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This paperpresents the dynamic modeling and control strategy of a multi-phase (six-phase) induction
generator to utilize it as a standalone electrical power sources in collaboration with a hydro energy
source. This proposed system can supply AC & DC power simultaneously with the help of two different
three-phase windings. The first three-phase winding is known as power winding which supplies power
to AC load through a controlled cyclo-converter as a constant frequency AC output and second three-
phase winding, known as control winding, supplies power to DC load through a static excitation
regulator. An energy storing device is installed in DC side winding for increasing the reliability of this
micro grid generating system. Simulated results contain transient and steady state analysis of multi-
phase induction generator for voltage build up at no load and different types of load switching in both
AC and DC sides. The provided MATLAB/Simulink based prototype model of this proposed generating
system ensures that stand-alone multi-phase induction generator works satisfactorily for supplying both
controlled AC & DC power to load simultaneously.

Keywords — Multi-phase induction generator, AC & DC hybrid micro-grid, Hydro power, Renewable
energy source, Control strategy.

Introduction
Presently the whole world is suffering

Mainly induction generators are used
for extracting power from different renewable

from two major problems - one is energy crisis
and another is pollution. For this problem,
renewable energy, such as small hydro, solar,
wind etc., is one of the finest and probably the
only solution [1]. Till now, in India, more than 4
crore households are un-electrified, because
they are situated in such a remote rural area
where national grid is unavailable. But
research finds out that 80% of that area has a
high potential in renewable energy generation.
For these areas, renewable energy based
micro grid is the best solution due to its several
advantages like less maintenance, almost zero
running cost etc. [2-5]. Here, a hybrid micro
grid has been proposed for supplying AC & DC
load simultaneously.

energy sources like small hydro, wind etc. for
several advantages like simple construction,
low cost, ruggedness, high reliability and low
maintenance. In the recent time, multiphase
induction generators (more than 3 phases)
gain a large interest for the application of
variable speed drive electric system due to
several advantages of it when compared with
conventional three-phase system [6-7]. It is
capable to increase the net amount of power
while maintaining the per phase power rating
same as previous with ease. However, till now,
multi-phase induction motor based research
works have been carried out more successfully
as compared to multi-phase induction
generator.  This  multi-phase  induction



generator is very much suitable for extracting
power through small hydro or wind energy in
remote area. Multi-phase induction generator
consists of two different three-phase windings
sets, which is under the same magnetic field.
Modeling, steady state and transient analysis
for different types of load, excitation control
and performance analysis are discussed in
detail [8-11]. By using indirect field oriented
control a constant frequency AC voltage is
generated in power winding for supplying
power to the AC load and a controlled DC
power is generated in controlled winding for
supplying the power to DC load. By
implementation of bidirectional energy flow, the
number of converter is reduced and system
complexity is also reduced to a great extent [12
-14].

This paper presents the modeling,
analysis and control strategy of a multi-phase
induction generator used in AC and DC hybrid
micro grid generating system. This entire paper
is sub-divided in the following sections: A brief
discussion about the proposed system
topology is done in section Il. Section I
contains detail mathematical modeling of
proposed multi-phase induction generator. The
control strategy for the both AC and DC side
power windings are discussed in section IV
and section V presents the simulation model
and results. Conclusion is given in section VI.

System Topology

Fig.1 represents the entire structure of
proposed standalone AC & DC hybrid micro
grid generating system consisting of a multi-
phase induction generator. A cross flow turbine
extracts power from the hydro energy and the
power is fed to multi-phase induction generator
as an energy input. Two three-phase sets of
winding are placed inside of the rotor. One of
these three-phase winding is known as power
winding that delivers constant frequency AC
power to the AC side load via a control unit
which contains a cyclo-converter [15]. Second
three-phase windings is known as control
winding that delivers DC power to DC side load
via a static excitation regulator (Bidirectional
converter). As per the DC side reference value,
a pulse is generated by control unit of DC side
and fed to static excitation regulator. DC side
also contains an energy storage element i.e.,
battery for storing energy when there is excess
power generation by surplus amount of water.
However, when there is not sufficient amount
of water, then the energy is supplied from
battery towards AC load through bidirectional
converter and bypass switch. The number of
poles of these two sets of three-phase
windings is same and they are electrically
isolated from each other but they work under
same magnetic field [16-17]. That's why this
system  has  higher  electromagnetic
compatibility, great performance and high
standard power output.
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Fig. 1. Structure of proposed standalone AC & DC hybrid micro grid generating system based on multi
phase induction generator

Mathematical Modeling

The schematic outline of two different
three-phase stator winding sets and one rotor
winding for a multi- phase induction generator
are given in the Fig. 2. These star-connected
both sets of three-phase stator windings are
named as XYZ and ABC,and they are
displaced by an arbitrary angle a. Each phase
of XYZ and ABC windings are displaced by an
angle of 120°. The rotor windings are also
displaced by 120°, which are denoted by
ar,br,cr.

among one another and are short circuited by
end ring [18-21].

Fig. 2.Schematic diagram of winding
distribution of multi phase induction generator.

An arbitrary reference frame is taken
for modeling the multi-phase induction
generator. Depending on this arbitrary
reference frame, the voltage equationsexpress
as
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Fig. 3. Equivalent circuit diagram of multi
phase induction generator



In this above equation,wand wr
represent the speeds of the arbitraryreference
frame and rotor respectively. P denotes
derivative with respective of time and the all
other symbols represent their as usual
meanings. The flux linkage equationscan be
written as:

/Idl__L1|d1 le(|d1+|d2)+ dg q2
+Lm(_|d1_ d2+|dr)

j’ = Lllql le(lql+|q2) dq d2

+Lm(_|q1_ q2+|qr)

—_Lzldz le(|d1+|d2) dq ql
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There is common mutual inductance
(Limy between two sets of stator windings
because they are sharing same stator slots.
Larepresents cross  saturation  coupling
between d-q axis of the stator. Ln represents
the mutual inductance between stator and
rotor. Based on the above equation, an
equivalent circuit is developed in Fig 3.

The  currentexpressionscan  be
develop from the above equation of flux
linkage.
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Now these values of currents are substituted in

© voltage equations (1) to (6) and the equations
are modified as given in equations (19) to (24).
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The electromagnetic torque and rotor dynamic
equations can be expressed in d-q axes as:

e = (3/2)(p/2)(L,, L)
[(Iq1+|q2)2’dr ( dl+|d2) ]
o, o, =1 P)A 3 )(p/ 2)A1 I)(Te, —

whereTs, is known as torque of the shaft, p
denotes the pole number, moment of inertia
express as J, wpdented as base speed
express in rad/sec.

The Lyis known as magnetizing
inductance which based on the saturation
degree and this is non-linear with magnetizing
current Im. That is why it can be expressed as:

o= 1T+ 1)+ (= + 1)
L,=A +Al +AIZ+A1}

Appendix contains the value of A A, As and
As.
Modeling of shunt excitation capacitor

Two different capacitors Csh1 and Cenz
are attached in both sets of stator windings.
The three- phase voltage and current
equations of shunt excitation capacitor are
converted in d-q axes with the help of Krause
Transformation as given below:

(25)
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PV, =l / Cyp) — (@, Vy,)
i1 = (lase 1 Cyy) + (01 V,)
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In this above equation lq1c, lac and
laac are the current components of g-d axes

(28) €Xcitation capacitor for the stator winding set |

and set Il respectively. At the time of switching
the load, the voltage regulation is not up to the
mark only with shunt excitation capacitor. That
is why series excitation capacitor is also
inserted in the load terminal of multi-phase

induction generator.
)

) (30Modeling ofSeries excitation capacitor
S|

There are two capacitors Cst and
Cse2which are connected in series with load. As
a result, the current flow through capacitor is
same as the load current. The voltages across
the series capacitors in d-q axes are
determined by load current and expressed as
given below:

PVie = o /Cy,

PV, =14, /Cqy
BYPVype = 145 / Cey
B2PVyzee = laor / Coeo

The load voltage can now be written as:
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Modeling of static load

Let resistive loads of Ry and R
connected across the load terminals of two
sets of stator windings -Set | and Set Il
respectively. So load current can be written as:

Lo =Vau /Ry
l o =Vq1,_/R1
laor =Vaa IR
lor =VooL IR,

By applying KCL at the terminal of capacitor,
the current passingacross shunt capacitor can
be expressed as given below:

IqlC = Iql_ Iq1|_

IdlC = Idl_ IdlL

quc = qu - Iq2|_
lyoc = lg2 = lgac

Hence, modified voltage expression can be
written as:

PV = (1 / Cyy) —{Vou / (R Cy)}— 0,V
PV, = (14, /Cyy) V4, / (R, Cy)) 3 - %Vql
quz = (qu /Cshz)_{qu I(R,Cqn)}— Ve,

PVy, = (14, /Cyp) —{Vs, /(chshz)}_a’bqu

Control strategy

For simultaneous generation and
supply of AC and DC power from this proposed
generating system, two different and
independent control strategies are described
here. One of them is known as AC side control
unit which is used for getting constant
frequency output towards AC side load and
another one is known as DC side control unit
which is used for getting constant DC output
voltage towards DC side load [22-23].

AC side control

Fig. 4 represents the schematic
diagram of control strategy for the constant
@drequency AC power generation by multi-phase
(46induction generator through capacitor bank.
bue to the change in load and the variation of
@turbine speed, the supply frequency is
‘ 48§Iuctuating in nature [24-26]. This problem can
be overcome by using this proposed system.
As a first step of control, actual frequency of
generated AC power is detected by frequency
analyzer circuit and that detected signal is fed
to saw-tooth generator. A saw-tooth signal is
“9) generated and compared with the actual signal
to generate 12 pulses, which are fed to cyclo-
converter.
GDith the help of this pulse controlled cyclo-
@2converter, the proposed system will produce a
constant frequency AC supply.
DC side control
Fig. 5.represents the schematic
sz diagram for the generating and controlling
topology of DC side power generation by multi-
phase induction generator. An assumption is
) taken in the account that DC side three-phase
winding terminal voltage vector direction is
same as d-axis and is perpendicular to g-axis
of d-q rotating reference frame [27-28]. At first,
the terminal voltage and current of multi-phase
induction generator are measured by
measurement module. The value of wt can be
found out with the help of measured voltage
through Phase lock loop (PLL). The three-
phase measured current is converted to d-q
axes actual current through abc-dq
transformation with the help of calculated wt.
The difference among the actual value and
referencevalue of Vpc is converted to d-axis
reference current (Ioc) through PID controller.

(50)

(54)

(56)



The d-axis voltage Vbon) and q axis voltage
Vaeony are generated by the error signal in
between d-q axes reference and actual current
through PID controller. This controlled d-q axes
voltage is converted to control three-phase
voltage by dg-abc transformation with the help
of calculated wt. Nowa triangular signal is
compared with this controlled three-phase

voltages to generate pulses which are fed to
static excitation controller for generating
controlled DC power from AC power source.
DC side capacitor and the energy storing
elements like battery are used respectively for
purifying the DC voltage and storing the DC
power before feeding to DC side load.
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Fig. 4. Control topology for AC side power generation
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Fig. 5. Control topology for DC side power generation

Simulation results

A detailed theoretical modeling of AC
& DC hybrid micro grid system, which contains
a multi-phase induction generator, static
excitation regulator and controller for both

sides are established in MATLAB/SIMULINK
software. This type of induction generator has
a unique constructionand on the basis of
itsmathematical equations, a MATLAB model
is developed. The static excitation regulator is
connected to DC side winding for providing



required reactive power for stable operation
and better voltage regulation of the generating
system while AC side winding generates AC
power directly. The MATLAB model of both
side controllers is designed as per proposed
control methodology. AC side controller makes
a constant frequency output from a variable
frequency input with the help of a closed loop
cyclo converter, while DC side controller tracks
the reference value and feeds pulses to static
excitation regulator for maintaining a stable
operation of the proposed system.

This developed MATLAB simulation
model is tested under various conditions like
no load voltage build-up, switching of a sudden
load with and without capacitor compensation
in series, stable and constant frequency
operation under variable speed drive, DC
voltage conversion etc. This entire model is
developed to generate 50Hz, 340V AC voltage
in AC side winding and 480 V DC voltage in
DC side winding of multi-phase induction
generator. All the parameters are given in
Appendix.

No load voltage build-up

Figs. 6, 7 and 8 show the no-load
voltage waveforms of both sets of three-phase
windings and DC voltage respectively. A delta
connected per phase shunt excitation capacitor
of 70uF is used for this purpose of simulation.
This proposed generating system generates a
line to line voltage of 340V at the rated speed
of 1500 r.p.m. in both the set of three phase
winding. From the simulation results it is found
that the voltages, at very initial stage, are very
small before reaching their steady state values.
From this simulation experiment it is noticed
that the no-load voltage build up depends
directly on the value of shunt excitation
capacitor. The output from the static excitation

regulator generates a 480 V DC from three-
phase AC power at no load condition. By this
entire analysis of no load condition, it can be
concluded that static performance of this
proposed generating system is good.
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Switching of load without series capacitor
compensation

Now transient analyses are carried
out in this developed simulated model of
proposed system by sudden switching of a
load of 600 ohm at time t = 3 sec in the AC
side winding. From the simulation results, it
can be observed that, the terminal voltages of
AC side winding are reduced to 200 V at the
time of switching of load as shown in Figs. 9
and 10. As a result, excitation currents of shunt
capacitorsare also reduced after switching of
loadas shown in Figs. 13 and 14. By the
investigation of simulated results, it can be
concluded that the voltage regulation of
proposed system is poor when only shunt



excitation capacitor is used. For the better
voltage regulation of this system, series
compensator is inserted in each line which
willincreases the reactive power supply with
load and thus, improves the voltage profile.
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Sudden switching of load with series
compensation

0

A 210 pF capacitor is connected in
series with each terminal of the two sets of
three phase winding for series compensation.
In this series compensated condition, when the
same amount of 600 ohm load is switched at
time t =3, then the voltage after switching the
load remains almost same as no-load voltage
build upbecause of reactive power
compensation by series capacitor which are
shown in Figs. 15 and 16. It is also find out that
the magnitude of generated voltage before
connecting the load is higher compared to no
load generated voltage without series
compensation because of series capacitors
which are already in the system before
switching the load.
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AC side controlled output power with variable
rotor speed

The rotor speed may vary due to
several reasons like turbine speed variation,
sudden change of load, different kinds of faults
etc. This speed change directly affects the
frequency of generated power in AC side. For
The variation of frequency of generated
voltage with the variation of rotor speed is
shown in Fig. 17. But the output voltage
waveform with control circuit which contains a
cyclo converter, gives a constant frequency
voltage output as in shown Fig. 18. As a
conclusion it can be says that the developed
control circuit successfully convertsvariable
frequency generated power to constant
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DC side simulation

A load of 200 ohm is suddenly
switched at time t = 3 sec across the DC side
terminals, which is converted with the help of a
static excitation regulator from the generated
three-phase AC power. Thesesimulated results
are shown in Figs. 19 and 20. It is found that

after switching the load, the terminal voltage is
same as no-load generated voltage. An 1800
uF capacitor is used in DC side for purifying
the generated DC before feeding it to load and
energy storing elements.
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Conclusion

This paper represents the dynamic
modeling, analysis and control strategy of a
multi-phase (six-phase) induction generator to
utilize it as an AC & DC hybrid electrical power
source in collaboration with a hydro energy
source. This proposed model can supply both
AC & DC power simultaneously to different
types of loads.This system is also very much
reliable and highly efficient by enabling bi-
directional energy flow and use of energy
storing elements. For execution of proposed
model, first multi-phase induction generator is
modelled on the basis of its mathematical
equations. For suppling AC & DC loads
simultaneously, two different control strategies
are proposed for both AC & DC sides.
According to its mathematical equations and
proposed control strategy, a MATLAB
simulation model is developed. The steady-
state and transient behavior of the generator

1 2 3 4 5



have been studied. As a conclusion from the
simulation resultsit can be says thatgenerator
has very good voltage regulation due to series
compensation. The generating system can
provide constant frequency output voltage.
Moreover, in case of exigency, power from
energy storing element can be diverted to AC

side. Hence, the feasibility of this proposed
hybrid AC & DC power generating system and
the perfection of control strategies are proved.
The hardware prototype of this proposed
generating system will be implemented as a
future course of action.

APPENDIX
PARAMETERS VALUES
Stator (ABC phase) resistance (R1) 412 0Q
Stator (XYZ phase) resistance (Ry) 412Q
Rotor resistance (Ry) 8.79Q
Stator (ABC phase) leakage inductance (L1) 0.0256H
Stator (ABC phase) leakage inductance (L») 0.0256H
Rotor leakage inductance (L) 0.043H
Mutual inductance between two set of stator ((Lim) 0.0736H
No of poles 4
Moment of inertia (J) 0.033 Kg.m2
Frictional co-efficient (B) 0.00722
a 249.39
b 0.7875
The constant in magnetization A1 550.81
characteristics of multi phase A2 0.0657
induction generator A3 25.0427
Ad 0.0982
Shunt excitation capacitor 0.000070F
Series excitation Capacitor 0.000210F
DC side capacitor (Cpc) 1800e-06
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