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Abstract A novel direct-drive type wind power generation system based on hybrid excitation synchronous machine (HESM)
is introduced in this paper. The generator is connected to an uncontrollable rectifier, and a fully controlled voltage-source
inverter is used to connect the system to utility grid. An intermediate DC bus exists between the rectifier and inverter. A new
control strategy is proposed which achieves the maximum power point tracking (MPPT) with the control of excitation current
of HESM and stabilizes the DC link voltage with the control of inverter output current simultaneously. Specially-designed
buck circuit is used to control the excitation current of HESM, and grid voltage-oriented vector control strategy is employed
to realize the decoupling of the inverter output power. Simulation results and experiment in 3 kW lab prototype show an
excellent static and dynamic performance of the proposed system.
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Introduction

Wind power, even though abundant, varies contin-
ually as wind speed changes throughout the day[1−2].
The power of a wind turbine can absorb at a given wind
velocity depending upon the angular velocity of the tur-
bine, while there exists an optimum value. Only the
capturing maximum possible power constantly from the
available wind power is of utmost importance for a wind
power generation system, can we make efficient use of
equipment and available energy source. Therefore, both
energy conversion and maximum power point tracking
(MPPT) control strategy are active research area[3−16].

The typical wind conversion system technology
includes fixed-speed constant-frequency and variable-
speed constant-frequency types. In recent years, fixed
speed wind energy conversion systems, due to poor en-
ergy capture ability in mechanical component and poor
power quality, have given way to variable speed systems,
which have reduced mechanical stress and aerodynamic
noise, and can be controlled in order to enable the tur-
bine operate at a maximum efficiency point in a wide
range of wind velocities, capturing larger wind power
than the traditional one[3−4].

There are mainly two structures of variable speed
systems: One uses doubly fed induction generator

(DFIG), and the other uses direct driven permanent
magnet synchronous generator (PMSG). Wind systems
with DFIG are introduced in [6–7]. One main prob-
lem associated is that the existing of the gearbox links
the wind turbine to the generator, which increases sys-
tem maintenance expenses and mechanical faults suffer-
ing. Wind systems with PMSG are introduced in [8–
16]. With which a smaller pole pitch can be used, the
generator can rotate at lower velocity at the rate of 20–
200 r/min while providing induced voltage high enough,
eliminating the use of gearbox. In [8–13], fully con-
trolled PWM converter is used to couple the generator
to utility grid. The vector control PWM was adopted
by generator-side converter (rectifier) and grid-side con-
verter (inverter), achieving MPPT and decoupling con-
trol of active and reactive power injected into the grid.
Thus, two sets of fully controlled bridge are needed,
which increase the cost and instability of the system.
In [14–16], a new structure eliminateing one controlled
converter is adopted, in which a diode rectifier and DC
boost chopper circuit take place of the controlled recti-
fier. However, they can only be adopted in small wind
systems due to the capacity of boost circuit. In this
paper, a novel wind energy conversion system based on
hybrid excitation synchronous machine (HESM) is pro-
posed. The whole system topology is shown in Fig.1.
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The back electromotive force of the generator is firstly
converted into DC voltage with a diode, then a fully con-
trolled voltage source inverter (VSI) is used to feed the
power into the utility grid. The DC link voltage is ad-
justed to a reference voltage by a PI regulator, and the
inverter currents are controlled synchronously to be in-
phase with utility grid. The excitation current of HESM
is provided through a DC buck circuit.

Fig.1 Topology of system

The following part of this paper is organized as fol-
lows. In Section 1, the mathematical model of HESM
and its excitation current control are introduced. In Sec-
tion 2, the model of three phase grid connected inverters
and its control strategy are discussed. In Section 3, the
MPPT method is explained based on the aerodynamic
principle of wind turbine. In Section 4, experimental
results are presented, and the conclusion of the overall
system is made in Section 5.

1 Generator control

1.1 Mathematical model of HESM
The structure of HESM used in this paper is shown in

Fig.2[17] which allows one to control the excitation cur-
rent of the generator without brushes. Contrasted with
the traditional permanent magnet synchronous machine
(PMSM), the principles of the hybrid excitation are
based on two flux sources: permanent magnets and exci-
tation coil, which is not included in PMSM. A DC stator
coils (avoiding sliding contacts) produce a rotating field

Fig.2 Structure of HESM

which is equivalent to the one produced by the rotor ex-
citation coils in classical wound excitation synchronous
machine through a diode rectifier in the rotor.

This structure brings in a single degree of freedom
in terms of mathematical model complexity. However,
in the electromagnetic aspect, only an adjustable excita-
tion coil is added to the rotor. Then the HESM model in
the synchronous rotational coordinate (dq0 coordinate)
can be built to eliminate the nonlinear relation which
exists in the differential equation in the original coor-
dinate. The HESM can be described by the following
relations between currents and fluxes:

ψd = Ldid +Msfif + ψpm,

ψq = Lqiq,

ψf =
3
2
Msf id + Lfif ,

(1)

where Ld, Lq are the d and q axis inductance, Msf

mutual-inductance coupling the excitation winding and
the armature winding, Lf self-inductance of the exci-
tation winding. ψpm, ψf , ψd, ψq, are the flux of the
permanent magnet, excitation winding, d axis, q axis,
respectively. id, iq, if are the direct current, quadrature
current, and excitation current of the generator respec-
tively.

The expressions of voltages are given as

diq
dt

=
uq −R1iq − ω(Ldid +Msfif + ψpm)

Lq
,

did
dt

=
Lf(ud+ωLqiq−R1id)−Msf(uf −Rfif)

LfLd − 1.5M2
sf

,

dif
dt

=
Ld(uf−Rfif)−1.5MsfLf(ud+ωLqiq−R1id)

LfLd − 1.5M2
sf

.

(2)

The torque of the generator can be described as

Te =
3
2
pr(iqψpm + idiq(Ld − Lq) +Msfif(iq − id)), (3)

where pr is the number of pole pairs.

1.2 Control strategy for excitation current
A current closed-loop buck circuit is designed to con-

trol the excitation current of the HESM, as shown in
Fig.3.

In order to get a stable DC link voltage, a stable
rotor flux is needed for the generator. Then current rip-
ples which exist in traditional buck circuit must be re-
duced. An LC filter is added to the circuit for harmonic
reduction, and with the PI regulator, a constant excita-
tion current followed a given current can be obtained.
Hence a stable magnetic field can be achieved.
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Fig.3 Topology of buck circuit

2 Grid side inverter control

2.1 Mathematical model
Three phase grid-connected inverter is a key com-

ponent which connects the generator system to the
grid. Its performance has a great effect on the whole
system[18−21]. Grid vector oriented control strategy is
widely used in the three phase VSI. The topology of VSI
adopted in this paper is shown in Fig.4.

Fig.4 Three phase grid connected VSI

iA, iB, iC are the output currents of the invert-
ers, and the reference direction is shown in the Fig.4.
uA, uB, uC are the output voltages of the inverter, and
eA, eB, eC are the three phase grid voltages. Udc is the
DC bus voltage, and L(R) is the grid side filter inductor
and its resistance between the grid and the inverter.

The three phase grid voltages are defined as follows:

eA = E cos (ω1t),

eB = E cos
(
ω1t− 2

π
3

)
, (4)

eC = E cos
(
ω1t+ 2

π
3

)
,

where E is the maximum phase amplitude of grid volt-
age, and ω1 is the synchronous angular frequency of the
grid.

In the d−q coordinator, the voltage synthesized vec-
tor is fixed at d axis. Then the d axis component of
resultant vector of grid voltage es becomes ed, and q
axis component becomes zero. The dynamic model of
the grid connected VSI is described as

L
did
dt

= ed − SdUdc −Rid + Lωiq,

L
diq
dt

= −SqUdc −Riq − Lωid, (5)

C
dUdc

dt
= −3

2
Sdid − 3

2
Sqiq + Idc,

where sd, sq are the switch function in the d− q rotat-
ing reference axes respectively, and id, iq are the output
current of the inverter in the d−q rotating reference axes
respectively. All of them are shown in d− q rotating co-
ordinator.

The output power is given as

P =
3
2
edid,

Q =
3
2
ediq.

(6)

2.2 Control strategy for the grid side
inverter

The control block diagram of the grid side inverter
is shown in Fig.5. From (6), it can be obtained that the
active and reactive power are proportionate to direct
and quadrature current respectively, while the d and q
current can be controlled separately according to (5),
though coupling item which is derived from (4) can still
be found between the active and reactive power control
loop. The d-axis control channel includes two control
loops, the outer DC voltage control loop and the inner
active current control loop. The DC reference voltage is
set to a constant according to the basic request of

Fig.5 Block diagram of grid side inverter controller
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system, and the active current reference is set to the out-
put of outer DC voltage loop, which assures all the ac-
tive power coming from the generator is coupling to the
utility grid instantaneously. The q-axis control channel
includes one control loop, the reactive current control
loop. The reference of q-axis current is set to a value
according to the inactive power compensation request
and the capability of the system.

3 MPPT control

3.1 Characteristic wind turbine
The torque produced by a wind turbine is given by

PT = 0.5ρR2cpν
3, (7)

where R is the radius of turbine, v the wind velocity, ρ
the air density. cp is the utilization coefficient of wind
power, and it is a function of the blade pitch angle ∂ and
tip speed ratio λ. ∂ is usually fixed for a regular running
wind power generation system. Then the magnitude of
cp is decided as

λ =
Rω

ν
, (8)

where ω is the turbine angular velocity.
The typical cp − λ curve of a certain wind speed is

shown in Fig.6. The output power characteristic turbine
at different angular velocity and different wind velocity
is shown in Fig.7.

Fig.6 cp − λ characteristics

Fig.7 Turbine output power-generator speed characteris-
tics

From Figs.5 and 6, it can be seen that the power
coefficient is maximum at a certain value of tip speed
ratio called optimum tip speed ratio λopt, and the tur-
bine should always operate at λopt. In order to capature
the maximum possible energy, it is possible to rotate at
the optimum speed by controlling the rotational speed
of the turbine.
3.2 Control strategy for MPPT

The MPPT controller is shown in Fig.8. It executes
as follows: First, an optimal generator speed is obtained
by means of calculating the transient output power of
the inverter. Then, with the feedback of real generator
speed, a given HESM excitation current is obtained by
a PI regulator. Figure 9 shows the flowchart of MPPT
logic.

Fig.8 Control scheme of MPPT control

Fig.9 Flow chart of MPPT controller

The active power Po(k) is measured. If the differ-
ence between its values at present and previous sampling
instants ΔPo(k) is within a specified lower and upper
power limits PL and PM respectively, no action is taken.
However, if the difference is outside this range, the cer-
tain control action is taken. The control action taken
depends upon the magnitude and direction of change in
active power, due to the change in command speed.

If the changing of the magnitude in the command
speed in a control cycle is decided by the product of
magnitude of power error of P (k) and C, whose val-
ues are determined by the speed of the wind, and C is
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a constant. During the maximum power point tracking
control process, this product decreases slowly and finally
equal to 0 at the peak power point.

4 Experiment verification

A DC motor with particular torque control is used to
emulate the wind turbine in the experiment. In the pro-
totype, a 3 kW motor is used, the program implement
by means of reading the input data like wind velocity,
turbine angular velocity, and calculating the correspond-
ing coefficient curve. Then the power of wind turbine
at the moment can be calculated, so the given torque of
motor. The imitation scheme of wind turbine is shown
in Fig.10.

Fig.10 Emulation scheme of the wind turbine

The parameters of the HESM used in the experiment
are shown in Table 1.

Table 1 Parameters of the HESM

Parameter Value
‚
‚
‚ Parameter Value

PN/kW 10
‚
‚
‚ Ld(H) 0.026 7

Pmax/kW 15
‚
‚
‚ Lq(H) 0.030 3

Ra/Ω 0.459
‚
‚
‚ Maf 0.412 8

Rf/Ω 143.4
‚
‚
‚ ψpm 1.196 5

Figure 11 shows the characteristic waveforms of the
wind velocity and the corresponding generator angu-
lar velocity. The generator speed varies from 750 to
1 050 r/min when the speed of wind rises from 7.5 m/s
to 10.5 m/s. Then as the wind speed follows to 8.5 m/s,
the generator speed drops to 850 r/min, and the system
always runs at the point tracked to maximum power.

Figure 12 shows the fluctuation of DC link voltage
as the wind speed varies is smaller than 20 V. A phase
voltage and current of the inverters is shown in Fig.13
when the d axis current is set to 0 for a unity power
factor condition.

In Fig.14, d axis current is set to a 5 value for re-
active compensation, waveforms of voltage and current
has a certain phase difference. All of them show a good

Fig.11 Characteristic waveforms of the wind speed and
the corresponding generator speed

Fig.12 Fluctuation of DC link voltage

Fig.13 Waveforms of the inverter voltage and current in
unit power factor

performance of the whole system.

5 Conclusions

This paper proposed a direct-drive type wind power
generation system based on HESM. The MPPT control
strategy corresponding to the structure of the system
was given, and the decoupling control of active and in-
active power based on the mathematical model of the
whole system was proposed. Be contrast to the conven-
tional direct-driven types, the whole system and control
method is very simple. Experimental results show that
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Fig.14 Waveforms of the inverter voltage and current with
reactive compensation

an excellent real-time performance of the MPPT method
and a good current waveform of the whole system.
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