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ABSTRACT

This paper proposes a control method of pulse-width modulation (PWM) converters for
permanent magnet synchronous generator (PMSG) small wind turbines under distorted grid
voltages. The DC-link voltage can be controlled at the machine-side converter (MSC), while
the grid-side converter (GSC) controls the grid active power for a maximum power point
tracking (MPPT). With the proposed method, the control performance of the DC-link voltage
is improved since it is not directly affected from the grid voltage distortion. Also, the grid
current is controlled to be sinusoidal, based on the excellent proportional-resonant (PR)
controllers. The validity of the control algorithm has been verified by the simulation of the
2.68 KW-PMSG wind turbine system.
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1. INTRODUCTION

Recently, the wind power generation has been considered as one of the most rapidly
growing energy sources in the world since the natural resources are becoming exhausted. In
the variable-speed wind turbine (WT) systems, a direct-drive wind energy conversion system
based on PMSGs has a lot of advantages such as no gearbox, high precision, high power
density, and simple control method, except initial installation costs [1-2]. For the grid
interface, the PWM inverters with the LCL (inductor-capacitor-inductor) filters are
commonly applied, which gives many benefits such as low filter size, high dynamic
performance of the current control, and lower cost, in comparison to only L filter [3-6].

Various control methods for a single-phase PWM inverter have been suggested, in which
the grid current control is performed, based on the PR or the proportional-integral (PI)
regulators [7-12]. With these methods, however, regulating the fundamental component of the
grid current has been done without considering the mitigation of the current harmonics [7-9].
Synchronizing the single-phase inverters with the grid is performed, where a phase locked-
loop (PLL) based on multi-harmonic decoupling cell was applied [10-11]. However, this
method is complex and the execution time is so long. Another method employing a repetitive
controller was introduced in [12], where the distorted grid current caused by the nonlinear
loads is suppressed by an active power filter. Nevertheless, the case of the grid voltage
distortion has not been considered in the research. Also, the implementation of the repetitive
controller in the practical system requires a high number of repetitive taps and a long
computation time.
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Figure 1. Schematic of small wind turbine system equipped with PMSG.

In the PMSG wind turbine system, the generator is connected to the grid through the
PWM converters, of which configuration is shown in Figure 1. Conventionally, DC-link
voltage is controlled to be a constant at the grid-side converter, while the machine-side
converter controls the active power for MPPT. In the case of the grid voltage distortion, the
GSC in the conventional control method may be out of control. When the grid fault happens,
the DC-link voltage is excessively increased due to the continuous operation of WT and
generator. However, the overall generated output power cannot deliver to the grid fully.

A method is proposed that the DC-link voltage control schemes are employed at the
machine-side converter instead of the grid-side converter. Also, the grid current control
based on the proportional-resonant controllers is regulated to be sinusoidal. The simulation
results for the 2.68 KW-PMSG wind turbine system are provided to verify the effectiveness
of the proposed method.

2. PROPOSED CONTROL SCHEME
2.1. Grid-side converter control for MPPT

2.1.1. Power reference
The mechanical power, P, captured by the wind turbine is expressed as [13]
P :0.5,07zR2Cp(/1)vv3v 1)
Where p is the air density [kg/m?], R is the radius of the turbine blade [m], v,, is the

wind speed [m/s], and C (1) is the power coefficient which can be expressed as a function
of the tip-speed ratio A . The tip-speed ratio is defined as

/1=er )
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Where @, is the generator speed.

The maximum power coefficient, Cpmax, COrresponds to the optimal tip-speed ratio Aopt.
Hence, the turbine speed should be changed with the wind speed so that the optimum tip-
speed ratio is maintained.

The power reference, P™ can be expressed as [13]
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Where R®
Koy =0.5p7C

pmax 3
opt
Figure 2 shows the characteristics of wind turbine, in which the relationship among the
mechanical power, rotor speed and the wind speed is illustrated. The MPPT curve in Figure
2 is obtained when the grid power reaches the power reference given in (3) with the
converters loss neglected. The MPPT control is performed by the grid converter, as shown in
Figure 3.
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Figure 2. Characteristics of the wind turbine.

2.1.2. Current controller under distorted grid voltage

The grid-side converter should operate to deliver the active power from the turbine to
the grid with the sinusoidal grid current even at the distorted grid voltage condition. First of
all, the grid voltage is used for the PLL algorithm to detect the phase angle, 6,. The

amplitude of the grid current, I;mp, is decided by the reference power, P, from the MPPT
control scheme, which is expressed as [4, 5]

I, =2h @)
E

mag

where E, . is the magnitude of the fundamental component of the grid voltage.

g

Then, the grid current reference, i?t* is generated as

i?t* = I;;mp sin(6, ) ®)

A multi-PR controller is utilized for regulating the grid current, where the PR3, PR®,...,
PR" with cut-off frequencies corresponding to the 3", 5", and n'" order harmonics are used to
eliminate the harmonic components of the grid current, and the PR™ is utilized to damp the
resonance in the inverter current.

The grid voltage usually contains the harmonic components due to a presence of the
nonlinear loads. In this work, the effect of the low-order harmonics, that is 3, 5" and 7"
order harmonics, is only taken into account.
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Figure 3. Control block diagram of the grid-side converter.
2.2. Machine-side converter control for DC-link voltage

The control loop of the pulse-width modulation (PWM) converter usually consists of
the outer DC-link voltage controller and inner AC input current controller. The integral-
proportional (IP) DC-link voltage controller is preferred since it gives less overshoot than the
Pl-type [14]. The output of the DC-link voltage controller is given by

los =| KV + Ky [ (Ve Ve )t |+ Pag /(155 ) — (6)
where V. and V. are the measured DC-link voltage and its reference value, respectively, Poy
is the output power of the PWM converter, and V is the g-axis stator voltage.

The last term in (6) is a feed-forward control component for the output power (Pou).
The power balance of the input and output of the DC-link is expressed as

2
Sk —p, -R, ™)
where C is the DC-link capacitance and B, =15V is the input power of the PWM
converter, which is obtained from (7).
Substituting (6) into (7), equation is rewritten as
Cdvg
2 dt

Expanding Taylor series of the DC-link voltage at operating point (Vaco) and neglecting
higher-order terms,

— 15V, [_vadc K (Ve Ve )dt} (8)

Ve =Vieo + 2(Vdc _Vdco> (9)

From (8) and (9), the transfer function of the DC-link voltage and its reference can be
derived from power balance of the input and output of the DC-link as [14]
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15V,eK;
Ve (8) _ CVie _ wr? (10)
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where Vgs=Vmax IS the g-axis generator output voltage, on is the undamped natural frequency
and ¢is the damping ratio. From (10), the proportional and integral gains are obtained as

CV,,
K, = 2@, —2 11
o = 25, 15v,, (11)
K, = of vt (12)
1.5V

The control structure of the machine-side converter consisting of the outer DC-link
voltage control loop and the inner current control loop are illustrated in Figure 4. The control
of the two-leg three-phase PWM converter has been described in details [15-17].

WL 5 L+
i, . Vdc 1
I : ~ V

'FC:
fas i 5
vy’ 5;_| 5;_| Vdri

Iqs Ids é
v, . i'qs

a g- axis
Voltage current |-
- controller] |

- 0
- controller i
V as |ds ! i
de I* _ - d- axis
gs =0 X current -

controller

!

T
2
<

{

Figure 4. Control block diagram of the machine-side converter.
3. SIMULATION RESULTS

The PSIM simulation for a 2.68 kW-PMSG wind turbine system has been carried out to
verify the validity of the proposed control scheme. The system parameters are listed in Table 1.

Table 1. System parameters for simulation

Parameter Value
2.68 kW, 6 poles
Rs=0.49 Q, Ls=5.35 mH, J = 0.00331 kg.m?
110V, 60 Hz, 540 Vpc
Lg=0.3mH, Lf =3 mH, C; =4.75 uF

PMSG

Single-phase PWM converter

Switching frequency 10 kHz (both converters)
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Figure 5. Control performance of single-phase converter at distorted grid voltage.

Figure 5 shows the control performance of the grid-side converter under the distorted
grid voltage, which contains the 10%, 8%, and 6% of the 3, 5" and 7" order harmonic
components, respectively, as shown in Figure 5(a). The wind speed is assumed to be 13 m/s.
It can be clearly seen that the FFT (fast Fourier transform) spectra of the fundamental and
harmonic components from Figure 5(a) are obtained as illustrated in Figure 5(b). Figure 5(c)
shows the control performance of the grid current under the distorted grid voltage by
applying the multi-PR controller. As can be seen, the grid current is almost sinusoidal. The
high-order harmonic components of the grid current have been significantly decreased as
shown in Figure 5(d). Figure 5(e) illustrates the DC-link voltage, in which the measured
value follows its reference well and its ripples are so low (0.5%).
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Figure 6. PLL performance in the grid voltage distortion.

8



Control of PWM converters for PMSG wind turbine system under grid voltage distortion

(a) Wind speed (m/s)

Vw

15
14
13 v
w
2 4
11
10
Time (s
(b) Generator speed (rpm) ©
Wrpm "
1200 )
1100 / "
1000 1\
900 |
800
0.5 1 . 15 2 25
(c) Power conversion coefficent ~ Time ()
0.5
0.4 k
03 /4
02 C’
0.1 !
0
05 1 15 2 25
(d) DC-link voltage (V) Time (s)
Vde_f Vde_ref
580
560 v, V.
540 A‘v_;n"_v Aot Wh‘v‘w.lw“ __.-_'_u et .u.._'...._'v‘._:'A_V n_ _/ A A
520
500 -
(e) Grid current (A) Time (s) _
60
40 i;
20 . ST LT -
o MAAMAMAMAMMAMMAL ,‘\., \“ L||I it lll. “‘u."‘, ‘I' 1‘\‘ itk ‘\“ .|| AAMAAMAAAMATAAARAAN
-40
-80
Time (s)
(f) Generator power (W) _
3000 -
2500 [ P
.
2000 /
1500 \
1000
500
0.5 1 15 2 25
Time (s)

Figure 7. Control performance of system at stepwise change of wind speed.

The single-phase PLL performance under the grid voltage distortion is shown in Figure 6.
Even the grid voltage contains the harmonic components as shown in Figure 6(a), the PLL
method still gives good performance. As illustrated in Figure 6(b), the phase angle is satisfactory.

The response of the whole system in the machine and grid sides for a stepwise change
of the wind speed was investigated in Figure 7. The wind speed pattern applying to the
turbine blade is shown in Figure 7(a), where the wind speed is increased from 11 m/s to 14
m/s at the moment of 1 s and reduced to 11 m/s at 2 s. The generator speed in Figure 7(b) is
varied according to the wind speed, by which the tip-speed ratio is optimized and the
maximum value of the power conversion coefficient is kept at 0.4 in the steady state
condition as shown in Figure 7(c). With the wind speed pattern in Figure 7(a) and under grid
voltage distortion, the DC-link voltage is controlled to follow its reference value (540 V)
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well in the steady and transient states, as shown in Figure 7(d). Also, the current flowing into
the grid (see 7(e)) is also varied according to the wind speed change and this grid current is
still sinusoidal in the steady state. Likewise, the active power produced from the generator is
changed. As can be clearly seen in Figure 7(f), the generator power can reach 1300 W and
2680 W at the wind speeds of 11 m/s and 14 m/s, respectively.

6. CONCLUSION

This paper has proposed a control method of the small wind turbine using PMSGs for
the grid voltage distortion. In this method, the DC-link voltage control is performed by the
MSC, not by the GSC which is usually used. The GSC controls the grid power according to
the MPPT strategy. For distorted grid voltage conditions, the grid current control based on
PR controllers has been applied for the high-order harmonic components of the grid current.
The validity of the control algorithm has been verified by simulation results for a 2.68 kW
PMSG wind power system.
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TOM TAT

PIEU KHIEN BO CWHUYEN POI CONG SUAT PWM CHO HE THONG TUA-BIN GIO
CONG SUAT NHO DUNG MAY PHAT PMSG KHI BIEN AP LUOI BI MEO DANG

Tran Trong Hiéu, Pham Dinh Ti€p, Van Tén Luong*
Truong Pai hoc Cong nghiép Thuwc pham TP.HCM
*Email: luongvt@hufi.edu.vn

Bai b4o nay dé xuat mot phuong phéap diéu khién bo chuyén doi cong suat PWM cho hé
thdng tua-bin gi6 ding méy phat dién gié ddng b nam cham vinh ctitu (PMSG) khi dién ap
lu6i bi méo dang. Pién ap tu DC-link co thé dugc diéu khién boi bo Chuyén doi cong suat
phia may phat (MSC), trong khi d6 bo Chuyen dbi phia lu6i (GSC) diéu khién cong suat tac
dung ludi bang phuong phép tim kiém diém phat cong suit cuc dai (MPPT). Véi phuong
phap dé xuat, van hanh diéu khién cua dién ap tu DC-link duoc cai thién tét do tu DC-link
khong bi anh huong tryc tiép tir sy méo dang dién ap ludi. Ngoai ra, dong dién ludi dugc
diéu khién hinh sin nho cac bd diéu khién cong huong ty 18 (PR). Tinh xac thuc cua thuat
toan diéu khién da duoc kiém ching bang md phong cua hé thong tua-bin gié ding may phat
PMSG congsuit 2,68 kW.

Tir khéa: Biéu khién dong dién, dién ap tu DC-link, dién ap méo dang, tua-bin gio.
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