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Abstract

Traditional Double-fed Wind Generation systems are based on the vector control method, and it
dependents on motor parameters. The performance of the control system will be affected with the
parameters changing. This paper proposes a new control method based on inverse system and variable
structure sliding mode (VSS) theories, through the inverse system theory, the structure of its state’s
equation, obtaining the structure of the inverse system, the establishment of Wind Power Generation
closed-loop control system is established. The VSS controller, designed with exponential reaching law, can
improve the dynamic performance in normal operation range effectively. When the system operates with
variable speed constant frequency (VSCF) and the phase voltage drops, the simulations show that the
control system can control the DC link voltage steabily, maintain unity power factor, achieve the decoupling
of the active and reactive power. And experiments show that the control method used in VSCF wind power
system is feasible.
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1. Introduction

Wind power is relatively cheap and has good prospects for development, is also an
inexhaustible energy. Now many countries attach great importance to the utilization of Wind
power. In the field of Wind power generation, the system of VSCF is a mainstream, Especially
the use of Doubly-fed induction generation is the most promising.

Because wind generators are multivariable nonlinear mechanical and electrical systems
with strongly couplings, classical control methods can not meet the requirement of control
accuracy and dynamic performance. At present, many systems are based on vector control
strategies, in the Grid side, vector control is used based on the grid voltage [1, 2], in rotor side,
vector control is used based on the stator flux orientation, so the decoupling between the active
and reactive power is achieved. But there are still some problems: (1) The system is sensitive to
disturbances and parameters. (2) The control performance of the unit in the DC link voltage and
power factor is not satisfied [3, 4].

Inverse system method is a new theory for nonlinear system feedback linearization with
clear physical concept and easy to use, has wide application. The literature [5-7] are aimed at
some problems in vector control proposes an inverse system method, the analysis and design
of Wind Power converter control provides convenience. In this paper, the simulation and
experimental results show that the control system has good peformance.

2. Research Method
2.1. The Model of DFIG and Grid Side Converter
2.1.1. The Structure of DFIG Wind Power System

The basic structure of DFIG system is shown in Figure 1. For Doubly-fed machine, the
main operation is operating under the sub-synchronous and super synchronous speed
condition. The system contains two PWM converters as the grid side and rotor side converters.
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Figure 1. The Basic Structure of DFIG Wind Power Plan

2.1.2. The Mathematical Model of DFIG in Grid Side Converter

VSCF wind power generation system requires Grid side converter controls the DC link
voltage steadily, maintains unity power factor, and achieves the decoupling between active and
reactive power. In order to achieve high performance of three-phase PWM converter, we should
to develop and analyze its mathematical models firstly, and then through the coordinate
transformation into the mathematical model of the dq coordinate system [8-13]. Three-phase
PWM converter for grid side of the circuit topology is shown in Figure 2.
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Figure 2. Structure of Gride Side Converter

According to Figure 2, the mathematical model in the abc coordinate system can be written as:

di Sa + Sb + Sc

Ls—2 = Usa — Rsia — (Sa - —)Udc
dt 3
Ls C:;tb = Usb — Rsib — (Sb - W)Udc (1)
Ls dic = Usc — Rsic — (Sc - M)Udc
dt 3
du—dc = i(Saia + Sbib + Scic) - I—L
dt C C

Sk is defined as:

S, - 1 The top device is on
k = 0 The bottom device is on
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Three-phase power supply voltage is as follows:

Usa = Umcos ot
Us = Umcos( ot —120 *) (2)
Usc = UmCOS( ot +120 )

Under the principle of coordinate transformation, abc coordinates to dq coordinates
transformation’s matrix equation for the voltage can be expressed as:

Css/zr=\F[COSwt cos(wt —120°) cos(wt +120°) | -
3 —sinat -sin(ot-120°) -sin(at +120°)

According to Equation (3), the coordinate transformation from abc to dq, the Equation
(1), Equation (2) and Equation (3) are combined .It can get the mathematical model of three-
phase voltage-type PWM converter in dq coordinate system,

dl—d:a)iq+ui— Rsid B SdU dc (4)
dt Ls Ls Ls
% et Usq  Rsid  sqUee (5)
dt Ls Ls Ls
dU « 1 . . i

dtd = E(sdld + Sqiq) — 'C—L (6)

In Equation (4), (5) and (6), Usd = \/gUm , Ugq =0, Sd, Sq is the equivalent

switching function in dq coordinate system.
In the dqg coordinates, the voltage and current vectors are expressed as:

Us = Usd + JUsq = Usd (7)
I = 1d + Jig (8)
Therefore, the complex power input is expressed as:

S =Us*i" =Usd*(ld - Jig) =Usa*id — Jigusa = P +Q 9)

The Equation (9) shows, ld and lq control respectively Grid side of the converter's
active power and reactive power.

P = Usd ~id (10)
Q =—Usd*iq (11)

2.2. The Control Structure of Inverse System in Grid Side Converter

The inverse system control is to be achieved by constructing a-order inverse system,
the original system is compensated to a linear transitive relation that is a decoupling and
pseudo-linear composite system. With the linear decoupling subsystems, it can design the
closed-loop controller, which is shown in Figure 3.
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Figure 3. The Controller Formed by « -order Inverse System and Closed-loop Control

According to the derivation, the system state variables can be selected as:

[x1 x2 x3]" =[ia iqg Ud]"
The output variables can be selected as:
[ys y2]" =[ia ia]’
The input variables can be selected as:
[ur u2]” =[sa sq]
The above state variables from the Equation (4) to (6), can be rearranged as follows:

Usd Rsx1 X3 (12)

X1= X2+

1 —
Ls Ls Ls

Usg Rsx2 UZﬁ (13)
Ls Ls Ls

XSZL(U1X1—U2X2)—L (14)
C C

From the Equation (12) and (13), U1 , U 2 can be achieved as:

Ui = C()LSXZ_ RsX1+ Usd _ X1ls (15)
X3 X3 X3 X3

uz:_a)LsXI_ RsX2+Ui_ X2Ls (16)
X3 X3 X3 X3

Solve the ¢(11) order intergral inverse system from Xt = Y1 =V1, X2 = Y2 =V2:

UL = a)Lst_ RsX1+ Usd _VlLs (17)
X3 X3 X3 X3
Lsx Rsx u vzl
U2=—w sl_ 52+ sa s (18)
X3 X3 X3 X3
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Three-phase PWM converter control system in Grid side is to keep the current and
voltage phase same (Unity power factor), and the DC link voltage steable. According to the
above conditions.

When the system is stable:

lqg=0 Ude = Uac™ (19)
. . . 20
la=0 le =0  Uw=0 (20)
Substitue and simplify the Equation (4)-(6) as follows:

RsP

SdUdec = Usd — (21)
Usd
Squc = —a)Lsid (22)
P Udzc Usdl (23)
(Usd - RSP)
When Rs is small, it can be ignored, Id steady-state values:
fg=Joe (24)
U sd

In order to eliminate the impact of Rs and the steady-state error of DC link voltage, T
can be modified as:

Udc I
Usd

id* _ kp(Udc* —Udc) + k|J‘ (Udc* —Udc) + (25)

Closed-loop controller can be achieved by the VSS controller. It is designed according
to exponential reaching law, can improve the dynamic performance in normal operation range
effectively. The sliding surface switching function is designed as follow:

S =[s,,S,1" (26)
Sl :eid :l;—ld (27)
S, =¢, =i~

Where i;‘ and j*are the grid side reference of active and reactive current, and for the operation
q

of unit power factor, must keep ip=0 .The switching function derivation as bellow:

S, =€, =i, (28)
S, = &, = i,

The matrix differential equation of switching function derivation is:

S=F+DU (29)
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Where U is the matrix of control law, the coefficient matrix are g _ [F, Fz]T and D. The control

law U is as follows:

U-_p- F, + K,S, + K,sign (S,) (30)
- F, + K,S, + K ,sign (S,)

It shows that the outputs can tracke system input by VSS controller. Then the desired
current output can be achieved. The structure of system control is shown in Figure 4:
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Figure 4. Block Diagram of the Control System

2.3. The Structure of the Control System
In the paper, the structure of the system based on inverse system method is shown in
Figure 5:
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Figure 5. The Structure of the Control System

With the voltage and current detection’s operation, through the calculation, the active
and reactive power can be achieved. the angle of the left angle of detection can be also
achieved. The space vector PWM (SVPWM) is used to control the six bridges to turn on or off.
The utilization of the mode keeps the switching frequency of converter bridges constant, to
facilitate the design of AC side filter inductance.
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3. Results and Analysis
3.1. System simulation

In order to show the high performance of the proposed pseudo-linear inverse system,
this paper uses the Matlab/Simulink software to simulate the control system. Simulation
parameters are listed as follows: DFIG power rated power 7.5kw, stator resistance 0.435¢),

rotor leakage inductance 2mH, rotor resistance 0.816 (), rotor leakage inductance 69.31mH,

moment of inertia 0.089kgnt voltage in Grid side 690V, the DC link voltage 1200V, line
resistance of Rs = 0.05 (), line inductance Ls = 6mH,the DC link capacitor C = 2200uf.

When DFIG operates steabily, the output active power of stator side is sure, according
to capturing the maximum power and power balance, when the wind turbine input power
changes, the converter power is also changing. If the wind speed reduces to cause that | S | is
twice bigger than the original, then the active power | S | P1 from the converter increases to
twice.
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(a) active power under inverse system & VSS (b) active power under conventional vector
control control
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Figure 6. Active power, reactive power and DC voltage under the inverse system & VSS control
and conventional vector control

Control for Wind Power Generation based on Inverse System Theory (Jiyong Zhang)



6822 m e-ISSN: 2087-278X

Figure 6(a), (b) shows that before 3 seconds DFIG is in steady state and the DC link
voltage is stable. After 3 seconds wind speed decreases, active power and reactive power are
reaching rapidly to the references. From the Figure 6(c), (d), at 2 seconds, the reference of
reactive power is increased from 0 to 2Kvar. It can be concluded that the control performance of
inverse system and VSS is better than of conventional vector control. Figure 6(e), (f) shows the
simulation of the DC link voltage fluctuates, after a period of time the voltage is still maintaining
stable, so it is sure that DC link voltage under inverse system and VSS control is more stable.

Figure 7(a), (b), (c) shows the simulation of A phase voltage and current, DC link
voltage when A phase voltage drop 20% at 1 seconds, the phase voltage recovers at 1.15
seconds. From the simulation it can be seen that when the voltage drops, the phase current
increases, but they are still able to maintain the same phase, The DC link voltage fluctuates, it
will be still stable after a period of time. Simulation results show that the control method of
inverse system & VSS has better dynamic stability than conventional vector control.
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Figure 7. Results when A-phase Voltage Drops by 20% at 1 seconds

3.2. System Experiment

System experiment parameters are set as follows:

DFIG power rated power 7.5kw, voltage rating is 380V, current rating is 20A, speed
rating is 750r/min, ny,=4, stator resistance 1.25 ¢, stator inductance 9.75mH, rotor resistance

O.355Q, rotor inductance 9.75mH, mutual inductance is 67.75mH, inertia of rotation is
O.2Kgm2, voltage in Grid side 380V, the DC link voltage 650V, line resistance of Rs = 0.1y,

line inductance Ls = 2mH,the DC link capacitor C = 2200uf.

From experimental results, it can be found that the DC voltage was maintained well
under subsynchronous and supsynchronous operation. Grid side was keeping unit power factor.
From Figure 8(e), (f), the active power and reactive power have been decoupled, the active
power and reactive power can be regulated independently.

Experimental results are showed as follows:
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Figure 8. The Experimental Results of DC Voltage, Grid A-phase Voltage & Current, Active
Power and Reactive Power

4. Conclusion

In this paper, a pseudo-linear control system is constructed based on the mathematical
model of Grid side converter and the inverse system theory. With decoupling dq current, the
decoupling of active and reactive power is achieved. Closed loop controller based on VSS can
improve the system stability and dynamic performance. By simulation and experiment results,
the proposed control method has been verified. And simulation and experimental results show
that the proposed control strategy of inverse system and VSS has good performance.
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