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PSO Based Controlled Six-phase Grid
Connected Induction Generator for Wind Energy
Generation

Arif Igbal, Member, IEEE, and Girish Kumar Singh

Abstract— This paper deals a detailed performance
investigation of asymmetrical six-phase grid connected induction
generator (GCIG) in two proposed configurations in variable
speed operation. During the system development, regulation of
DC-link voltage has been proposed using particle swarm
optimization (PSO) based PI controller, ensuring the power flow
to utility grid through back to back converters. The closed loop
operation of asymmetrical six-phase GCIG using indirect field
oriented control in different configurations has been carried out
in Matlab/Simulink environment. Analytical results have been
verified using real time test results on virtual platform of Typhoon
HIL supported with some experimental validation.

Index Terms— Six-phase induction generator, particle swarm
optimization (PSO), indirect field oriented control.

[. INTRODUCTION

WING to the limited availability of fossil fuel, a

tremendous research activity is going on for last few
decades to explore the various possibilities to generate
renewable energy. This includes solar, wind, tidal, biomass etc.
together with hybrid combination of these energy resources. It
was noted that the wind power generation constitute a major
role with the total installed capacity of 564 GW globally by
2018 [1] which is continuously increasing in annual market,
particularly in Asian and European territories [2].

Power generation using wind is based on the conversion of
turbine kinetic energy to electrical energy using AC machine as
generator. Among the various option (asynchronous or
synchronous machine), squirrel cage induction machine are
particularly used due to various potential advantages, important
of which is its robust operation, cost effective with reduced
maintenance [3]. Usually, the generator employed in wind
power generation is three-phase. But, multiphase (more than
three-phase) machine has emerged as a preferable option for
last few years due to the existence of various advantages with
its three-phase counterpart. This includes the reduced effect of
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space and time harmonics, reduced per phase current with no
change in terminal voltage enabling higher power transfer in
same frame with higher reliability and higher degree of
freedom [4]-[7]. Hence, multiphase machines are now
preferably used in various applications, not limited to ship
propulsion, electric vehicles, more electric aircraft, electric
power generation etc. [8-9]. Also, six-phase induction machine
may be easily realized by reconfiguring stator winding
externally of existing three-phase machine with no additional
expense [4, 10]. Six-phase induction machine (as generator)
operates in two modes: (a) Standalone: where the locally
connected loads are supplied through the power generated, (b)
Grid connected: where generated electrical power is fed to
utility grid. Six-phase induction generator in standalone mode
has been investigated analytically and experimentally [11], [12]
wherein capacitor bank is connected to the stator for excitation
purpose during voltage buildup process. Capacitor selection
procedure has been explained in [13]. Although the capacitor
bank is connected in parallel with stator, but at higher load
leads the deterioration in voltage regulation due to increased
voltage drop in leakage reactance and resistance. This issue was
proposed to be resolved by using series connection of capacitor
with stator [14-16]. Generated voltage and frequency control in
standalone mode using PWM converter supplying load has
been discussed in [17]-[20]. It was noted that relatively less
work has been reported for grid connected multiphase
induction generator. Operation of grid connected induction
generator (GCIG) is classified during fixed and variable speed
of wind [21]. With fixed speed operation, fixing one set of
stator winding, other winding set is manually adjusted avoid the
mismatch of electrical and mechanical power [22]. On other
hand, back to back power electronic converters decoupled with
DC-link are employed for variable speed operation of induction
generator. On machine side, multiple converters are used to
supply the individual three-phase stator winding. Employed
converters may be either connected in series enabling to boost
up the DC link voltage [23], or in parallel connection for higher
reliability and better efficiency [7], [24]. Owing for a successful
operation of complete GCIG, various operational
configurations are required to investigate in different modes.
This paper proposes the two configurations of asymmetrical
GCIG to fed the generated power through a single and double
DC link circuit, interfaced with back to back converters.

In recent years, research attention has been diverted towards
various intelligent optimization techniques, used in different
engineering domains. Among the various techniques, PSO is
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most popular algorithm based on nature-inspired metaheuristic

optimization, originally developed by James Kennedy and

Russell Eberhart in 1995 [25], [26], which conceptually simple,

more robust towards parametric variation, computationally

efficient and easy to implement. Utility of PSO has been also
presented in wind power generation system particularly,

control of pitch angle [27], rotor speed and tip-speed ratio [28]

and, optimal design of wind farm [29]. However, through a

detailed literature review, the authors of this paper are able to

ascertain that the control of DC link voltage using PSO has not
been reported so far. In this paper, complete research work may
be formulated as:

a) Development of closed loop scheme using indirect field
oriented control in two proposed configuration using
single or double DC link circuit.

b) Tuning of PI controller parameters using PSO algorithm
to ensure the flow of generated power to utility grid.

c) Experimental validation of control scheme and control of
DC link voltage through the real time simulation on
virtual platform.

II. MODELING OF S1X-PHASE INDUCTION MACHINE

Commonly three-phase stator winding of existing induction
machine is reconfigured into six-phase (i.e. two sets of
balanced winding, abc and xyz) by using the concept of phase
belt split [4, 10]. During the reconfiguration process,
asymmetry is ensured by having the phase shift of 30 degree
between both three-phase winding sets abc and xyz. This is
because, asymmetrical winding results the elimination of
harmonics (lower order time and space harmonics) and hence a
reduced torque pulsation for a smooth operation [4]-[8].

Considering w as the speed of arbitrary reference frame, the

voltage expression of asymmetrical six-phase induction
machine is given as
. 10} p
Voar = VYalgar T _q)qu +— chdk (D
@y b
. 0-o, p
— r
qur - rqdrlqdr + cqur +_chdr (2)
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where, the terms used in the expression are defined in Appendix.

Notation ¢ signifies the flux linkage per second in d-q frame
which is related to the machine current, as given below
X
O=—1i 3)
a)b

where, X is the reactance matrix

T
i= [(iqdk )k:uz i”’d"]
T
o= [(q)qdk )k:1,7z CI)qdr:|

With machine current as state variable, the voltage
expressions can be conveniently written in matrix form

[v]=[=][7] @

The electromagnetic torque, 7,is given by:

2
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where ¢ = ———, and all the symbols stand to their standard
22w,
meaning.

III. CLOSED LOOP OPERATION OF ASYMMETRICAL SIX-PHASE
GCIG

For the high performance operation of induction machine (as
generator), concept of indirect field oriented control is
preferably used due to the decoupled control of torque and field
component of current. It is achieved in closed loop operation of
induction machine by developing a vector controller to obtain
the suitable control switching signal to control the operation of
machine side converters connected to both three-phase stator
windings.

Machine voltage equation in synchronously rotating
reference frame (w;, = w,) is used to design a vector controller.
Hence, rotor equation may be simplified as

.o p
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b b
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Considering rotor flux alignment along d axis, therefore
q)r = q)dr (9)
®, =0 (10)
Lo -0 (11)
@,
Substitution of equations (9) — (11) into (7) and (8) yields,
iy 42D, =0 (12)
@,
ri, +2® =0 (13)

b
The value of iy, and i4,. obtained from equation (8 B) - (8 C),
substituted in equation (12) — (13) yield
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where, T, = O ¥ %) is rotor time constant.
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The value of rotor current when substituted in torque
equation will yield the following after simplification

r, =K,®,i, =K, (16)

K, =K,®, (16 A)

Ky=c—n (16 B)
(x, +x,)

The developed closed loop control strategy has been
analytically investigated with its experimentally simulation in
real time in two proposed configurations wherein, DC link
voltage may be controlled by one and two grid connected
converters as shown in Fig. 1 (a) and Fig 1 (b) respectively. The
switching operation of machine side PWM converter has been
synthesized by using the developed field oriented control, as
shown in Fig. 2. During the implementation of scheme with
wind turbine, MPPT block is used to obtain the optimized value
of rotor speed as its reference value (w;-) during the operation of
GCIG in closed loop. A typical wind-speed characteristic of
turbine used in the analysis is shown in Fig. 3 (a) and Fig. 3 (b).

IV. CONTROL OF GRID-SIDE CONVERTER

In this section, grid side converter (whose mathematically
modeling is available in [30]) has been proposed to be
controlled by using the concept of voltage oriented control [21].
This control is based on the transformation of stationary to
synchronously rotating reference frame (i.e. abc/dg
transformation) and vice-versa (i.e. dg/abc transformation) [3,
21]. During the transformation, grid side voltage angle 6, is

detected using the relation

v
-1 ﬁ
0 =tan" | = (17)
£ v
a
Six-phase induction generator Three-phase grid supply
DC link
Le Gridside
Prime mover
Three-phase grid supply
DC link
% c
Prime mover
%

(®)
Fig. 1 Proposed configuration of six-phase GCIG with (a) one grid side
converter (b) two grid side converter
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Fig. 2 Schematic representation of field oriented control of asymmetrical
six-phase GCIG
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Fig. 3 Wind-speed characteristic of turbine

In the control scheme, the reference value of active current
component is generated from DC link voltage error through
proposed PSO based PI controller. Since the operation at unity
power factor is considered, signifying the use of zero value for
reactive component of current (i.e. i;g =0). Hence, after dg/abc
transformation, reference grid currents ( i;g , i;g , i:g ) are
obtained which are further compared with its actual value( i, ,
). After comparison, error signal is fed to a hysteresis
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controller to generate the switching signal (S,,,S,,, S.,) on
following logic
i, <i,—Aisetv =V, (18)
i, 20, +Ai reset v, =V, (19)

where j =a,b,c
Value of Ai is taken as 0.0001 A. Complete implementation
of grid side converter control has been depicted in Fig. 4.
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Fig. 4 Control scheme of grid side converter

V. DESIGNING PI CONTROLLER BASED ON PSO ALGORITHM

In order to design PSO based system, swarm population of
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size N in dimension D is considered whose position and

velocity is given as

X, :|:Xi,17Xi,27'”’Xi,D:| (20)
Vo=[ViiViassVip si=1,2,0,N @1

Updated values of velocity and position of particles in iteration

K are given as

I{K+1:WXK§+CIX11(QK Xf;j)-i-szrz(Gzﬁw—XK)

est 7, j - iy
(22)
X[KH :XiK +I/,§-+l (23)

where Py, ; ; is personal best of i*" particle in j*"component
and GX., j is the global best (i.e. best individual) in jt
dimension of the population up to iteration K.

Above algorithm used to design a PI controller with two
dimensional search spaces because two unknown values (i.e. K,
and K;) are to be optimized. Complete step to implement the
PSO algorithm to design PI controller for regulation of DC-link
voltage is shown in Fig. 5

A. DC link voltage regulation

In the two proposed wind energy generation system, using
one and two grid side converters are next investigated regarding
DC link voltage regulation using PSO based PI controller. Here,
PSO algorithm deals the design of an effective PI controller by
determining the optimized value of two parameters, i.e.
proportional and integral constants (Kp and Ki) . For this
purpose, the developed closed loop schemes were analytically
implemented for 4 seconds. PSO parameters used during
simulation are given Table I. Effectiveness of the proposed
PSO based PI controller in both the suggested system
configuration was accessed in comparison with conventional PI
controller. It may be noted that cost function (CF) used during
PSO algorithm implementation is given by

CF = mmlmlze ((I/dl‘ )r‘e/é)‘e;z(‘e - (le‘ )ac!ual )2

In first system configuration with only one grid side
converter, dynamic characteristic of proposed controller is
shown in Fig. 6 (a) where, the initial DC link voltage at 550 V
was increased to 650 V at time #=1.5sec It may be noted that
proposed PSO based controller is reflecting a better
performance both in terms of peak overshoot and settling time.
A quantitative comparison between proposed and conventional
controller is shown in Table II. Variation of cost function with
respect to iteration count is shown in Fig. 6 (b). At the end of
iteration, optimized value of controller parameters were found
to be K,1=0.74 and K;;=4.9.

In second system configuration with two grid side converter,
dynamic characteristic of proposed controller is shown in Fig. 7
(a). For simplicity, both the converters are assumed to be of
same type. In this case the performance of proposed controller
was also found to be superior than conventional PI controller,
whose dynamic characteristic is shown in Fig. 7 (a). A
quantitative comparison between proposed and conventional
controller is also shown in Table III. Variation of cost function
with respect to iteration count is shown in Fig. 7 (b). At the end
of iteration, optimized value of controller parameters were
found to be K,,=0.64 and K;»=2.97.

24)

Set PSO parameters
(i.e. boundaries of Kp and Ki

Initialize particle population and,
their position and velocity

Initialize iteration count = l|

Update velocity and
position of each particle

| Calculate fitness function |

Iteration count = count + 1 |

| Calculate Poest and Goest |

Iteration
count<Max.
value

Print optimized value of
particles (Kp and Ki)

Fig. 5 Implementation steps to design PI controller based on PSO algorithm
TABLE I
PSO PARAMETERS
S. No. Parameter Value used

1. Swarm size, N 4

2. Inertia weight factor 0.9

3. Confidence coefficient 2
TABLE 1T

PERFORMANCE COMPARISON OF PROPOSED AND CONVENTIONAL
PI CONTROLLER IN FIRST SYSTEM CONFIGURATION

Time (sec.) Controller type Performance
Peak overshoot Settling time
V) (sec.)
t=0 PSO based 15 0.28
(Starting) Conventional PI 75 0.38
t=1.5 PSO based 5.8 0.36
Conventional PI 30 0.60
TABLE III

PERFORMANCE COMPARISON OF PROPOSED AND CONVENTIONAL
PICONTROLLER IN SECOND SYSTEM CONFIGURATION

Time (sec.) Controller type Performance
Peak overshoot Settling time
V) (sec.)
t=0 PSO based 69 0.46
(Starting) Conventional PI 137 0.62
t=1.5 PSO based 6.0 0.48
Conventional PI 38 0.74
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Fig. 6 Characteristic response of proposed PSO based PI controller in first
system configuration showing (a) dynamic response (b) cost function with
respect to algorithm iteration
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Fig. 7 Characteristic response of proposed PSO based PI controller in second
system configuration showing (a) dynamic response (b) cost function with
respect to algorithm iteration

VI. ANALYTICAL RESULTS WITH ITS VALIDATION

Usually the induction generator operates under variable wind
speed in both the proposed generation system. It is to noted that
the PI controller designed using PSO algorithm has been used
here to regulate the DC link voltage (at 600 V) higher than the
peak of grid voltage to ensure the flow of generated power from
generator to utility grid.

A. Configuration 1

At starting, the machine is allowed to run in motoring mode
at rated speed under no load condition from time ¢ = 0.2 sec. At
time ¢ = 2 sec., generation operation was initialized under the
variation of wind speed, where rotor reference speed wj is
obtained through MPPT. Complete rotor speed response is
shown in Fig. 8 (a). It may be noted that DC link voltage was
regulated at constant 600 V, irrespective to the variation in
operational condition as shown in Fig. 8 (b). Since the
generated power (active component of power) is transferred to
utility grid hence, the active component of current associated
with both stator winding sets, ig; and i5, was noted to be
varied with respect to change in rotor speed, as shown in Fig. 9

(a) and Fig 9 (c) respectively. Variation reactive component of
current iy, and iy, was not noted due to the consideration of
constant flux operation of machine, shown in Fig. 9 (b) and Fig.
9 (d). All the analytical responses are further validated using
experimental results virtually simulated in real time [31] using
Typhoon HIL 402, as shown in Fig. 10 and Fig. 11. Close
resemblance of results validating the correctness of analytical
results.

B. Configuration Il with reliability test

In this configuration, the operational conditions are same as
discussed above. But, due to two separate use of grid side
converters led the generation of two DC link voltages V. and
Viea. Magnitude of Ve and Vs is maintained constant at 600 V
at different rotor speed. Response of rotor speed and DC link
voltages i.e. w,, Va1 and Vyeo is shown in Fig. 12 (a), Fig. 12 (b)
and Fig. 12 (c) respectively. Current response associated with
winding set abc and xyz i.e. igq, iq1, gz and iy, is shown in Fig.
13 (a), Fig. 13 (b), Fig. 13 (c) and Fig. 13 (d) respectively.

Furthermore, a reliability test on present system
configuration was conducted during the occurrence of fault in
one of the grid side converter at time ¢ = 9 sec. Following to the
outage of one converter, DC link voltage V. becomes zero, as
shown in Fig. 12 (c). Hence, the flow of power to utility grid
associated with winding set xyz will be failed, signified by zero
value of current i,» and ip» as shown in Fig. 13. But at the same
time, continuity of power flow from generator through winding
set abc is maintained with increased magnitude of current iy,
(by almost double), as shown in Fig. 13 (a).Hence, even during
the outage of one grid side converter, the present system
configuration II is capable to transfer the generated power to
utility grid, emphasizing it to be used for reliable operation in
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Fig. 8. Analytical results configuration I showing (a) rotor speed (b) DC link
voltage
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Fig. 10 Experimental simulation results in real time of configuration I showing
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wind power generation system. It may be pointed here that the
higher power rating grid side converter (more than machine
rating) should be used to ensure a reliable operation of
proposed system configuration. The analytical results shown in
Fig. 12 and Fig. 13 have been completely verified through
experimental simulation in real time on virtual platform, as
shown in Fig. 14 and Fig. 15. Close resemblance of results
validating the correctness of analytical results.

VII. EXPERIMENTAL RESULTS

The developed system in closed loop operation with indirect

field oriented control was also experimentally implemented on

a test rig, as shown in Fig. 16. In this setup, configuration I was

used for experimental investigation. During implementation,

two level converters were used where the switching signals of
SEMIKRON IGBT were obtained through dSPACE (DS1104).

On generator side, optimized rotor reference speed was

obtained through MPPT algorithm and, an independent

variation in stator current was noted with winding sets abc and

xyz, as shown in Fig. 17 (a) and Fig. 17 (b) respectively.

Variation in d-component current iy, and iz, was not noted

because the constant flux operation was considered. Negative

value of g-component current iy; and iy, indicates the flow of
active power from generator to utility grid. It may be noted here

that during the transient period, current ig; and iy, shoots to

positive value. This may be accounted with the fact that the

reference rotor speed changes through MPPT due to change in

wind speed and to extract the maximum power, machine

operates as motor with positive value of g-component current.

This phenomenon has been also shown in simulation results in
above section for both the proposed configurations.

Throughout the implementation, the DC link voltage is
maintained constant at 600 V (higher than the peak grid voltage)
as shown in Fig. 18 (a). This ensures flow of generated power to
utility grid at unity power factor (pf), as shown in the voltage
and current waveform in Fig. 18 (b) and Fig. 18 (c) respectively.
Together with the pf, other performance indices are shown in
Fig. 18 (d). In this figure, the unity pf with negative value is
showing the feeding of power to utility grid. During experiment,
it was assumed that wind speed is 11 m/sec, and generated
power is 630 W which is fed to grid. The similarity of
experimental responses may be noted with both analytical and
real time simulation results.
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Performance of PSO based PI controller was found to be better
in comparison with conventional controller particularly, in
terms of peak over shoot and settling time.

Furthermore, the two configurations of complete wind power
generation system have been proposed. In configuration I, only
one DC link circuit was used with one grid side converter
whereas, in configuration II has two DC link circuits with two
grid side converters. Both the proposed configurations have
been extensively investigated analytically under variable wind
speed. Analytical results have been validated through
experimental results through real time simulation on virtual
platform. During the performance evaluation, configuration II
has been proposed to be used where reliability is of prime
importance. This is because, during the outage of one grid side
converter, GCIG is still capable to supply the power through
one remaining healthy grid side converter. Key analytical
results have been further tested and validated on a test rig.

Present analysis (both theoretical and experimental) may be
investigated further to more number of phases in machine stator
(like 9, 12, 15 etc. phase machine) as well as grid connected
multiphase multi-machine system.

st APPENDIX
PARAMETERS OF 1.1 kW, SIX-PHASE, SIX POLES, 36 SLOTS, 50 Hz.

400} - INDUCTION MACHINE

3 .al}.lzi.ué.a.:l:45:?§sésnh S0tz 38 WVE .l.lﬁﬂ.llil.l. 1 = 4.12Q T, = 4120 n = 8.79 Q
300 - R i

: Ly =21.6 mH Ly, = 234.6mH Ligg =0H
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Fig. 18: Experimental waveforms showing (a) dc-link voltage (b) grid voltage
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VIII. CONCLUSION

This paper proposes the design of an advanced auto-tuned PI
controller based on PSO algorithm to regulate the DC link
voltage at constant 600 V (higher than the peak grid voltage).
This is to ensure the flow of generated power to utility grid.
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