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Abstract: This paper addresses the supply of power to the stand-alone load at constant
voltage and constant frequency (CVCF), from a variable source distributed generation
system. The inherent problem of having a fixed output from a variable input is prominent in
all of the distributed generation systems, run by uncertain renewable sources like wind.
This paper proposes a topology to maintain output load voltages and frequency during
changes in both input torque and load perturbation. The control is designed for both the
generator side and load side converters, connected as a back-to-back converter with one dc
link capacitor. The voltage across dc link capacitor is maintained at a desired level by
power flow control through the generator side voltage source converter (VSC). The
proposed three-stage controller technique for the generator side converter is analysed and
tested in all operating conditions. The outer most dc link voltage error is passing through
the controller is generating the speed reference of the speed controller. Then the inner loop
current controller follows the speed controller. The load side VSC is controlled to produce
a constant voltage at the output of the load side filter. The stand-alone system has
successfully been tested in the simulation environment. It is found to be capable of
maintaining input power level to the demand, even with 50% increment in load and 50%
increment in input torque. These dynamic responses of the variables are found to be
satisfactory throughout the operation.

Keywords: Induction Machine (IM), Sinusoidal Pulse width modulation (SPWM), Squirrel
cage induction generator (SCIG), Vector control (VC), Current control.

1. Introduction

The importance of renewable energy has been appreciated as alternative resources for
power generation in the last few decades. Wind energy achieves a considerable fast growth
amongst all the renewable energy resources [1]. The synchronous generator is not usually
preferred for wind energy conversion systems (WECS), as it operates only at a constant speed
while the wind speed is varying. Generally, the induction generator (IG) is chosen for the
WECS because of the ability to operate at variable speed constant frequency (VSCF) operation
[2]. Selection of the suitable generator for WECS is the challenging factor. The craggy
construction and low continuation cost of the squirrel cage induction generators (SCIG) are
preferred for AC drive appliances.

The requirement of reactive power by the directly grid connected SCIG leads to lower

efficiency and earlier was supported by shunt capacitors [3].
The voltage build-up of SCIG requires residual magnetism, which seems to be unavailable
with inaccessibility of its rotor circuit. Some methods like connection of shunt capacitor at the
stator terminal [4] or a battery connected excitation capacitor is adjoined to the system. These
conventional techniques are however increasing the complicacy of the topology, used for
distributed power generation.

Interfacing distributed generating system to the grid is achieved through back-to-back
converter, uncontrolled bridge rectifier and voltage source inverter, and matrix converter in [5].
The back-to-back converter is gaining attention amongst all the available converters. The vital
reason for choosing back-to-back converter isthe ability to extract maximal power from the
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prime mover [6]. The Double fed induction generator (DFIG) fed to stand-alone load [7] or
grid [8] is also available with this converter. The DFIG is the suitable option for sites even with
lower wind speed [9]. By integrating battery energy storage system (BESS) in DFIG, power
supply remains invariant w.r.t. the wind speed. The SCIG driven stand-alone load through a
VSC in [10], and the vector control (VVC) technique is used for generating gate pulse. In [11],
SCIG is feeding the load through a back-to-back converter. The generator side converter is
controlled through a VC technique. The basic criterion of load side converter is to control the
dc-link voltage [12]. The inner and outer loop bandwidths of the controllers are separated by a
decade in general cases [13].

A novel control strategy of the DFIG fed to the grid-connected system has been analyzed in
[14-16]. In [17], voltage and frequency control in the stator of stand-alone doubly operated
induction generator (DOIG) has been discussed thoroughly. The design of a controller for
DOIG based standalone VSCF application, by considering filter, has been designed in [17-18].
However the design of filter is clearly discussed in [19-21]. This design has been adopted for
SCIG based stand-alone system in this work.

The proposed work developed a control strategy to supply fixed voltage and frequency to a
stand-alone load from SCIG based distributed generation system. The control strategy is
considering both load side voltage source converter (VSC) and the generator side VSC.
Moreover, one filter is designed for load side VSC to compensate the voltage drop of the filter
at different load level, in this work. None of the previous, work available in the literatures has
shown the performance for both the load and generator side variations and supply of power
with fixed voltage and frequency in SCIG driven stand-alone mode.

Specifically, the present work ensures: (i) Constant voltage constant frequency (CVCF)
supply from the stand-alone system in all operating conditions. (ii) A novel three-stage control
is proposed for the generator side VSC to supply regulated dc voltage at the input of the
mentioned load side VSC. (iii) The dc link voltage controller is keeping the input power level
same as the load demand by adjusting the speed of the generator in presence of variation in
input torque also. The proposed system is handling both input torque and output load demand
variations, while supplying quality power to one stand-alone load.

2. Mathematical Modelling

The scheme of the complete power and control topologies are presented in Figure 1. The
control scheme includes SCIG driven by a constant prime mover, a back-to-back voltage
source converter and the stand-alone load. The control strategy of the generator side VSC
implemented is a vector control in rotor flux oriented reference frame. Simultaneously, the load
side control algorithm is obtained in synchronously rotating load voltage oriented reference
frame.
The dynamic model of SCIG is analyzed in rotor flux reference frame is as follows:

. d¥!
Vdrs = Rslgs +Tds @)

. . d‘I’;S
Ve = Riigs + it &)
v, =Rij +rs ©)
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Vg =Ry + dt“ =0 (4)

Where stator and rotor flux linkages in the d and g axis are expressed as:

\IILS = LSi(;S + Lmigr (5)
= Lk L (6)
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Where, R,,R. and L, L, are stator and rotor resistance, inductance; L, is magnetizing

inductance. Iy, Iy and Iqr » I, Stator and rotor current in d-q axis; p is pole pair.
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Figure 1. Proposed control strategy of SCIG fed to stand-alone load

3. Control Strategies
A. Load side VSC

This converter control strategy is to produce a constant voltage and frequency at the output
of the load filter as shown in Figure 1. The control methodology is based upon projection of
the filter current in the rotating reference frame. The d-axis load voltage of the synchronous
frame is aligned with fixed voltage vector and g-axis voltage is kept zero in this scheme. The
line-to-line load voltage is considered 230V and d axis voltage is kept at 163V. The current and
voltage state equations, for load side inverter including filter, are expressed as:

diy [ (Va (i *r) -vae) (10)
dt I
iy _ [ (= (i ")) (11)
dt I,
di, _ (Vci_(icf*rf)_VCC) (12)
dt I
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% _ (iaf _ila) (13)
d |
dvy, (ibf _ilb) (14)
d |
dv, (i =i ) (15)
dt | ¢

The equivalent circuit diagram of the load VSC in synchronously rotating d-q reference
frame is as shown in Figure 2(a),(b). The simplified controller diagram for the load controller
is portrayed in Figure 3.

To facilitate controller design, the (10)-(15) are designed by using the d-g representation in the
synchronous reference frame.

Vg = (ige 1 ) +1, dt —L vy — @yl iy (16)
diy .

Vg = ( rf)+l dt —L v, o) (g 17)

L dv,

iy =iy +C —L—@,CV, (18)
dt

iy vo, e 19

lgp =l +Cs at + @,C ¢ Vg (19)

Where i iy i @and vy, V.,V are Filter current and voltage across capacitor. 1;,c; Denotes
filter inductance and capacitance.

B. Three-stage control technique of Generator-side VSC

Another interesting objective of this paper is to keep the dc-link voltage constant,
regardless of the amount of the load demand and input power variation. The VC is developed
with reference frame aligned with the rotor flux, which enable controlling active and reactive
power independently.
The d g axis voltages can be written as:

. dig | L, d¥, .
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(a) (b)
Figure 2. Equivalent circuit of the inverter (a) d-axis, (b) g-axis
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Figure 3. Proposed control methodology of load side converter

The error of dc link voltage is passing through PI controller generate speed command as
shown in (22).

o ={[de +k:j(vd’; -V, )} (22)

The reference torque can be generated as:

T = {(kpl + %j(a): -, )} (23)

Where, V.,V, Actual and Reference dc-link voltage; @,,®, are actual and reference

speed of synchronous reference frame.

When the speed error passed through speed controller, reference torque is generated in (23)
and from this, by the use of (9) the reference value of g-axis component of stator current is
calculated. The flux error is passing through the PI controller generate the d-axis component of
the machine current as given in (24). At the final stage, the error of the d-axis component of the
machine current passes through the PI controller to generate the d -axis voltage as portrayed in
(20).

{u)

(b) ()
Figure 4. Frequency response of (a) dc link voltage controller (b) speed controller and
(c) current controller
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i; = {(km +%j(‘1’ ~¥, )} (24)

The current controllers are designed to cause the generation of d and g axis voltages using

the (20) and (21). The bandwidths of current controllers(kp,ki) are taken as three times of

the speed controller(kpl, kil). Again, speed controller bandwidth is three times of the voltage

controller. From the Bode plot shown in Figure 4(a), it is clear that bandwidth of the voltage
controller is 767.8rad/s. In the case of speed and current controller as shown in Figure 4(b),
Figure 4(c), the system is inherently stable as the gain margin is infinite. Phase margin for both
the system is set at 90° at the frequency of 2280 rad/s in case of speed control and 7620 rad/s
for current control.

The 2-phase to three phase conversion has been achieved with the VVC approach. The pulse
width signal is generated after comparing this modulating signal with a carrier wave.

4. System Description
The system is tested under the following condition:
Machine specification: 1 hp,750 rpm, 220 V, 7 A, 50 Hz.
DC link voltage is 400 V.
Filter parameter:
Inductor with 8 mH, resistance is 0.1 Q and capacitance 8.0938 pF.

5. Results and Discussion

The control technique and its implementation for the SCIG described in the previous
section is simulated in MATLAB/SIMULINK environment. The topology is validated with
load impedance perturbation and step change in input torque.

A. Load Perturbation

The system is starting with 40% of rated load and then subjected to an increment of 100%
in the active power, in a step. During step change in stand-alone load, the rms value of the
output current increases from 0.65A to1.25A, as shown in Figure 5.
The d-axis and g-axis component of the load voltages are portrayed in Figure 6(a) and 6(b).
The d axis component of the load voltage is maintaining at the desired level of 163V during the
study. The voltage controllers (the block diagram as shown in Figure 3) settle the transient
variation in these voltages, during the load increment and decrement, successfully within 0.8 s.
The g-axis component of the load voltage is kept at the level zero throughout operation
successfully. With fixed d axis and zero g-axis load voltage, the active power

becomes(%)vdid, and the reactive power generation becomes_(%)vdiq. The d-axis

component of the load current is found to be increasing during a step change in load, as shown
in Figure 6(c). The reactive power demand also increases during this step change. Therefore,
the g-axis component of the load current is following the nature as portrayed in Figure 6(d).
The lagging reactive demand had met by an increment in this negative current.
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Figure 5. Rms value of the output current with load variation
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Figure 6. The transient behavior of variables during step change in load demand: (a) d-axis

load voltage, (b) g-axis load voltage, (c) d-axis component of load current, and (d) g-axis
component of load current

The total harmonic distortion (THD) of the output voltage and current is keeping within a
small limit by the use of filter. The THD of the load voltage found to be 2.79%, at steady state,
as displayed in Figure 7(b) and the THD of the load current, at the same time, is 1.88%, as
shown in Figure 7(d).

The load variation is supported by a change in power flow from the machine side converter,
which is controlled by the three-stage controller, developed in section 3 B. The transient
behavior of the dc-link voltage is portraying in Figure 8(a). The dc link voltage is maintaining

(<)

Fuslenensd | 4% 176, THD- | 55

(d)
Figure 7. The quality of: (a) Load voltage (b) FFT of load voltage (c) Load current (d) FFT of
load current, with higher load.
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Figure 8. The transient behavior of variables during step change in load demand: (a) dc link
voltage, (b) generator speed
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Figure 9. The transient behavior of variables during step change in load demand: (a) g-axis
component of machine current, and (b) d-axis component of machine current, (c) g-axis
component of machine voltage, and (d) d-axis component of machine voltage

at the desired 400V level, with less than 4.5% transient variation during both increment and
decrement in the load at 6s and 15s respectively. The speed command of the generator is
increasing through the dc link voltage controller during the load demand increment. The input
torque during this transient is considered as constant, and so is able to generate more power to
meet the load demand with increased speed. The actual and reference speed of the generator,
during this load variation, are as shown in Figure 8(b). The actual speed is closely following
the reference one, in this figure. The speed controller works successfully during the decrement
of the load also. The g-axis component of the machine current remains at the constant level of
3.3 A, with transient changes during the load variation. The transient behavior of this current is
displaying in Figure 9(a).

The direct axis component of machine current remains invariant during the load transient.
The nature of this current is portrayed in Figure 9(b). However, the d and g axis components of
machine voltage are changing to accommodate the increment in the load power demand, as
portrayed in Figure 9(c) and Figure 9(d).The total power supplied by the machine side
converter increases by 314W due to the change in the considered load demand.

B. Variation in Input torque

Considering the load is constant, a step increment in the input torque is providing to the
system to verify the operation of the control with variable input. The input torque is increasing
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by 50% at 15 s as presented in Figure 10. The changes on the stator side and load side
variables, because of this input variation, are showing in Figure 11 and Figure 13.
The d-axis component of the load voltage is going through a small transient disturbance at 15 s
and settled back to the reference level, 163 V, as shown in Figure 11(a). However, the g-axis
component of the load voltage is maintaining constant at zero through the controller, as shown
in Figure 11(b).
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Figure 10. Input torque variation
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Figure 11. The transient behavior of variables during step change in input torque: (a) d-axis
load voltage, (b) g-axis load voltage, (c) d-axis component of load current, and (d) g-axis
component of load current

AN i

Frauescy [Hz) Frequency (Hz)
() (d)
Figure 12. Quality of: (a) Load voltage (b) Load current (c) FFT of load voltage (d)FFT of
load current, with higher input torque
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The constant voltage at the output of filter allows the load current to be same, even with the
change in the input torque. The d-axis and g-axis components of the load currents are so
constant throughout the operation and shown in Figure 11(c) and 11(d).

The total harmonic distortion (THD) of the output voltage and current is keeping within a
small limit by use of the filter in this case also. The THD of the load voltage is finding to be
2.66% at steady state, as shown in Figure 12(c) and the THD of the load current, at the same
time, is of 2.02%, as shown in Figure 12(d).

Both Figure 7 and Figure 12 are portraying the efficacy of the filter output control for this
stand-alone system. The developed voltage control is improving the power quality even with
100%variation in load and 50% variation in input torque.

The dc link voltage is successfully controlling to maintain at 400 V level, with 2% variation
in transient condition as shown in Figure 13(a). The operating speed is reducing with higher
input torque to supply constant load power. The speed controller is successfully following the
reference command as shown in Figure 13(b).

It is also observing from Figure 14 (a), that the g-axis component of the machine current,
increases to -4.5A from -3.2A in the result of the increment in increased input torque at 15 s.
However, the d and g axis components of machine voltage are changing to meet the same load
power demand, as portrayed in Figure 14(c), Figure 14 (d).

The total power supplied by the machine side converter is keeping same for the change in
the input torque. The current controller is successfully controlling the actual current to follow
the reference, throughout the operation. The d-axis component of machine current is constant,
as portrayed in Figure 14 (b). As a result, there is no such variation in d-axis voltage, as shown
in Figure 14(d).
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Figure 13. The transient behavior of variables during step change in input power: (a) dc link
voltage, (b) generator speed

curment (A )
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Figure 14. The transient behavior of variables during step change in input power: (a) g-axis
component of machine current, and (b) d-axis component of machine current (c) g-axis
component of machine voltage, and (d) d-axis component of machine voltage
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6. Conclusion
Two controllers are designed for generator side VSC and for load side VSC to achieve

fixed voltage and frequency output with both input torque and load impedance variation, in this

work. The three -stage controller is designed for the generator side VSC to maintain the dc link
voltage constant throughout the operation. The load side VSC is controlling simultaneously to
provide a constant voltage at the output. Moreover, one filter is incorporated to reduce the
harmonics at the load end, and the already designed load side controller compensates the drop
of the load voltage.

The control is implemented with both load perturbation and input torque variation
successfully. It is found that:

» The machine side converter control is managing the reference speed to extract the power
from the input. As a result, dc link voltage remains constant throughout the operation. It is
also observed that dc link voltage is having only 2 % variation during transient condition
for input torque and output load perturbation, and is settled within 0.8 sec.

» The total power supplied by the generator side VSC increases due to the increment in the
load demand, while the total power supplied by the machine side converter is kept at same
level during the change in the input torque. The speed increases to accommodate the
increased load power, while decreases with the increment in the input torque.

» The control of load side VSC is successfully keeping the load voltage constant throughout
the study. The transient variations during changes are settling to provide constant d-axis
and g-axis components of load voltage.

» The designed filter is capable of keeping the THD for load current less than 2%.

The system is so capable of future extension towards grid-connected operation.
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