XUy (12)

lye =1yp xU
lwa =lyp XW,
Iwb :pr XWy

e =lwp XW,

After getting the in-phase and quadrature currents, the three-phase
reference currents are calculated as in (14)

f %
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Fig. 3. Control structure of active and reactive power control.
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Fig. 4. Control structure of load side voltage control.
itoio 4 D. Nine switch converter switching
¢ Mostly two different modulation strategies have been mentioned in
iy =iy +inp (14) literature for the switching of NSC, that is, space vector modulation

iC“ :iUC +iWC

The control signals for terminal XYZ, that is, “e,"“e,"“e,” are calculated
by subtracting the actual current values from their reference quanti-
ties asin (15).

ey *ia —lq
ey =iy, —Ip (15)
e, —ic*_lc

Fig. 3 shows the control architecture for the power control of the
SEIG side.

C. Load Side Voltage Control

In this section, the main focus is to improve the load end power qual-
ity. In order to maintain a constant voltage and frequency at the load
end, a robust control strategy has been developed which seems to
be quite efficient. A decoupled voltage control strategy has been
implemented to enhance the load end power quality. Fig. 4 shows
the control architecture of the load side.

In this control strategy, authors have focused to align the whole
load side voltage with the direct axis of the reference frame. This
makes the quadrature axis component of the load voltage to be
zero. This way the load side voltage can be controlled by controlling
only the direct axis voltage component, which reduces the num-
ber of Ontrolled in the structure and makes the structure simpler.
To implement the control structure, the direct axis component of
load voltage is sensed and compared with its reference value. The
error is given to a Pl controller which generates the direct axis con-
trol voltage. The quadrature axis control voltage is set to zero. The
direct and quadrature axis control voltages are then transformed to
three-phase reference voltages, and the reference voltages are then
compared with the three-phase load voltages to generate the con-
trol signals for the load side, that is, “e e, ,e. " These control signals are
used for the carrier-based switching of the NSC.
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(SVM) [12] and carrier-based modulation [19]. In this work, carrier-
based modulation technique is employed for the generation of gate
pulse for NSC. The control signals of “e,e,e” and “e e .e,” have been
compared with a fixed frequency triangular carrier wave as given in
Fig. 5.

For that to happen, the control signals “e,.e,.e.” and “e,.e e," are given
the required offset so that they do not intersect with each other.The
offset given to the control signals also decides the effective aDC volt-
ages which would be reflected at the terminals A, B, Cand X, Y, Z.To
achieve efficient switching of the NSC, it is to be taken care that the
two sets of control signals “e, e e,” and “e,e,e" do notintersect with
each other. The more the offset, the lesser will be the voltage. Hence,
the offsets are adjusted according to the DC voltage requirement of
terminals A, B, Cand X, Y, Z. In this work, the total DC-link voltage is
taken to be 1800 V. As both the generator and load sides are oper-

ated at 230 V phase voltage, both the sides have the same DC-link

voltage requirement. So, the DC voltage requirement for terminals
“A, B, C"and “X, Y, Z" is taken to be equal. Hence, the offset given to
the control signal in this work is equal. The offset taken in this work
is “~"T%9_« for control signals “e,e,e.” and * ‘e,e,e,” The reference

switching signal is shown in Fig. 6.

The crucial arrangement in order to get the switching pulses for top
set of switches can be obtained from:

if

T={; e | (16)
Likewise, for the bottom set of switches
B={y " G (17)

The conditions for switching of middle set can be obtained by
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Fig. 7. (a) Voltage and current waveforms of source side. (b) Voltage and current waveforms of load side. (c) DC parameters waveforms of linear
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M; =T; ®8B, (18)

The XOR (® ) operation ensures that in a phase leg, three switches
cannot remain ON as given in [18-20]. This operation also helps in
maintaining the required dead time between three switches in
each phase leg, which is proficient and reliable as compared to B2B
converters.

IV. SIMULATION RESULTS AND DISCUSSIONS

This work largely emphasizes on two objectives. The first objective
is to regulate the voltage and frequency of the considered hybrid
autonomous system using NSC, and second objective is to test the
uninterrupted power supply capability of the system. The viability
of the NSC for accomplishing the previously mentioned objective is
assessed by exposing the system to various loads and source side
disturbances. The response of the system is first assessed by oppress-
ing the system to load side variations. Two different load variations
are considered in this work. Namely,

- Conventional RL load;
« Induction motor-based dynamic load.

Then, the response of the system is evaluated for source side distur-
bances such as:

« Step variation in SEIG torque;
« Step change in illumination of PV.

And finally, the capability of the NSC for supplying uninterrupted
power is evaluated by exposing the system to partial and total dis-
connection of the sources.

- Performance Evaluation with Load Side Variation

A. Simulation Analysis with Conventional RL Load

This segment depicts the system behavior while supplying an RL
type load which is time-varying in nature. The source-side voltage
and current waveforms stay undisturbed as can be seen in Fig. 7(a).
The increment and reduction in current can be noticed in Fig. 7(b).
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Fig. 8. (a) Voltage and current waveforms of source side. (b) Voltage and current waveforms of load side. (c) DC parameters waveforms of
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The load end voltage is genuinely steady due to load side control
structure as can be found in Fig. 7(b). Despite the variance in load,
the frequency, current, and voltage of the SEIG are kept up at steady
values. From Fig. 7(c), it is clear that there is an increase in DC-link
when the load is less, for example from 4 seconds to 4.1 seconds. Due
to the increase in DC-link voltage, the real power is diverted to the
BESS which helps in making the frequency of the SEIG steady at 50
Hz as given in Fig. 7(d). During light loads, the PV current decreases

because of the increase in DC-link voltage, and the PV current rises
during 4.2-4.3 seconds as a result of the fall in the DC-link voltage
which is obvious from Fig.7 (c).

B. Simulation Analysis with Induction Motor-based Dynamic Load
In this part, the system performance is evaluated by switching a
dynamic induction motor load to the system while the system is sup-
plying power to a constant RL load previously. The induction motor
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considered in the work is a 7.5 kW induction machine that is directly
turned ON without any soft switching mechanism. A substantial dis-
turbance in load current response is visible in Fig. 8(b) due to the
sudden requirement of real and reactive power. There appear to be
no changes on the source side as can be seen from Fig. 8(a) due to
induction motor-based dynamic load switching. A voltage drop of
around 20V in the DC-link voltage occurs due to the sudden demand
for real power. The drop in DC-link voltage forces the BESS to dis-
charge and provide the required real power to the system. The rise
in BESS current is visible in Fig. 8(c). The drop in DC-link voltage also
results in the increase in the PV current which can be seen in Fig. 8(c).
The load and SEIG side frequencies remain undisturbed in spite of
severe load changes as given in Fig. 8(d), which demonstrates vigor-
ous and productive power control done by the NSC.

« Performance Evaluation with Source Side Disturbance

C. Performance Analysis with Prime Mover Torque Variation at
Source Side

In this section, a step change in the turbine torque is given at time
3 seconds. The turbine torque is increased from 80 Nm to 100 Nm
as given in Fig. 9(c), due to which the power generated by the SEIG
increases when increasing the generator current as shown in Fig. 9(a).
Due to change in torque, the voltage and frequency on the gen-
erator side tend to increase. The NSC absorbs the excess generated
power and stores it in the BESS as can be seen from Fig. 9(d), which
shows an increase in battery current. Due to this, the generator side

frequency is maintained constant as in Fig. 9(e). The NSC also effec-
tively controls the power flow to the load side, keeping the load side
voltage and current constant as shown in Fig. 9(b).

D. Performance Evaluation with Step Change in

Illumination of PV

The effects of variation in solar illumination are shown in this sub-
section. To show the effects of solar illumination on the system, the
following initial conditions are ensured.

1) theloads in the system remain constant;

2) turbine torque of the SEIG is considered to be constant at
—85 Nm;

3) battery internal voltage is constant at 1800 V;

4) there are no other disturbances occurring in the generator or

load side of the system.

Under the above conditions, the solar illumination varied in steps.
The illumination is reduced from 1000 W/m? to 900 W/m? at 2.6
seconds, and again at 2.8 seconds, the illumination is increased
from 1000 W/m? to 1200 W/m?2 The step variation in illumination is
considered only to get a simple and clear view of its effects on the
system.

As mentioned earlier, there are no disturbances or variations in both
the generator and load sides of the system. Due to this, the genera-
tor and load side currents remain unaltered during the mentioned
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Fig. 10. (a) Waveforms of alternating currents: source current and load current. (b) Waveforms of frequencies: source side and load side. (c)
Waveforms of DC currents: battery current, DC-link voltage, and PV current.
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time interval of 2.6 seconds to 2.9 seconds, as can be seen from
Fig. 10(a). The frequencies of both the generator and load sides, as
in Fig. 10(b), also remain unchanged. Due to the variation in the
solar radiation, only the DC side parameters are affected. As can be
seen from Fig. 10(c) at 2.6 seconds, when the radiation reduces from
1000 W/m? to 900 W/m?, the current of the PV array “I;," reduces from
10.2Ato9A.

Before 2.6 seconds, the DC-link voltage was 1799.6 V which is less
than the internal voltage of the battery. That causes a DC current of
—1 A which is fed from the battery to the system. The negative sign
of the battery current “/;” means the current is fed in the system from
the battery, that is the battery is discharging. Due to the reduction in
radiation, the DC-link voltage reduces further to 1799V causing more
battery current, that is —2.2A, which is fed into the system. It can be
seen that the reduction in “/,,” is managed by the increase in “/;" so
that the generator and load side voltages and frequencies remain
constant. Similarly, during time 2.8-2.9 seconds, the solar radiation
is increased from 1000 W/m? to 1200 W/m?, causing 11.2 A of “I,,,” To
manage the extra amount of “/,,,” the DC-link voltage increases from
1799.6 V to 1800.2 V, which is more than the internal voltage of the

battery. This reverses the current flow from —1 A to 0.2 A. The battery
gets charged and stores the surplus amount of power that is being
generated from the PV arrays.

C. Performance Evaluation with Source Disconnection

In this section, the NSC is tested for its capability of supplying con-
tinuous power to the load irrespective of partial and total discon-
nection of the sources. Here, a constant RL type load is considered
at the load terminals. While supplying power to the load, at 2.3 sec-
onds, the SEIG is taken out from the system which is clearly visible in
Fig. 11(a). From 2.3 seconds to 2.5 seconds, the power is fed from the
PV source and BESS. At 2.5 sec, the PV system is also disengaged from
the system so the whole power required by the load is now directed
from the BESS. Fig. 11(b) shows the contribution of the BESS during
partial and total source disconnection.

As the discharging current builds, the DC-link voltage falls, this can
be seen from Fig. 11(b). It very well may be seen that regardless of
whether the SEIG and the PV are connected or disengaged, the NSC-
based system is fit for providing continuous power to the load. The
frequency and voltage of the hybrid system also remain fairly steady
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Fig. 11. (a) Waveforms of alternating currents and voltages with disconnection of both SEIG and PV source. (b) Variations in DC currents and
voltages with disconnection of both SEIG and PV source. (c) Variations in SEIG side and Load side frequencies.
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during the disconnection period which implies the robustness and
efficacy of the load side control architecture. The frequency invari-
ance of both source and load side is visible in Fig. 11(c).

V. CONCLUSIONS

In this study, most of the spotlight is focused on the control of volt-
age and frequency of the NSC-based hybrid system. The supply of
continuous power to the load during different unsettling distur-
bances is another aspect of this study. The entire power control in
this work is executed by the NSC which fills in as a proficient and
powerful alternative of back to back converters for this purpose. The
proposed system was found to be quite efficient and robust against
various load disturbances and load switching, due to which the
system frequencies and voltages are maintained at fairly constant
values. Both the load and source side parameters remained fairly
stable during various disturbances in the system. The BESS power
was also efficiently managed by the control architecture and the
NSC to provide continuous and uninterrupted power to the load. The
control architecture was also fast enough to minimize the effects of
the dynamic induction motor load switching. Hence, the NSC with
its associated control structures can be considered to be efficient
enough for integration and power control purpose in hybrid isolated
systems. Apart from this, the future aspects, which could be investi-
gated further, are the performance analysis with different robust and
non-linear controllers, as well as the stability and sensitivity study of
the proposed system.
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