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Permanent Magnet Synchronous Generator-Based
Standalone Wind Energy Supply System
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Abstract—In this paper, a novel algorithm, based on dc link
voltage, is proposed for effective energy management of a stand-
alone permanent magnet synchronous generator (PMSG)-based
variable speed wind energy conversion system consisting of bat-
tery, fuel cell, and dump load (i.e., electrolyzer). Moreover, by
maintaining the dc link voltage at its reference value, the output
ac voltage of the inverter can be kept constant irrespective of vari-
ations in the wind speed and load. An effective control technique
for the inverter, based on the pulsewidth modulation (PWM)
scheme, has been developed to make the line voltages at the point
of common coupling (PCC) balanced when the load is unbalanced.
Similarly, a proper control of battery current through dc-dc
converter has been carried out to reduce the electrical torque
pulsation of the PMSG under an unbalanced load scenario. Based
on extensive simulation results using MATLAB/SIMULINK, it
has been established that the performance of the controllers both
in transient as well as in steady state is quite satisfactory and it
can also maintain maximum power point tracking.

Index Terms—DC-side active filter, permanent magnet syn-
chronous generator (PMSG), unbalanced load compensation,
variable speed wind turbine, voltage control.

I. INTRODUCTION

N wind energy application, variable speed wind turbines

are popular mainly because of their capability to cap-
ture more power from the wind using the maximum power
point tracking (MPPT) algorithm and improved efficiency [1].
Presently, doubly feed induction generators (DFIGs) are widely
used as the generator in a variable speed wind turbine system.
In case of DFIG, there is a requirement of the gearbox to match
the turbine and rotor speed. The gearbox many times suffers
from faults and requires regular maintenance [2], making the
system unreliable. The reliability of the variable speed wind
turbine can be improved significantly using a direct drive-based
permanent magnet synchronous generator (PMSG). PMSG has
received much attention in wind energy applications because
of its self-excitation capability, leading to a high power factor
and high efficiency operation [3].

In many countries, there are remote communities where
connection with the power grid is too expensive or impractical
and diesel generators are often the source of electricity. Under
such circumstances, a locally placed small-scale standalone
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Fig. 1. Standalone wind energy system.

distributed generation system can supply power to the cus-
tomers. Autonomous wind power systems are among the most
interesting and environment friendly technological solutions
for the electrification of remote consumers.

The control of an inverter to present the customers with a
balanced supply voltage is the main challenge in a standalone
system. Moreover, voltage variations, flickers, harmonic gen-
eration, and load unbalance are the major power quality (PQ)
problems that occur in the wind energy conversion system
(WECS). The voltage variations are mainly due to the change
in load. Flicker or voltage fluctuations are primarily caused by
variations in the power from WECS which comes into exis-
tence, owing to the fluctuations in the wind speed. Unwanted
harmonics are generated due to the power electronics interface
(rectifier, inverter and dc—dc converter) between the wind
generator and the load. Those power quality problems may
not be tolerated by the customers and hence require mitigation
techniques.

The schematic of the standalone system using PMSG-based
wind turbine is shown in Fig. 1. Such a standalone wind energy
system using PMSG is already being developed in [4]-[6]. In
[4], the authors have not discussed the use of an energy storage
device which is required to meet the power demand in the condi-
tion of low wind speed. Similarly, in [5] and [6], the authors are
silent about the effect of unbalanced load which is a common
phenomenon in the distribution network. Due to unbalanced
load, the voltages at point of common coupling (PCC) become
unbalanced. Moreover, unbalanced load will create pulsation in
the generator torque which will reduce the life of the turbine
shaft.

In this paper, using battery and fuel cell along with aqua elec-
trolyzer as the storage devices, a small-scale standalone power
supply system based on wind energy is considered. Our objec-
tives are:

a) To achieve effective control coordination among the wind

generator, battery, fuel cell, and aqua electrolyzer to main-
tain the dc-link voltage constant.
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b) To maintain constant and balanced voltages at the ac bus
(or load bus) as three phase dynamic loads need a bal-
anced three-phase supply for their proper operation.

¢) To reduce the effect of unbalanced load current on the
torque pulsation of PMSG.

II. CONTROL OF PROPOSED WIND ENERGY SYSTEM IN
STANDALONE MODE

In standalone mode, the output ac voltage is controlled in
terms of amplitude and frequency. Power from the PMSG-based
wind turbine is fed to ac—dc—ac converters to maintain the output
ac voltage at specified amplitude and frequency. The variations
in the wind speed as well as in the load affect the dc link voltage
(Vae) between rectifier and inverter. This is illustrated in Fig. 2
which is a plot of V4. in response to the change in wind speed
and load without connecting battery. In Fig. 2, att = 3 s, V. in-
creases due to the reduction in load from 5 to 2.5 kW by keeping
wind speed constant at 12 m/s. Similarly, the effect of decrease
in wind speed from 12 to 7 m/s on Vg canbe observed att = 4 s.
Hence, it is concluded that the dc link voltage (Vy,) is directly
affected because of any kind of variation in wind speed as well
as load. Therefore, if V. is maintained constant at its reference
value and keeping the modulation index of load side inverter
at 1, the amplitude of output ac voltage can be controlled and
maintained at the rated voltage. This is explained below:

The relation between dc voltage and output ac voltage of
three-phase pulsewidth modulation (PWM) inverter is given by

[7]

3
— ik‘/dc

v,
LL, 2\/5

(1)

where
V11, = Fundamental phase-phase root-mean-square (rms)
voltage on the ac side;
k = Modulation index of the PWM inverter;
Vi = the dc link voltage.

From (1), it is seen that the ac voltage can be maintained at
rated value by maintaining V. at its reference value and with
k = 1. As far as frequency of output ac voltage is concerned, it
can be maintained at a specified value by choosing the frequency
of sinusoidal reference signal while generating the PWM pulses.
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III. CoNTROL OF DC LINK VOLTAGE

The proposed standalone PMSG-based wind turbine power
system is shown in Fig. 3. Neutral wire is provided between the
capacitors connected before the inverter, as shown in Fig. 3. By
providing the neutral system, we can feed to both single-phase
as well as three-phase loads. The battery is connected to the dc
link through a de—dc bidirectional buck-boost converter. Using
a bidirectional buck-boost converter, the battery voltage can
be kept lower as compared to reference dc link voltage (V)
and hence fewer batteries need to be connected in series. In the
proposed system, battery voltage is kept at about 300 V while
V., = 640 V. In this paper, the rating of the battery bank, con-
sidering 60% depth of discharge (DOD) [8], is decided based on
the assumption that even when the wind power is zero and fuel
cell is under maintenance, it should cater to the energy require-
ment of a 6-kW load for approximately an hour. The detail about
the calculation of the battery rating is discussed in Appendix .

The schematic of the de—dc converter controller used to reg-
ulate the charging/discharging current of the battery to maintain
the dc bus voltage constant is depicted in Fig. 4. Treating the
controller output as the reference current for the battery, a hys-
teresis band approach is adapted to switch either (21 or ()2 of the
dc—dc converter (Fig. 3). In addition, the control signal is con-
strained within a limit so that the actual charging/discharging
current will be as per the specification of the battery; as a result
the longevity of the battery will be enhanced.

A proper real power management scheme needs to be for-
mulated to maintain the dc bus voltage constant to keep mod-
ulation index within a reasonably practical limit, when the ac
output voltage (PCC voltage) of the inverter needs to be main-
tained constant. In our system (Fig. 3), apart from wind there
are three other devices, namely battery, fuel cell, and dump load
(i.e., electrolyzer). Out of the three equipments, the battery can
act either as a source or as a sink. As a result it should discharge
(charge) within specified limits when there is deficit (surplus)
of wind energy due to low (high) wind speed. The fuel cell can
only act as a source when sufficient hydrogen is available to
us. Similarly, an aqua electrolyzer can only act as a sink for the
system. In this work, it is assumed that, due to high wind speed,
the excess energy produced is first pushed into the battery until
it reaches its upper limit of charge carrying capacity and then
the excess power is fed to the electrolyzer and is regulated via
the chopper control (switch S; in Fig. 3). The decision about
switching on the control action is carried out by comparing the
upper limit of the state of charge (SOC) of the battery and the
present status of SOC. When the SOC becomes higher than its
limit, the controller will increase the duty cycle as a function of
over voltage in the dc bus voltage. The schematic of the control
scheme is depicted in Fig. 5.

In case of a long-term no-wind or low-wind condition, the
battery alone may not cater to the load demand. Hence, the fuel
cell is integrated with WECS. The fuel cell can meet the load
demand in steady state; however, due to its slow dynamics it
cannot feed the power instantaneously and hence is unable to
stabilize the dc link voltage during transients. Therefore, proper
coordination and control is required between the battery and
fuel cell. Fig. 6 shows the fuel cell controller through which the
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Fig. 3. PMSG-based standalone wind turbine with energy storage and dump load.
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boost converter switch S, is controlled. Controllers associated
with the battery and fuel cell are developed in such a fashion
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Fig. 6. Boost converter controller associated with fuel cell.

that when there is a sudden load change, the battery provides the
power instantaneously and as fuel cell power goes on increasing,
battery power should go on decreasing. In order to make the
proper coordination between battery and fuel cell, boost con-
verter controller (Fig. 6) associated with fuel cell is developed
based on I, and I; (shown in Fig. 3) and assuming battery cur-
rent is ideally zero. Moreover, when SOC of the battery is below
0.2, the fuel cell should give power to the battery. This facility
is also provided in the fuel cell controller, as shown in Fig. 6.
A flowchart of the above discussed energy management
system is depicted in Fig. 7, where the upper and lower limit for
the SOC of the battery is kept at 0.2 and 0.8, respectively [8].
The control strategy based on switched mode rectifier [5],
[6],[9], [10] is adapted for extracting the maximum power from
wind flow when a PMSG is incorporated as the generator. The
detailed theory and algorithm for maximum power extraction
using measurement of turbine speed (w;) is explained in [5]
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and [6] and hence it is not mentioned here. The load side
PWM-based inverter will generate unwanted high frequency
harmonics (based on the switching frequency) in the output ac
voltage, which is ultimately supplied to the customer, creating
a power quality problem. In this case, the switching frequency
(fs) of the PWM inverter is considered as 3 kHz. PWM
switching at 3 kHz produces high-frequency harmonics that
can be eliminated using simple passive LC' filter. The design
of the LC filter [11] is given in Appendix II and the values so
obtained are

Ly=46mH and Cp=9uF.

IV. UNBALANCED LOAD CURRENT COMPENSATION

In distribution systems, as the loads are mostly single phase
in nature, the current in different phases will not be the same in
magnitude and the phase difference between them may not be
120°. The detrimental effects of this unbalanced current on the
generating system are

1) electrical torque pulsation;

2) unbalanced voltages at PCC.

The effect and control of the above-mentioned two quantities

are discussed below.

A. Effect on the Generator Torque and Its Compensation

It has already been established in the literature [12] that when
an inverter supplies unbalanced load current, the time varia-
tion of the dc link current (I;) and dc link voltage (Vy.) can
be expressed as a dc component superimposed with a second-
harmonic component. Due to the second-harmonic component
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present in the dc current, the electrical torque of the generator
will oscillate and the life of the turbine shaft will reduce. In this
paper, a dc-side active filter is developed to reduce the oscilla-
tions in the electrical torque of the generator. The dc-side active
filter [13] is implemented through a dc—dc converter connected
between the dc bus and the battery.

The dc link voltage is filtered by a low-pass filter to obtain
the dc component (V) and subtracting V. from V. the oscil-
lating component (V.. ) is estimated. Now the responsibility of
the control scheme is to produce a reference current which needs
to be followed by the battery current. Since the function of the
battery current is both to maintain the dc bus voltage and to re-
duce the second-harmonic component, two control loops using
PI controllers are formulated. First, a PI controller considering
(V3§ — Vi) as error produces a reference current to maintain
the dc bus voltage, whereas and the second one uses (0 — Vg, )
as its error. The reference for the second one is taken as “0” as
the controller should make the oscillating component in the dc
voltage to “0.” The outputs of both the PI controllers are added
to generate the final reference battery current (17, ). The refer-
ence battery current so obtained is then compared with the actual
battery current (/),,+) and the error is processed through a hys-
teresis band which in turn gives control signals (gating pulses)
to the IGBT devices (21 and (J2) of the dc—dc converter. There-
fore, the dc—dc converter control discussed in Section III is mod-
ified based on the above discussion to take care of the unbalance
load and is presented in Fig. 8.

B. Effect on Voltage at PCC and Its Compensation

Due to unbalanced load being connected to the inverter,
the current in each phase will not be equal, leading to un-
equal voltage drop across LC filters used in each phase. This
unbalanced voltage drop will cause the line voltages at PCC
to become unbalanced and the voltage unbalance factor (i.e.,
ratio of negative sequence to positive sequence of fundamental
component) may not be within permissible limit (i.e., below
1%). Hence, it is necessary to compensate the voltage unbal-
ance at PCC. To achieve this goal the error between the rms
(or peak) value of the phase voltages at PCC and the reference
phase voltage is given to a PI controller. The output of the
PI controller is multiplied with a unit sine wave generator to
get the reference phase voltages (Vg _yefs Upb_refs Ve_ref ). UsIng
Vo _ref, Vb_ret aNd v._rer, PWM pulses are generated to switch
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ON/OFF the load side inverter. The schematic of the control
scheme used for unbalanced voltage compensation is shown in
Fig. 9.

Through the controller shown in Fig. 9, our aim is to get dif-
ferent modulation indexes for three phases so as to balance out
the unbalanced PCC voltages. The controller requires the in-
formation about the actual voltage. The actual voltage can be
detected by different algorithms. The detection time of both the
peak detection method and dg0 transformation-based approach
is faster than the rms measurement approach [14]. The peak de-
tection method suggested in [14] and [15] is sensitive to small
frequency variations as well as harmonics. Hence, when the
peak detection method is employed to calculate v, _ref, Up_yet
and v._rer, two low-pass filters, low-pass filter-1 (LPF-1) and
low-pass filter-2 (LPF-2), are required (Fig. 10). Since volt-
ages are measured after the inverter, they contain harmonics
and hence the cutoff frequency of LPF-1 is chosen as 300 Hz
[14]. In addition, as the peak detected signal still contains os-
cillations as depicted in Fig. 11, another low-pass filter LPF-2
is used at its output. It can be seen from Fig. 11 that when the
cutoff frequency of LPF-2 is 300 Hz (same as that of LPF-1),
the oscillations are more as compared to a cutoff frequency of
50 Hz. Hence, in order to capture the actual peak voltages a
low-pass filter of 50 Hz need to be connected at the output of
the peak detector. To evaluate the fastness of the peak detection
method (along with those filters as presented in Fig. 10) and the
rms-based approach, both of them are subjected to a pure sinu-
soidal voltage whose magnitude is reduced by 50% at¢ = 15, as
shown in Fig. 12(a). Fig. 12(b) shows the time required for the
detection by peak method along with filters (LPF-1 and LFP-2)
and the rms-based method. From Fig. 12(b), it is seen that the
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Fig. 13. Comparison of rms and peak detection method under balanced load
condition.

transient time of the rms-based method is almost equal to the
peak method along with LPF-1 and LFP-2.

The parameters of the PI controllers used in both approaches
are tuned by the integral time square error (ITSE) method [16]
for a change in load in the balanced condition. From Fig. 13,
it is seen that both the controllers are showing almost the same
transient response. However, when those tuned controllers are
tested for unbalanced load, the response of the peak method is
more sluggish as compared to the rms method which is inferred
from Fig. 14.

In [17]-[19], the authors proposed integration of dq0 trans-
formation and symmetrical component analysis to deal with
unbalanced voltages. In this approach, sequence decomposi-
tion is carried out to get dc values after abc/dg transformation
for the unbalanced voltages (Fig. 15). In the proposed system,
the sensed voltages are not pure sinusoidal because they are
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measured after the inverter and hence a low-pass filter is con-
nected after abc/dg transformation. The response of the rms
method and dg integrated with symmetrical component anal-
ysis is plotted in Fig. 16. From Fig. 16, it is seen that when
unbalanced load is applied at ¢ = 3.5 s, the response of line
voltages is more or less the same for the two methods. The dg
method considered is computationally intensive as there is a
need to extract the symmetrical components involving complex
domain calculations from the original waveforms. This may
lead to a time-consuming approach when implemented in real
time. Hence, in this paper, the rms-based approach is adapted to
calculate the reference line voltages.

V. MODELING OF WIND TURBINE, BATTERY, FUEL CELL, AND
AQUA ELECTROLYZER
A. Wind Turbine and Drive Train

In this paper, the WECS is represented with the two-mass
drive train model. The differential equations governing its

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 2, NO. 4, OCTOBER 2011

mechanical dynamics are presented as follows [20]:

dwt
2H,— =T, — T, 2
o ,— Tin )
1 datw
= Y~ w, 3
Weth  dt e ®
o, & _ T 4
9 gp b g “)

where H, is the inertia constant of the turbine, H is the inertia
constant of the PMSG, 6., is the shaft twist angle, w; is the
angular speed of the wind turbine in p.u., w, is the rotor speed
of the PMSG in p.u., wep, is the electrical base speed, and the
shaft torque Ty, is

d atw

Ty =K
st dt

sh etvv + -Dt

)

where K, is the shaft stiffness and D; is the damping coeffi-
cient.

B. Modeling of Battery

In this paper, a generic battery model presented in [21] is
implemented. The model uses only the battery SOC as a state
variable in order to avoid the algebraic loop problem and can
accurately represent four types of battery chemistries including
lead acid battery.

The modeling is attempted using a simple controlled voltage
source with a constant resistance as shown in Fig. 17, where the
controlled voltage source is described through (6)

E=F— KQLW + Aexp <B/idt> (6)
Voart = £ — Rlyatt (7)
where
Ey = no-load battery voltage (V);
K = polarization voltage (V);
#] = battery capacity (Ah);
[ idt = charge drawn/supplied by the battery (Ah);
A = exponential zone amplitude (V);
B = exponential zone time constant inverse (Ah) ~*;
Vibat = battery voltage (V);
Ryatt = internal resistant (£2);
Lyatt = battery current (A).

C. Solid Oxide Fuel Cell (SOFC)

The SOFC model is developed in [22] and [23], and based
on Nernst’s equation and Ohm’s law, the fuel cell stack output
voltage (V) is represented (Fig. 18). For MATLAB simulation,
representation of stack output voltage (V) is then connected to
the controlled voltage source as shown in Fig. 18. The SOFC
dynamic model is interfaced to the dc-link through a boost con-
verter as shown in Fig. 3. In this paper, operating voltage of
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SOFC is considered as 300 V and the boost converter converts
it to 640 V (V).

D. Electrochemical Model of Electrolyzer [24], [25]

Electrolyzer is a device to generate hydrogen from water
through electrolysis. It is connected to the dc bus through a
dc—dc buck converter; as a result, the input voltage and hence
the current flow can be regulated. The current so drawn is
used for electrolysis to produce hydrogen from water. In this
paper, the buck converter switch “S.” (Fig. 3) regulates the
input voltage to the electrolyzer and switch “ S,  is regulated
to feed excess power to electrolyzer so that dc link voltage is
maintained.

The electrode kinetics of an electrolyzer cell can be modeled
using the empirical current—voltage relationships [24]. A tem-
perature-dependent model proposed by [24] and [25] is given as

1 4+ 12T
%Ie —+ (51 —+ SQT —+ 53Tz)

log (14 (1, + 2412 L 8
0g 1 T T2 A ®)

where n is number of cells of electrolyzer, V... is the reversible
cell potential (V), T is the temperature (°C), I./A is the current
density (A/m?), where A the cell electrode area (mQ), 71,79 are
the ohmic resistance parameters, s1, —s3 and £; — 3 are over-
voltage coefficients [25]. The electrochemical model of electy-
rolyzer based on (8) is developed in MATLAB and connected

V=nVe +
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Fig. 20. Response of mechanical and shaft torque for change in wind velocity.

to a buck converter using controlled voltage source as shown
in Fig. 19. The data of 5 kW, 120 A, 43 V electrolyzer is men-
tioned in [24]. In this paper, an electrolyzer of rating of about
10 kW is designed by keeping current rating at 120 A. Hence,
electrolyzer voltage is considered at 86 V (by connecting 64
numbers of cells in series) and the buck converter is connected
to reduce the voltage from 640 V (V) to 86 V.

VI. RESULTS

The simulation model of the PMSG-based variable
speed wind turbine system (shown in Fig. 3) is built using
MATLAB/SIMULINK. PMSG is modeled using any arbitrary
d-q reference frame [26], [27] and data is taken from [5] which
are reproduced in Appendix III, where the base wind speed is
considered as 12 m/s. In addition, the data of two-mass wind
turbine drive train, fuel cell, and electrolyzer are also mentioned
in Appendix III. The gains of all the PI controllers are tuned by
the integral time square error (ITSE) method [16].

The two-mass model of drive train is incorporated in order
to get a clear picture of wind turbine dynamics. The dynamics
of turbine and shaft torque can be observed in Fig. 20 for the
change of wind speed from 12 to 10 m/s at¢ = 1 s and from 10 to
13 m/s att = 3 s. Carefully looking to Fig. 20, it can be seen that
the dynamics of shaft torque is quite slow compared to that of
the turbine torque. This is attributed to the two-mass model rep-
resentations of the WECS. In order to observe whether WECS is
following the MPPT or not, the mechanical torque is plotted in
Fig. 21 for the change in wind speed from 12to 10 m/sat? = 1.
From Fig. 21, it can be found that the ratio of initial torque (at
t <=1 s) to that of final torque (at £ >= 15 s) is around 1.445.
The ratio so obtained is almost equal to the ratio of square of
initial wind velocity (12 m/s) to that of the final wind velocity
(10 m/s). Through this sample calculation it is concluded that the
designed system is following the MPPT. The relation between
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Fig. 21. Response of mechanical torque for change in wind velocity.
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Fig. 22. (a) Load current; (b) wind speed.

mechanical torque and wind velocity when MPPT is satisfied is
derived in Appendix IV.

The performance of the proposed wind energy system is
tested by considering the following cases:

Case-1: Considering Variations in Wind Speed and Load: In
this case, the system consists of wind, battery, and dump load
(i.e., electrolyzer). The instants at which the load variation is
considered and its corresponding magnitude are given as fol-
lows [Fig. 22(a)]:

For 2-3 s, load current = 7.4 A.

For 3-6 s, load current = 3.7 A.
Similarly, the instant at which the wind speed is varied and its
corresponding magnitude is listed as follows [Fig. 22(b)]:

For 0-2.5 s, wind speed = 12 m/s.

For 2.5-5 s, wind speed = 7 m/s.

For 5-6 s, wind speed = 15 m/s.

The dynamic response of V. for the above variations both
in the load and wind speed is presented in Fig. 23. Analyzing
the response of Fig. 23, it can be ascertained that the perfor-
mance of the dc voltage controller both in transient as well as
steady state is quite satisfactory. Further it can also be estab-
lished that unlike load change when there is a variation in wind
speed the dc voltage transient is almost absent. This is because
of the fact that there is an appreciable delay between the PMSG
output power to follow the change in wind velocity (Fig. 27).
This delay is introduced into the WECS because of the more
realistic two-mass model of the wind turbine. Since the delay
is much higher than the response time of the dc voltage reg-
ulator, there is no change in the dc voltage following a varia-
tion in wind velocity. The output ac voltage remains constant at
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Fig. 24. RMS output voltage (PCC voltage).
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Fig. 25. Instantaneous output voltage att = 3 s.

the rated value of 385 V (line-line) as shown in Fig. 24. From
Fig. 24, it is observed that the output ac voltage is almost im-
mune to fluctuations in the wind speed. However, since load is
directly connected to the inverter, its variation introduces a tran-
sient in the output ac voltage. The rms value of output ac voltage
may not give a clear picture of voltage waveform in the transient
condition, hence instantaneous voltage is presented in Fig. 25 at
t = 3 s. From Fig. 25, it is seen that there is no significant rise in
the voltage waveform during load transient. The total harmonic
distortion (THD) in the output ac voltage is about 5% in all the
three phases. Similarly, it is found that the THD in line current
(Fig. 26) is 5.1%. From the above simulation results, it can be
established that with the help of PWM switching and a passive
LC filter, a satisfactory quality of voltage as well as current can
be supplied to the load.

Fig. 27 shows the power distribution between wind gener-
ator and battery for the above-mentioned load current and wind
speed. From Fig. 27, it is seen that battery either delivers or ab-
sorbs the power according to the difference between the PMSG
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Fig. 26. Instantaneous output line current.
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output power and load demand. In the discussed experimenta-
tion, intentionally the SOC is kept well below 0.8, so that ac-
cording to Fig. 7, the aqua electrolyzer will not be switched ON.

In the second simulation, with a light load condition, the ini-
tialization of SOC of the battery is carried out near about 0.8 so
that the battery will be charged due to the power mismatch and
the SOC will hit the 0.8 limit. When SOC of battery becomes
more than 0.8, surplus power should go to the electrolyzer which
is shown in Fig. 28. From Fig. 28, it is seen that when SOC be-
comes more that 0.8 at £ = 1.6 s., the electrolyzer takes over
the power and battery stops charging which makes its power to
zero. Fig. 29 shows the response of V3. when SOC becomes
more than 0.8 at £ = 1.6 s which shows that the dc link voltage
stabilizes quickly and voltage overshoot is not high and hence
the safety of the dc bus is not jeopardize.

Now consider the situation when a fuel cell is connected to the
dc-bus through a boost converter. For the load change from 5.5
to 9.5 kW, the response of various powers is shown in Fig. 30.
From Fig. 30, it is seen that when load demand is suddenly in-
creased at £ = 1 s, battery responses instantaneously to meet
the load demand. Since fuel cell dynamics is slow, it feeds the
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Fig. 32. Response of controllers.

power slowly. Through the control scheme proposed in Figs. 4
and 6, it is achieved that as fuel cell power increases to meet the
load demand, battery power decreases (Fig. 30). Hence, through
this, the control battery is used to meet the load demand only in
the transient condition. Fig. 31 shows the response of V. which
depicts a stable dc link voltage.

Fig. 32 compares the dynamic response of the proposed con-
troller and the one mentioned in [5] and [6], for a change in load.
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Fig. 34. Electrical torque of PMSG with and without dc—dc converter con-
troller.

The response of the proposed controller is approximately sim-
ilar to that discussed in [5] and [6]. However, as they have used
five PI controllers instead of a single one as proposed (battery
controller, Fig. 4), the tuning of the controller parameters will
be a tedious task.

Case-2: Considering Unbalanced Load: Consider the unbal-
anced load currents for three phases (Fig. 33) as mentioned as
follows:

ia = 3.93 A; i =955 A; 4. =845A.

Fig. 34 compares the variation of electrical torque of the
PMSG with and without the dc—dc converter associated with
the battery. It can be found from Fig. 34 that by proper control
of the de—dc converter (Fig. 8), it is possible to reduce the
torque pulsation drastically. Hence, proposed dc—dc converter
controller is not only maintaining V3. constant but also acts as a
dc-side active filter and reduces the oscillations in the electrical
torque of the generator.

Further, due to the above-mentioned unbalanced load
(Fig. 33), the line voltages at PCC (Fig. 35) also exhibits some
unbalance behavior. The voltage unbalance factor (VUF),
i.e., ratio of negative to positive sequence of the fundamental
component is found to be 2.6% which is greater than the per-
missible limit (i.e., 1%). To reduce VUF to an acceptable limit,
the proposed PWM inverter control is applied and the VUF
is brought down to 0.4%. The rms values of line voltages and
modulation indices for all three phases are depicted in Fig. 36.
The instantaneous line voltages are shown in Fig. 37. The THD
in vgp, Upe, and vgq are 5%, 3.9%, and 5.3%, respectively,
which are well below the acceptable limit.
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Fig. 37. Instantaneous line voltages at PCC after compensation.

VII. DISCUSSION

When the proposed system will be considered for grid con-
nection, we foresee the following.

1) The PMSG will be always under MPPT like the present
scenario.

ii) The battery, fuel cell and aqua electrolyzer will be re-
quired only if we need to feed a scheduled power to the
grid which is not the same as the maximum power avail-
able from the wind.

Since grid frequency can be a variable one we have to
synchronize the inverter output frequency with the grid.
This can be achieved by measuring the frequency of the
grid using PLL and accordingly deciding the frequency
of reference signal given to the grid-side PWM inverter.

iii)
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iv) As there is a grid side inverter, it can supply reactive
power to the grid whenever required for voltage support.
However, this benefit will be limited based on the ca-
pacity margin available with inverter at that instant.

VIII. CONCLUSION

Control strategies to regulate voltage of a standalone vari-
able speed wind turbine with a PMSG, battery, fuel cell, and
electrolyzer (acts as dump load) are presented in this paper. By
maintaining dc link voltage (Vy.) at its reference value and con-
trolling modulation indices of the PWM inverter, the voltage of
inverter output is maintained constant at their rated values. From
the simulation results, it is seen that the controller can maintain
the load voltage quite well in spite of variations in wind speed
and load. An algorithm is developed to achieve intelligent energy
management among the wind generator, battery, fuel cell, and
electrolyzer.

The effect of unbalanced load on the generator is analyzed
and the dc—dc converter control scheme is proposed to reduce
its effect on the electrical torque of the generator. The dc—dc
converter controller not only helps in maintaining the dc voltage
constant but also acts as a dc-side active filter and reduces the
oscillations in the generator torque which occur due to unbal-
anced load. PWM inverter control is incorporated to make the
line voltage at PCC balanced under an unbalanced load sce-
nario. Inverter control also helps in reducing PCC voltage ex-
cursion arising due to slow dynamics of aqua elctrolyzer when
power goes to it. The total harmonic distortion (THD) in volt-
ages at PCC is about 5% which depicts the good quality of
voltage generated at the customer end. The simulation results
demonstrate that the performance of the controllers is satisfac-
tory under steady state as well as dynamic conditions and under
balanced as well as unbalanced load conditions.

APPENDIX 1

Calculation for battery rating =

(6 kW x 1 hr/300 V x 0.6) = 33.33 Ahr.
Hence, 35-Ahr 12-V battery rating is considered and, there-
fore, 25 numbers of batteries are required to connect in series.

APPENDIX II

The L — C filter design is based on following equations [11]:

1/2
K = [(k? _ 15y + %kf’ - Zkﬁ)/lzylo] 9)

4 5w
1% 1% £\ V. i
Ly=—2{ K% 14ar?(8) g4 1
f IO fS { ‘/o,av + i (fb> ‘/o,av ( O)
Vdu
Cr=K—un——— 11
! Lff,?‘/o,av ( )
where
k {modulation index) = 1;
Vo (Load voltage) = 385/v/3 V;
1, (Nominal current) = 10 A;

Ir (Fundamental frequency) = 50 Hz;
fs (Switching frequency) = 3 kHz;
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(Total harmonic load voltage) = 5% of V,,;

= Inductance of filter;

= Capacitance of filter.

APPENDIX III

Parameters of PMSG
Number of poles 10
Rated speed 153 rad/s
Armature resistance (Ry) 0.425 Q
Magnetic flux linkage 0.433 Wb
Stator inductance (L;) 8.4 mH
Rated torque 40 Nm
Rated power 6 kW

Parameters of Two Mass Drive Train

APPENDIX IV

Hy; Hy 4s ; 0.1H,
K 0.3 p.u./el.rad
Dy 0.7 p.u.s/el.rad
Parameters of Fuel Cell
Absolute temperature (7) 1273K
Faraday’s constant(F) 96487C/kmol
Universal gas constant (R) 8314J/(kmol K)
Ideal standard potential (E,) 1.18V
Number of cells in series in stack (Ny) 325
_ 0.842*%10°
Constant, K=Ny4F kmol/(s A)
Valve molar constant for hydrogen 8.43%10™
(Kp,) (kmol/(s atm)
7
Valve molar constant for water (K ) 2.81*10
2 (kmol/(s atm)
3
Valve molar constant for oxygen (K, ) 2.52*10
2 (kmol/(s atm)
Response time for hydrogen flow (7, ) 26.1s
Response time for water flow (7)) 783 s
Response time for oxygen flow (7, ) 29015
Ohmic loss/cell () 32813*10°Q
Parameters of Electrolyzer
r 0.0015 Q m’
rs -6.019%10° m*°C”’
s 2427V
52 -0.0307 V °C’!
53 3.90%10™* v °C”
t 0214 A" m’
6 -9.870 A" m>°C
f3 119.1 A" m*°C’
N 64
VI‘(:‘\Y 1 . 1 647 V
T 70°C
4 873 cm’

The amount of power captured by wind turbine is given by

Py = 0.5pAC, (), B)v?

(12)
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where p is air density, v is wind speed, A is blade’s swept area,
and C,, is turbine-rotor power coefficient

P,
Tn = = (13)
Wt
and
A=

v
For maximum power tracking, A = A,,¢ = constant
(.L)tl U.)t2

(14)

T v

Moreover, if WECS is under MPPT in steady state,
C), = constant = 1 p.u., and p, A are constant
3
v
T, o —.
Wt

(15)

Putting (14) in (15) and taking ratio of torque at two wind ve-
locities, we get

B e w2

Tow1 07 w2 i 16

T AN T2 (16)
m2 VS w1 03

Hence, (16) denotes relation between torque and wind velocity
when WECS is under MPPT.
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