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Abstract

This paper proposes a design and implementation of the bi-directional DC-DC con-
verter for Wind Energy Conversion System. The proposed project consists of boost
DC/DC converter, bi-directional DC/DC converter (BDC), permanent magnet DC
generator and batteries. A DC-DC boost converter is interface with proposed wind
system to step up the initial generator voltage and maintain constant output voltage.
The fluctuation nature of wind makes them unsuitable for standalone operation. To
overcome the drawbacks an energy storage device is used in the proposed system to
compensate the fluctuations and to maintain a smooth and continuous power flow in
all operating modes to load. Bi-directional DC-DC converter (BDC) is capable of
transforming energy between two DC buses. It can operate as a boost converter
which supplies energy to the load when the wind generator output power is greater
than the required load power. It also operates in buck mode which charges from DC
bus when output power is less than the required load power. The proposed converter
reduces the component losses and increases the performance of the overall system.
The complete system is implemented in MATLAB/SIMULINK and verified with
hardware.

Keywords

Bidirectional DC/DC Converter, Boost DC/DC Converter, Wind Turbine
Generation System (WTGS), Permanent Magnet DC Generator (PMDC)

1. Introduction

The growth in the global energy consumption is predicted to be 1.6% - 1.7% per year.
The global consumption is going to hit 28 TW by the year 2050. As the demand for
energy is rising day by day, most of the global power demand is supplied by burning
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fossil fuels which causes global warming and pollution. Coal power plants contribute
59% of total sulphur dioxide pollution and 18% total nitrous oxide per year. Only 15%
of the coal is converted as electrical energy. For producing 1 unit of power, total carbon
emitted is 0.8 Kg. Renewable energy is now emerging energy production system which
produces eco-friendly, pollution free energy from the natural sources like sunlight,
wind, geothermal, tidal etc. Renewable energy will contribute the global effort to meet
the challenges of climatic changes by providing clean energy [1].

Renewable energy sources including wind power offer a feasible solution to distri-
buted power generation for isolated communities where utility grids are not available.
In such cases, stand-alone wind energy systems (i.e., systems not connected to the utili-
ty grid) can be considered as an effective way to provide continuous power to electrical
loads [2] [3].

The primary objective of this project is to simulate and implement a system, and is to
harness wind energy in an efficient way [4]. Among the available harnessing systems of
wind energy, the proposed system has been proved to be more efficient. The conven-
tional harnessing system consists of DC-DC converter, and charge controller. There are
several stages of conversion [5] [6]. Thus it increases the complexity, size and cost of
the system. The proposed system consists of bi-directional DC-DC converter and con-
trol circuits [7] [8]. The power conversion unit features a wind-turbine-driven PMSG
[9], a diode rectifier, a bidirectional buck-boost DC/DC converter, a battery bank, and a
DC/AC inverter [10]-[12]. The proposed converter reduces the component losses and
increases the performance of the overall system. The complete system is shown as block
diagram in Figure 1 and implemented in MATLAB/SIMULK. Proposed work takes
input source as wind from wind turbine and delivers constant power using bidirection-

al converter and SPEEDGOAT controller to drive motor load and lamp loads.

Power Flow
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Wind——> Inverter
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Figure 1. Overall system of proposed drive.
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2. System Configuration of Converter

A DC-DC boost converter is interface with proposed wind system to step up the initial
generator voltage and maintain constant output voltage. The fluctuation nature of wind
makes them unsuitable for standalone operation. To overcome the drawbacks an ener-
gy storage device is used in the proposed system to compensate the fluctuations and to
maintain a smooth and continuous power flow in all operating modes to load. Bidirec-
tional DC-DC converter (BDC) is capable of transforming energy between two DC
buses. It can operate as a boost converter which supplies energy to the load when the
wind generator output power is greater than the required load power. It also operate
buck converter which charges the battery from the DC bus when output power is less

than the required load power.

2.1. Wind Turbine

Wind turbine is a rotating machine which converts the kinetic energy in wind into
mechanical energy. If the mechanical energy is then converted to electricity, the ma-
chine is called a wind generator, wind turbine, wind power unit (WPU), wind energy
converter (WEC), or aero generator. Wind turbines can be separated into two types
based by the axis in which the turbine rotates. Turbines that rotate around a horizontal
axis are more common. Vertical-axis turbines are less frequently used.

Horizontal-axis wind turbines (HAW'T) have the main rotor shaft and electrical ge-
nerator at the top of a tower, and must be pointed into the wind. Most have a gearbox,
which turns the slow rotation of the blades into a quicker rotation that is more suitable

to drive an electrical generator.

2.2. Power Production from Wind Energy

The mechanical power of the wind passing an area of A with speed vis,
P=05%p*A*V’ (1)

where, p is the density of air. The density of air varies with the air temperature and
pressure. For the wind turbine rotor shown in Figure 2 the area swept by the rotor
blades is A and the turbine slows the wind from speed v (wind speed at the entrance of
the rotor blades) to v (wind speed at the exit of the rotor blades). Since A4, > A; then
V> V.

It can be noted from the previous equation that the power of the wind varies linearly
with the air area swept by rotor blades and with the cube of wind speed.

Assuming constant pressure and hence constant air density, the mass air flow is the
same after and before the turbine

%=%(pV)=pt—\t/=pAV=pAsz )

where Vis the air volume and v is the wind speed at the height of the turbine rotor.
Moreover, vis the average of winds speeds vi and .

That is,
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Figure 2. Change of wind speed at a wind turbine.

And the mechanical power taken from or extracted the wind after passing through

the turbine
P :O.S*p*A*(v1+v2)*(vf—v§) (4)

The power content of wind passing through the area A in the absence of the turbine
is
P=05%p*A*V’ (5)

Hence, the power coefficient Cp or rotor coefficient which is the ratio between Prand

Pis found
2
Co= Tt —054{1-Y2 |51, %2 6)
P v A

That represents the fraction of the upstream wind power that is extracted by the ro-

tor blades. It can be shown that Cpis at its maximum when

v, 1
+=c (7)
v, 3
which is the ideal wind speed ratio, the maximum power coefficient will be
C, ~0.593 (8)

This is often called Betz Power Coefficient and it means that theoretically about 60%
of the wind power is taken by the turbine if it slows the air to one-third of its original
speed.

However, practical wind turbines have power coefficient values ranging from 0.4 to
0.5 for modern high-speed turbines and between 0.2 to 0.4 for low speed turbines with
more blades. The efficiency of the wind turbine would then be the ratio of the power

taken to the ideal usable power

P C.-P C
n=—1 _=_"P =P %)
Comax' P Comax P Copmax

p,max

In summary, the maximum power output of the turbine per square meter of rotor

swept area is (assume rotor coefficient equal to 1/2)
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* * AK* K3
F’T,max=0'5 05 AA PV _ 0 25% pey (10)

The power extracted by the wind turbine increases with raise of Cp. However Cp is
limited by the aeromechanics. Cpis also affected by the variation of generator tip speed
ratio (TSR) as follows:

_ R
v

A (11)

where w is the wind generator rotor speed of rotation (rad/sec), R is the radius of the

area shift by the wind turbine blades.

2.3. Operating Principle of Boost Converter

Figure 3 shows a simplified schematic of the boost power stage. Inductor L and capa-
citor C make up the effective output filter. The capacitor equivalent series resistance
(ESR), RC, and the inductor DC resistance, RL, are included in the analysis. Resistor R
represents the load seen by the power supply output.

A power stage can operate in continuous or discontinuous inductor current mode. In
continuous inductor current mode, current flows continuously in the inductor during
the entire switching cycle in steady-state operation. In discontinuous inductor current
mode, inductor current is zero for a portion of the switching cycle. It starts at zero,
reaches peak value, and return to zero during each switching cycle. It is desirable for a
power stage to stay in only one mode over its expected operating conditions because
the power stage frequency response changes significantly between the two modes of
operation.

Neglecting the voltage drops across the diode and the transistor:

V, = ! 12
°={-D) (12)
T T
D=——o =2 (13)
Ton +Toff Ts
1
T, =— (14)
fS
RL L C : - - - - - - - ql p VO
M v (O — .
> ' '
=i, . D1
L] L} C
L] ]
L} [}
— . |_ a .
Control . .
Ve malmamad R
ia¢ ? a

Figure 3. Boost power stage schematic circuit.
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where, V;and V, is the Output Voltage and input voltage of boost converter, D is Duty
Cycle, T, is turn on time, 7o is turn off time, 7 is switching time, £ is switching fre-

quency.

2.4. Inductor and Capacitor Selection of Boost Converter

The inductor acts as the magnetic field storage element. It stores energy in its core ma-
terial. The PWM functions as the switch control and the transistor acts as the switch
element. The diode and the capacitor are used to perform the function of the output
rectifier and filter block.

The value of the boost converter inductor is

DVT
L=—"2 (15)
Al O max
The value of the boost converter capacitor is
D 1o max T,
C= Omax s (16)
AV,

where, Ripple in maximum output current AZomex = 10% 0f Jomax, Ripple output voltage
AV,=(0.02% to 0.05%) of V..

3. Modeling of Bidirectional Buck-Boost Converter

Bidirectional DC-DC converters (BDC) have recently received a lot of attention due to
the increasing need to systems with the capability of bidirectional energy transfer be-
tween two DC buses. Basic DC-DC converters such as buck and boost converters (and
their derivatives) do not have bidirectional power flow capability. This limitation is due
to the presence of diodes in their structure which prevents reverse current flow. In gen-
eral, a unidirectional DC-DC converter can be turned into a bidirectional converter by
replacing the diodes with a controllable switch in its structure.

Figure 4 shows the structure of elementary buck and boost converters and how they
can be transformed into bidirectional converters by replacing the diodes in their struc-

ture. It is noteworthy that the resulted converter has the same structure in both cases.

%53
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Figure 4. Bi-directional buck boost converter circuit.
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Mode 1 (Boost Mode): In this mode switch Q2 and diode D1 enters into conduction
depending on the duty cycle whereas the switch Q1 and diode D2 are off all the time.
This mode can further be divided into two interval depending on the conduction on the
switch Q1 and diode D2 as shown in the Figure 5.

Interval 1 (Q2-on, D2-off; Q1-off, D2-0ff): In this mode Q2 is on and hence can be
considered to be short circuited, therefore the lower voltage charges the inductor and
the inductor current goes on increasing till not the gate pulse is removed from the Q2.
Also since the diode D1 is reversed biased in this mode and the switch Q1 is off, no
current flows through the switch QI.

Interval 2 (Q1l-off, D1-off; Q2-off, D2-on): In this mode Q2 and Q1 both are off
and hence can be considered to be opened circuited. Now, since the current owing
through the inductor cannot change instantaneously, the polarity of the voltage across
it reverses and hence it starts acting in series with the input voltage. Therefore the diode
D1 is forward biased and hence the inductor current charges the output capacitor C2 to
a higher voltage. Therefore the output voltage boosts up.

Neglecting the voltage drops across the diode and the transistor:
VL

Voltage across HV BUS, V, = (i-D)

(17)

Mode 2 (Buck Mode): In this mode switch Q1 and diode D2 enters into conduction
depending on the duty cycle whereas the switch Q2 and diode D1 are off all the time.
This mode can further be divided into two interval depending on the conduction on the
switch Q2 and diode D1 as shown in the Figure 6.

Interval 1 (Q2-on, D2-off; Q1-off, D2-Off): In this mode Q1 is on and Q2 is off
and hence the equivalent circuit. The higher voltage battery will charge the inductor
and the output capacitor will get charged by it.

Interval 2 (Q1-off, D1-off; Q2-off, D2-on): In this mode Q2 and QI both are off.
Again since the inductor current cannot change instantaneously, it gets discharged

I D1

P | o 4+ v
Q2 =
. —!H-
VL —— H'
o

Figure 5. Boost mode operation.
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through the freewheeling diode D2. The voltage across the load is stepped down as
compared to the input voltage.

Neglecting the voltage drops across the diode and the transistor:
Voltage across LV BUS, V, =V, D (18)

3.1. Inductor and Capacitor Selection

A major design aspect in a high power converter is the selection of the inductor. The
design of the inductors plays a crucial role in the overall converter operation. The ma-
jor concern here is the size and weight of such a high power inductor that is perhaps
the single heaviest component in the entire converter. A small inductance value is pre-
ferred in order to reduce the inductor size and weight. A criterion that is simple but
reasonable is to have the full (rated) load current operating under DCM/CCM boun-
dary condition and corresponding waveform as shown in Figure 7. Other load condi-

tions will have smaller inductor current under DCM operation.

Q1

D2

]

I Cc2—_—

Figure 6. Buck mode operation.

L J

0 = i il

T
DT AT,

B
|

Figure 7. Current waveform during discontinuous conduction mode.
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The equations defining the inductor current during conversion in the DCM mode
are as follows:

The minimum inductance value needed to insure the converter operates in CCM is
known as the critical inductance value. For the buck and boost converter the critical
inductance value is dependent on the steady state duty cycle, switching period and the

load resistance. The equation for the critical inductance for the boost converter is given

by:

TS
LCR,BOOST = RL20AD (1_ D)z (19)

Or the above equation can be also written as

V, -V, V2
LCR,BOOST =0 AT (20)
2PV, s

Similarly the critical inductance for the buck mode CCM operation is given by
(1-D)V,T,

21, (1)

LCR,BUCK =

Therefore the value of the converter inductor should be less than the value given by,

L = min KVO Vi ﬁ]((l_ D)o, H (22)
2PV, 21,

Also the output and input capacitor values found from the capacitors voltage ripple

are given as below:

Al

= 23
tosav, =
V,D
C,=—2—T, (24)
RioaAVo
Also the inductor ripple current is given by the equation
Vo=V, V
Al =9 W _NT (25)
2LV,

where, A Vo is output ripple voltage, A7 is inductor ripple, current, 7 is switching time,

£ is witching frequency, R;o4p is load resistance, Pis maximum power rating.

3.2. Controller

Bi-directional converter operating in continuous conduction mode (CCM) controls the
DC voltage by controlling the duty cycle. This controller maintains a constant voltage
at output side both boost and buck operation. Duty cycle of both switches produces by
above controller. This controller is composed by two nested loops with PI controller.
Output voltage and inductor current are feedback signals to PI controller. The main
loop of voltage provides reference for the interior current loop as shown in Figure 8.
Vcis the control signal for two switches. Controller process the feedback of voltage and

current loop from load side and battery state of charge (SOC) to tune gain values.
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4. Simulation Analysis and Results

Bidirectional DC-DC converter with SPEEDGOAT controller as feedback drive and
operating input from voltage and current to drive converter and load. Proposed system
is developed in MATLAB/SIMULINK and interfaced with SPEEDGOAT controller. In
simulation circuit, wind turbine model is use for the input to the PMSG. Wind velocity
is given to turbine model by constant block. Boost converter as well as bi-directional
converter are implement as per design.

Wind turbine voltage, rectified DC voltage and Boost voltage is obtained in simula-
tion as shown in Figure 9. PMSG voltage waveform is a sinusoidal. It is generated by
wind turbine. Rectifier is used to rectify the generator AC voltage into DC voltage.
Booster converter is boost the rectify DC voltage into 24 V and maintain constant by
using PI controller.

Figure 10 is output waveform of bidirectional converter, when it was operated in
boost mode. The DC input voltage 24 V is boost to 44 V by controller pulses. Two
nested loop PI controller is used to maintain the constant voltage at the HV bus of the

converter. 100 ohm resistance is connected to converter as a load.

ref

PI Controller Pl Controller |

«——| NOT

Figure 8. Block diagram of the controller.

N
o

Generator voltage, Vg
o

Rectified voltage, Vr

40 L] L T ) 1 L] T ) L]

Boost voltage, Vb
N
o
T
ll]l
|

0 1 1 1 | 1 1 1 1 1
Time in sec

Figure 9. Generator and boost converter output waveform.
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PWM technique used for produce a control pulse to both switches of Bi-directional
converter. Figure 11 is gate pulse waveform of the switch Q2.

If the state of charge value is less than or equal to 30%, then the battery operates at
charging mode. Boost converter charge the battery by wind power (Figure 12).

If state of charge value is higher than or equal to 80%, then the battery operates at
discharge mode. Bi-directional converter boosts the battery voltage and delivers to load.
Figure 13 battery state of level reduces and corresponding voltage delivers is charging

and discharging using wind power renewable energy power.

0 i l I 1 i i L 1 L

Bi-directional Boost voltage, Vb1
S
o
1

0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Time in sec
08 T T T T T | T l T
by 0.6 -
So4 =
5
00.2 i
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time in sec

Figure 10. Bi-directional converter output waveforms.

Carrier and reference signal

0 '
0.5 0.5001 0.5002 0.5003 0.5004 0.5005 0.5006 0.5007 0.5008 0.5009 0.501
Time in sec

PWM signal

0
0.5 0.5001 0.5002 0.5003 0.5004 0.5005 0.5006 0.5007 0.5008 0.5009 0.501
Time in sec

Figure 11. Controller PWM signal.
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Figure 12. Battery output waveforms during charging.
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Figure 13. Battery output waveforms during discharging.

The above Figure 14 is output waveform of bidirectional converter when it was op-
erated in buck mode. If the system connected with grid at the same time SOC of the
battery below 25% and wind velocity very low, then Bi-directional converter work as a
Buck converter. The DC input voltage 44 V is buck to 24 V by controller pulses. Two
nested loop PI controller is used to maintain the constant voltage at the LV bus of the
converter. In this mode, battery is charge by grid power. So, the current value is nega-

tive.

5. Experimental Setup and Results

A 100 Watt wind turbine with tail arrangement is arranged with blade length of around
1 meter. 250 watt PMSG is used in this case experimental tests on laboratory prototypes

have been carried out to verify the theoretical analysis as shown in Figure 15. Wind
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Figure 14. Bi-directional Buck mode converter output waveforms.

Figure 15. Wind turbine with PMSG.
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power is transferred from wind power through wind generator and rectifier. The expe-
rimental platform is shown in Figure 16 and consists of boost converter and bi-direc-
tional converter with PMSG. PMSG-based wind turbine produces the electricity from
wind power. The wind turbine is rated at 100 watt, which gives a wind power penetra-
tion level of around 25% for the tested system. The boost converter boosts the generator
voltage and maintains constant voltage at the output side by PI controller. Output side
of the boost converter connected to 24 V batteries as well as bi-directional LV bus side.
100 watt lamp load is connected to converter as a load at bi-directional HV bus side.
Real-time control of the converters was accomplished using a PIC micro controller.
Speed goat is a real time target machine, which is used for producing control signal to
relay charging circuit. Charging circuit decides whether has to be battery charged or
discharged according to the load condition. Speed goat also used to display the conver-
ters output waveforms in monitor screen.

The above experimental output waveform is bidirectional converter output voltage
and current waveform when it was operated in boost mode. The DC input voltage 24 V
is boosted to 44 V by controller pulse of SPEEDGOAT as shown in Figure 17. Capaci-
tor filter supplies constant voltage and spikes of filter capacitor is as shown in Figure
18. Experimental output waveform is boost converter output voltage waveform. Boost
converters is boosting the generator DC voltage into 24 V and maintain constant by

using PI controller is illustrated from output results.

v

MONITOR

SPEEDGOAT

BI-DIRECTIONAL
CO?\J(\)/(Igg:Ir'ER CONVERTER

BATTERIES

CHARGING
CIRCUIT

Figure 16. Experimental setup of proposed bi-directional converter.
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Figure 17. Bi-directional converter output voltage & current waveforms.
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Figure 18. Boost converter output voltage waveform.
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Current
(AMPS)

Current
(AMPS)

If the state of charge value is less than or equal to 30%, then the battery operates at

charging mode. Boost converter charge the battery by wind power. Charging current is

0.35 A. If state of charge value is higher than or equal to 80%, then the battery operates

at discharge mode. Bi-directional converter boosts the battery voltage and delivers to

load. Discharging current is 0.15 A as explained in output waveform of Figure 19.

Output voltage and current values of experimentally verified using proposed system as

represented in Table 1.

-0.1 —
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_04 —

-0.5—

-0.6 —

-0.7 —

Charging current

/\

-0.35 A ("-" indicates battery charging condition)
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Time (sec)
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0.6 —
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0.2 —

Discharging current flow to load
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Figure 19. (a) Charging and (b) Discharging current of batteries.
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Table 1. Output voltage and current values.

S1. NO. COMPONENTS VALUES
1. Source DC voltage 12V
2. Boost converter output Voltage 24V
3. Bi-directional converter boost mode voltage 44V
4. Battery charging mode current 0.35A
5. Battery discharging mode current 0.15A
6. Lamp load 100 W
7. Bi-directional converter boost mode load current 0.12 A

6. Conclusion

In this project, modeling of bi-directional DC-DC converter is developed for wind
energy generation and simulated in MATLAB/SIMULINK. The performance of the

bi-directional converter using triangle PWM technique has been analyzed from the

prospective of input/output characteristics and harmonic content of output voltage and

current. The multi-stage current charging method is used to charge the batteries. At

various wind speeds, the system can use the battery for energy storage to keep the load

voltage and load current stable. Control strategy and system design can be easily im-

plemented and able to improve the efficiency of wind turbine systems.
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