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Abstract—This paper presents a novel power control strategy
for a hybrid power supply system consisting of wind-driven
permanent magnet synchronous generator (PMSG) and energy
storage device. In this study, a single leg multi-mode power
converter, which includes a boost and bidirectional converters to
control power flows between energy sources and loads, has been
used as a dc/dc converter. This converter has cost effectiveness
and fault tolerance features with respect to fewer switches. In
order to ensure optimal power flow between energy sources and
loads, a novel power control algorithm has been developed. This
power control algorithm operates based on input energy from
wind turbine, battery state of charge (SOC), and load condition.
The proposed system is implemented with Matlab&Simulink
software and to verify the performances of the proposed power
management control strategy, several simulation studies are
performed under different operation conditions. The results show
that the proposed system is feasible and applicable.

Index Terms—Power control, single leg multi-mode power
converter, permanent magnet synchronous generator (PMSG),
energy storage.

I. INTRODUCTION

N RECENT YEARS, research into the use of renewable

energy sources (RES)s has been the subject of increased
attention for electricity generation because of increasing envi-
ronmental awareness and as a consequence of the exhaustible
nature of fossil fuels. Among the RESs, wind energy has been
regarded as one of the significant energy source. Because,
wind energy based power plants have several advantages.
Sustainability, pollution free operation and possibility of being
installed closer to the end users are just some of these
advantages [1], [2]. However, the power obtained from the
wind energy often cannot meet the load demand due to
the intermittent and stochastic nature of the wind. To cope
with this drawback, energy storage systems are essential to
maintain energy security, robustness, and stability. To fulfill
these targets, an effective energy storage system should be
designed to have a high power density as well as a high energy
density [3].

In wind energy conversion systems (WECS)s, several elec-
trical machines can be used to implement the electrome-
chanical energy conversion, each of which presents different
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Fig. 1. Traditional PMSG based WECS. (a) Full-scale back-to-back converter
system. (b) Diode rectifier with dc-dc converter system.

advantages and disadvantages [4]-[6]. In this study, a perma-
nent magnet synchronous generator (PMSG) is selected as a
generator due to its unique advantages: 1) it does not require
any reactive power support, 2) it can be driven directly by wind
turbine without gearbox, 3) it can be operated in higher power
factor and higher efficiency than other generators because of its
self-excitation property [7]. However, the performance of the
WECSs based on PMSG depends not only on the synchronous
generator but also on power electronic interface and how it
is controlled. Therefore, to capture maximum power from
the wind and to ensure efficient operation of the generator,
well-designed power control strategy and power electronic
interfaces are required [8].

In general, two types power electronic interface have been
used in traditional PMSG based WECS, as shown in Fig. 1.
The first topology is called full-scale back-to-back converter
that is considered to be a promising PMSG based wind turbine
concept, but not yet very popular [9]. However, at the present
time, commercial PMSG based wind turbines mainly use a
diode rectifier with dc-dc converter configuration because of its
simplicity and cost-effective features [10]. In addition to these
topologies, recently, new configurations for power electronic
interfaces have been reported to provide alternative ways to
simplify the system structure and reduce the cost of power
conversion components [11]-[17]. One of these topologies is
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a particular case of the dc-dc converter topology introduced
in [17]. In this study, a novel dc-dc converter, which is
called single leg multi-mode power converter, was proposed.
The major advantage of this topology is that the number of
switches is lower than traditional dc-dc converter. As a result
of this, converter could be controlled easily and total cost of
the power electronic interface was reduced. Because of these
advantages, the single leg multi-mode power converter has
been selected as a dc-dc converter in this work.

This paper presents a novel power control strategy for
wind-driven PMSG based on the single leg multi-mode power
converter. The main aim of this study is to improve reliability
and stability of the WECSs under variable wind-speed and
load variation conditions with a cost-effective power converter
topology. The paper is organized as follows: In Section II
the mathematical model and operating principle of the single
leg multi-mode power converter is explained. The proposed
WECS and its controller structure are described in Section
III. In Section IV simulation results are presented for different
operating conditions. Finally, the conclusion is provided in
Section V.

II. SINGLE LEG MULTI-MODE POWER CONVERTER

The single leg multi-mode power converter circuit diagram
is given in Fig. 2. This converter can operate in four differ-
ent modes (main-boost mode, boost-buck mode, boost-boost
mode, and battery boost mode) according to input voltage,
battery voltage, and desired output voltage . For instance, the
input voltage (V;,) can be boosted to desired output voltage
(V,ut) value, and battery can be charged or discharged at the
same time according to switching signal. Brief analysis of this
power converter will be described in this section. A more
detailed analysis of this converter, and its characteristics is
presented in [17], [18].

A. Main-Boost Mode

The purpose of this mode is to boost an input voltage to
a desired output voltage. Two switches (S7, S2) are operated
with the same switching signals that are illustrated in Fig. 3
(a). In this mode, converter operates like a traditional boost
converter and the output voltage of the converter can be written
as follows,
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Fig. 2. The single leg multi-mode power converter topology.
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Fig. 3. The switching patterns for all operating modes.

where,

2

B. Boost-Buck Mode

In this mode, this converter is able to operate as a boost,
and a buck converter at the same switching period. As shown
in Fig. 3 (b), the duty cycle of S; switching signal is longer
than S,. Thus, the input voltage is boosted to desired output
voltage during the T}, poost interval, and the same switching
period the battery is charged during the 7, pycr interval. To
determine the output of the boost converter for this mode, the
equations can be given as:

1

Vout == 7‘/2n (3)
1- Dboost
where T
on_boos
Dioost = Tt )
to charge the battery, the equations become:
‘/bat == (1 - Dbuck)‘/in (5)
where T
Dipyer = —2=2% 6)

S

C. Boost-Boost Mode

The purpose of boost-boost mode is to discharge from the
battery and to boost the input voltage. It means that converter
operates as two boost converters. Fig. 3 (c) depicts that the
duty cycle of S5 switching signal is longer than S;. Thus, the
input voltage is boosted to desired output voltage during the
Ton_boost1 Interval, and the same switching period the battery
voltage is boosted during the 75y, poost2 interval. This mode



is used in case of the insufficient input power. The equations
for this mode are written as below:

1
Vout = 7‘/1% (7)
1- Dboostl
where T
Dboostl = On_;,OOStl (8)
and
Vout = V;n (9)
1- Dboost2
where T
Dboost2 _ on_boost2 (10)

S

D. Battery Boost Mode

Sometimes the input voltage of this converter is very low
because of the insufficient input power generation. Therefore,
in order to meet power demand, this converter operates as a
boost converter in case of this situation, and the battery voltage
is boosted to desired output voltage. In this mode, the converter
is controlled by Ss switch to discharge battery. The switching
pattern of this mode is illustrated in Fig. 3 (d). The output
voltage of this mode can be described in following equations.

1
Vout = mvbat (11)

where T
D=2 12
T, (12)

III. DESCRIPTION OF THE PROPOSED SYSTEM

A. Proposed System Overview

The block diagram of the proposed PMSG based WECS is
shown in Fig. 4. The major advantage of PMSG is that it does
not require any excitation current from outside. Thus, PMSG
can be connected to the dc-dc converter through a three-phase
diode rectifier that provides a cost-effective solution. In this
scheme, the single leg multi-mode power converter has been
used as a dc-dc converter owing to the cost effectiveness
and fault tolerance features with respect to fewer switches.
Furthermore, to cope with intermittent nature of wind energy
and to maintain continuous power to loads, Ni-Cd battery
package is connected to the dc link through the same single
leg multi-mode power converter. Finally, a three-phase voltage
source converter (VSC) is used, so as to provide desired ac
voltage for loads.
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Fig. 4. The proposed wind energy conversion system.
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Fig. 5. The control structures of the single leg multi-mode power converter.

B. Proposed Power Control Algorithm

As mentioned in the previous section, the single leg multi-
mode power converter can operate in four different modes,
depending on the input power source and the battery state of
charge (SOC) that is an indication of the energy reserve and
it is expressed as follows

fibdt>
SOC = —
100 (1 0

where, i} is the battery current, () is the battery capacity.

Therefore, this converter requires four different control
structures so as to ensure a continuous operation of the
proposed WECS. All control structures are given in Fig. 5.
In order to select suitable control structure among these, the
power control algorithm is developed. The flowchart of this
algorithm is shown in Fig. 6. In this algorithm, the energy
difference (F,) value can be expressed as follows

13)

Eq=FE,—-EL (14)

where, F,, is the energy of wind energy conversion system,
and £, is the energy consumed by the loads. According to
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Fig. 6. The flowchart of the power control algorithm.



these parameters, operation of power control algorithm can be
described as follows:

o If E; > 0, check the battery SOC. If SOC > 55%,
MODEI1 (main boost mode) is enabled.

o Ifthe E; > 0 and SOC < 55%, check F,,. If B, > E+
Ep, MODE2 (boost-buck mode) is enabled. Otherwise,
MODEI! is enabled.

o If E; < 0 and E,, # 0, check the battery SOC. If SOC
> 20%, check battery and wind energy. If F,, + Ep >
E1,, MODE3 (boost-boost mode) is enabled. Otherwise,
grid connected mode is enabled.

o If E; < 0and E,, = 0, check the battery SOC. If SOC
> 20%, check battery and load energy. If Ep > Ep,
MODEA4 (battery boost mode) is enabled. Otherwise, grid
connected mode is enabled.

In addition to above description, the proposed power control
algorithm allows the SOC of the battery to go as low as 20%.
Furthermore, with the help of the proposed power control
algorithm, all loads can be supplied from the utility grid in
case of insufficient input power and/or battery SOC. Thus, the
proposed WECS provides continuous power to loads under all
conditions.

IV. SIMULATION RESULTS

The system depicted in Fig. 4 has been implemented in de-
tail using the Matlab&Simulink software. The performance of
the system is simulated for different wind and load conditions.
The simulation sample time is chosen 25 us as the converter
switching frequency is 10 kHZ. The parameters used in the
simulation tests are summarized in Table I in Appendix.

Fig. 7 shows the wind speed and load profile used during
the simulation studies. Wind speed changes from 14 to 12 m/s
at t=3.25 s, then it changes from 12 to 5 m/s at t=7.25 s. Also,
the load demand changes from 6.75 to 5 kW at t=3.25 s, then
from 5 to 10 kW at t=5.25 s, lastly from 10 to 5 kW at t=7.25
s. Here, 5 m/s and 16 m/s are the cut-in and rated wind speeds,
respectively.
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Fig. 7. Wind and load profile during the simulation studies. (a) Wind speed;
(b) Load profile.
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Fig. 8. The proposed system behavior under predefined wind and load profile.
(a) rectifier output power; (b) battery power; (c) dc-dc converter output power.

The performance of the proposed WECS under the pre-
defined wind and load profile (see in Fig. 7) is presented
in Fig. 8. The rectifier output power (P, = V,.1I,), battery
power (Ppot = Vipar-Ir2), and output power of the single
leg multi-mode power converter (Pyy; = Vye.lq.) are given
in Fig. 8(a)-(c), respectively. As can be seen in Fig 8(a),
throughout the wind speed variation, the P, is depends on
the wind speed and P, is 0 W during the Vg = 5 m/s
that is cut-in speed. However, as can be seen from Fig. 7(b)
minimum power demand is 5 kW. Therefore, in order to meet
the load demand under various wind speeds and load profile,
suitable operating mode must be selected by the proposed
power control algorithm to ensure continuous power for the
loads. It can be seen from Fig. 8(c), the single leg multi-mode
power converter operates in four different modes, with the
help of the proposed power control algorithm, to meet load
demand.

From Fig. 7(b), till t=3.25 s, the load demand is constant
and it is 6.75 kW. During this time, the power obtained from
wind turbine is 7.15 kW (see in Fig. 8(a)). As a result, the
obtained power from the wind turbine meets load demand
and there is no need the battery power. In this condition, the
proposed power control algorithm goes to MODE 1 that allows
the single leg multi-mode converter to operate in main boost
mode (see in Fig. 8(c), between t=1.5 s and 3.25 s).

From Fig. 7(b), at the time 3.25 s, the load decreases from
6.75 to 5 kW. In this condition, the power obtained from wind
turbine is more than the load demand (P, > P,,;). As a result,
the excess power (P, — P,,;) should be stored in the battery. In
order to ensure this, the proposed power control algorithm goes
to MODE 2 that allows the single leg multi-mode converter to
operate in boost-buck mode (see in Fig. 8(c), between t=3.25
s and 5.25 s).

From Fig. 7(b), at the time 5.25 s, the load increases from
5 to 10 kW. In this situation, the obtained power from wind
turbine (see in Fig. 8(a)) is less than the load demand. As
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Fig. 9. Simulation results of MODE 1; (a) inductor current (¢r,1); (b) inductor
current (iz,9); (¢) output current (ioy¢); (d) de link voltage (Vy.); (e) rectifier
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a result, in order to ensure the load demand, both battery
and wind supply the load. During this situation, the proposed
power control algorithm goes to MODE 3 that allows the
single leg multi-mode converter to operate in boost-boost
mode (see in Fig. 8(c), , between t=5.25 s and 7.25 s).

From Fig. 7(b), at the time 7.25 s, the load decreases from
10 kW to 5 kW. However, at this time wind speed drops 12
to 5 m/s, which is cut-in speed for the wind turbine. In this
situation, the obtained power from the wind turbine (see in Fig.
8(a)) is 0 W. Therefore, the load demand must be provided by
the battery during this situation to secure the proposed system.
As a result, the proposed power control algorithm goes to
MODE 4 that allows the single leg multi-mode converter to
operate in battery boost mode (see in Fig. 8(c), between t=7.25
s and 9 s).

During this simulation study, the parameters of the single
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Fig. 10. Simulation results of MODE 2; (a) inductor current (i1); (b)
inductor current (iz2); (c) output current (ioy¢); (d) dc link voltage (Vy.);
(e) rectifier output voltage (V;-).
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Fig. 11. Simulation results of MODE 3; (a) inductor current (ir1); (b)
inductor current (ir); (c) output current (ioy¢); (d) dc link voltage (Vy.);
(e) battery voltage (Vpqy).

leg multi-mode power converter are also examined under four
operating modes. Reference of the output dc link voltage is
set to 450 V throughout the simulations.

Fig. 9 depicts the simulation results of main boost mode
operation (MODE 1), and the inductor currents (¢71) and (i1,2),
output current (7,,¢), output dc link voltage (Vj.), and input
dc link voltage (V) are given in Fig. 9(a)-(e), respectively.
Herein, 775 is 0 A due to there is no need battery power during
this operating mode. The load demand is meet entirely by the
input source and the V. is kept constant by the proposed
controller (see Fig. 5).

Fig. 10 shows the simulation results of boost-buck mode
operation (MODE 2), and the inductor currents (i1) and
(ir2), output current (Z,,), output dc link voltage (V;.), and
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Fig. 12. Simulation results of MODE 4; (a) inductor current (ir1); (b)
inductor current (ir); (c) output current (ioy¢); (d) dc link voltage (Vy.);
(e) battery voltage (Vpqt)-



Table I
SYSTEM PARAMETERS

PMSG Parameters

Rated power 7.5 kW
Rated frequency 50 Hz
Winding resistance, R 042 Q
Winding inductance, L 1.27 mH
Number of Poles 4
DC-DC Converter Parameters

Inductor (L1) 1.0 mH
Inductor (L2) 0.6 mH
Switching frequency 10 KHz
Battery 6 x 48 V, 5Ah
DC link voltage 450 V

input dc link voltage (V,.) are illustrated in Fig. 10(a)-(e),
respectively. Here, the battery is charging and charge current
i1 is decreasing from 4 A to 2 A. At the same time interval,
the V. is still kept constant by the proposed controller.

Fig. 11 shows the simulation results of boost-boost mode
operation (MODE 3), and the inductor currents (¢71) and (i1,2),
output current (i,,¢), output dc link voltage (Vy.), and the
battery voltage (V44;) are shown in Fig. 11(a)-(e), respectively.
In this mode, in order to meet load demand, the battery has
been used as a complementary energy source. As a result, the
Ve is still kept constant and the proposed WECS meet load
demand under low and insufficient wind energy conditions.

Fig. 12 shows the simulation results of battery boost mode
operation (MODE 4), and the inductor currents (¢1,1) and (i12),
output current (i,,¢), output dc link voltage (Vy.), and the
battery voltage (Vy4¢) are shown in Fig. 12(a)-(e), respectively.
In this mode, 771 is O A due to cut-in wind speed. So, there
is no input source and, the battery is working as a primary
energy source to meet all load demands.

V. CONCLUSION

This paper presents a novel power control strategy for a
hybrid power supply system consisting of wind-driven per-
manent magnet synchronous generator (PMSG) and energy
storage device. In this study, a single leg multi-mode power
converter, which includes a boost and bidirectional converters
to control power flows between energy sources and loads,
has been used as a dc/dc converter. The main goal of this
study is to ensure load demand under different load and
the wind speed conditions. The performance of the proposed
WECS is evaluated under different wind and load conditions.
The simulation results show that the proposed WECS can
provide continuous power to the loads and it can prevent the
system from power outages in case of low wind speed and/or
insufficient the battery SOC. As a result, the proposed WECS
is feasible and applicable.
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APPENDIX

The system parameters used in the simulation studies are
indicated in Table 1.
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