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Abstract. This paper proposes a study of d-axis stator current control technique for machine side converter
in the permanent magnet synchronous generator based on two parallel-operated wind turbine systems which
is connected to the grid via back- to-back converters. A reviewed shortly of d-axis stators current control
techniques are presented. The zero d-axis stator current (ZDC) control technique is firstly, the second
control is the unity power factor (UPF) control technique and the third is the constant stator flux-linkage
(CSF) control technique. Comparative studies are presented to validate the advantageous features of the
proposed methods. The performance of the proposed is assessed and compared through a simulation results
based on MATLAB. The comparative results show that the superiority of the proposed methods are proved
by the d-axis stator current control can not only attended well the maximum power but also can be reduced
costly.

Keywords. Permanent Magnet Synchronous Generator, zero direct axis stator current control, unity power
factor control, constant stator mutual flux linkages control.

1 INTRODUCTION

Wind Turbine systems have received a great deal of attention in the last decade as one of the most promising
renewable energy sources, owing to the potential depletion, high prices, and negative environmental
implications of traditional energy sources [1]. Wind energy is a non-polluting and limitless resource. As a
result, a wind energy producing system might be one of the future's possible sources of alternative energy
[2,3].

Wind energy conversion system that consists of a generator, a back-to-back converter, a filter and a
transformer [2]. According to [1], PMSG generators have the main advantages over other types because of
their high efficiency and the elimination of the slip rings, a simpler gearbox, and full power controllability
during the grid faults, saving costs and maintenance time [4]. The wind turbine configuration, which is
based on the PMSG, employs a full-scale power converter and it is shown in Fig.1. The generator stator
winding is connected to the grid through the full-scale power converter, which performs the reactive power
compensation and a smooth grid connection for the entire speed range of the generator. The power converter
can be divided into the machine side converter and the grid side converter due to their positions [5,6]. The
WECS control is becoming increasingly important, especially when using the PMSG-based electrical
generator. In [7] presented the mathematical model, dynamic response assessment and controller of the
system. Multi-scale transients modeling and simulation for PMSG-based wind power systems is presented
in [8]. However, the disadvantages lie in the design modeling, characteristics of stator- and rotor resistance,
inductance and complex.
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Figure 1: The overall structure of PMSG wind energy system

In [9] introduced three control methods, included the direct-axis component of the stator current is set to
zero (ZDC), the power factor being kept equal to one (UPF), and constant stator flux-linkages (CSF), that
were used to apply for the PMSM. In the industry, the direct-axis component of the stator current is set to
zero that is frequently employed. Its own advantages are that it is simple to use and that it has a low power
factor. The main disadvantage of the UPF control is that it produces a low-torque per unit current ratio
while optimizing the system's perceived power (volt-ampere consumption) through the maintenance of the
power factor at unity. The air gap flux linkages are restricted by the CSF control mechanism to any
predetermined or desired flux linkages. It should be noted that this control has yet applied for PMSG. The
direct-axis component of the stator current is set to zero and the power factor is kept equal to one, that is
compared to create an optimal control for the machine side converter of the Z-source [10]. To determine
the highest power point for the machine side converter, the hysteresis controller is paired with the ZDC
control [11], but this involves extensive calculation and algorithm modeling. The purpose of this study is
to present three direct-axis currents control strategies for machine side converter of PMSG. The main
contribution of this paper can be outlined as follows.

e A comparative study of the three d-axis stator current control methods for two PMSG parallel - operated
based on wind turbine systems.

e ZDC, UPF and CSF control methods are successful applied for two PMSG parallel - operated based on
wind turbine systems. Their performance is assessed and compared using key characteristics such as
generator power coefficient and grid power coefficient under the same operating conditions.

e Based on the control theory of permanent magnet synchronous machines (PMSM), the control theory
for two PMSGs operating in parallel in a wind turbine system can be developed.

2 MODELING OF WIND TURBINE SYSTEMS

2.1 Wind turbine model

Wind turbine has the mainly function of converting mechanical energy, formed to extract kinetic energy
from different wind speed with rotor mechanical velocity, into electrical energy. The mechanical output
power of the turbine is given by the following equation.

1
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where P, is mechanical power (W), p is the density of air for turbine (kg/mq), R is the blade length (m),

Vwind 1S the wind speed (m/s), C, is the power coefficient, a is tip speed ratio, # is pitch angle of blade (deg).

The tip speed ratio and power coefficient can be calculated as follows.
o, R

a= )
Vwind
where wm represent the turbine rotor radius (rad/s).
C (at)—C(——C3ﬂ C)e “ +ca (3)

where wind turbine coefficients c; to cs are: ¢; = 0.5176; c2=116; c3=0.4; c4=5; cs=21; cs = 0.0068;

2.2 PMSG model
The stator voltage ugs and ugs expressed in the dq reference frame can be clarified as below.

=Ry + Ly == -, L (4)
d
g = Rilge + L, —— " —E o Ly, + o4, (5)
3
T =3Pl (6)
()

where igs and iqs represent the current in the dg-axis, Rs is the stator resistance, wy is the angular velocity, p
is the number of pole pairs, A is the permanent magnetic flux, Te is the electromagnetic torque, J stands for
the system inertia, B stands for the friction factor.

3  CURRENT CONTROL METHODS IN WIND TURBINE SYSTEM
In this content, two ideas are presented: first to control MPPT, second to control of MSC.

3.1 MPPT control

The MPPT technique is most commonly used with wind turbines, that is a technique used with variable
power sources to maximize energy extraction as wind conditions vary. There are many MPPT methods,
that have been studied and developed in industrial and academic fields [2], [3]. It includes the hill perturb
and observe (P&Q) algorithm, the optimal torque control (OTC), and the tip speed ratio (TSR). The TSR
method uses an anemometer to estimate the wind speed, which is erratic. Errors in measurement processing,
expense, and implementation complexity are some of its drawbacks [12, 13]. The output power turbine
relies on the OTC's lookup table [14, 15]. An anemometer is not needed to measure wind speed when using
the Perturb and Observe (P&OQ) approach, which is straightforward. Step size, perturbation direction, power
loss, and poor efficiency, however, are the downsides [16,17]. Similarly, the saturation effect and the
disturbance on the converter's input voltage are flaws in optimum controllers [18], [19]. Moreover, sliding
mode control [20], nonlinear control [21] or fuzzy control [22] are frequently employed due to their high
efficiency nevertheless, one of their drawbacks is that they are unable to track the maximum power point
(MPP) under quickly varying conditions. Moreover, one of the difficulties is a coordinated control strategy
for multiple PMSGs under rapidly changing conditions [23]. Similarly, the stable and optimal load
distribution for multiple PMSGs in the grid is mentioned in [24, 25].

3.2 Control of MSCs
The following presents three d-axis current control techniques: ZDC, UPF, and CSFL.
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321 ZDC

The direct-axis current igs is set to zero to make it easier to use this control mechanism (igs = 0). In a
generator, only the quadrature-axis current igs generates torque. This control is easy to implement because
of proportionality factor between torque and stator current that illustrated as Figure 2.

i =0 (7)
3.2.2 UPF

In the UPF, the power factor being kept equal to one, and the stator current and stator voltage vector are in
the same direction. it means

Ugelys —Ugelys =0 (8)

gs'ds

Substituting equation (4) and equation (5) into equation (8), then
lejs +ﬂ’rids + lec?s = 0

- im 2 =2 im 2
I, +=) +i; =(=
(ds 2) gs (2)

This would result in a reduced size and a decrease in the cost of the power circuit and illustrated as Figure

2.
i Il vo vz .
-+ (E)¥ - Valid
3 (2=

= (9)
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The equation in (9) indicates that the current of the g-axis stator must be met following constraint.

A ,
where I, = r’ is the virtual current

S

. A
s <51 10
"L, (10)
3.23 CSF
The stator flux vector's magnitude must be kept constant and usually set equal to rotor flux linkages.
= (i + 20+ (Lo = % )
. A 2 A
(ids + im)2 + iss == (im)2 (12)

i;s = _im + '\’ (im)2 - (I;S)Z (13)
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Figure 2: d-axis stator current control

The issue of growing stator flux while the torque reference value is increased, that might result in saturation,
is solved by using the constant stator flux. The main advantage of CSF strategy provides are limited the
mutual flux linages, the stator voltage requirement can be kept consonantly low and illustrated as Figure 2.
The equation in (13) indicates that the current of the g-axis stator must be met following constraint.

i, <70 (14)

4  SIMULATION RESULTS

Three control methods of stator current are proposed and evaluated with advantages and disadvantages
implemented by Matlab. Simulation results show waveform of active and reactive power, voltage and
current under wind conditions vary. The parameters of PMSG and turbine are presented in Tables 1 and 2
[2].

In this study, the initial wind speed was 12 m/s for a period of 20 seconds. It then increased to 15 m/s over
the next 20 seconds period and finally dropped to 8 m/s during 10 seconds as shown in Figure 3. The
different control methods were compared with each other. Figure 4 shows the output-generator voltage in
three control methods (Vcsf, Vupf, Vzdc). The results show that the voltage waveform of three methods
are same value. Figure 5 have been zoomed for clearly differentiate the results obtained between CSF- ,
UPF- and ZDC method. According to Figure 6, the output-generator current in CSF- and UPF control
method are almost the same value (iupf = icsf) and larger than the output-generator current in ZDC (izdc)
control method. The simulation results of the output-generator current (ZDC, UPF, CSFL) have been
zoomed to clearly differentiate in Figure 7. As a result, the ZDC control method will require to select a
conductor with a large resistance, thereby increasing the cost. Figure 8 depicts the output-generator active-
and -reactive power of three control methods, with the active power being coequal (Pzdc = Pupf = Pcsf)
because active power are proportional to quadrature axis stator current according to (6). Additionally, the
reactive power in the ZDC control technique (Qzdc) is bigger than UPF- and CSF control method (Qcsf =
Qupf), which has equal value. This is weaknesses of ZDC control method because of cause higher losses,
thereby increasing the cost. According to Figure 9, the output-generator apparent in UPF- and CSF control
method are equal value and smaller than apparent in ZDC control method.

In the grid side, the grid voltage in three control methods (Vgcsf, Vgupf, Vgzdc) is shown in Figure 10.
The results show that the voltage waveform of three methods is equal and sin wareform. Figure 11 have
been zoomed for clearly differentiate the results obtained between CSF- , UPF- and ZDC method.
According to Figure 12, the grid current in CSF- ,UPF- and ZDC control method are almost the same value
(igesf =igupf = igzdc). The simulation results of the current (ZDC, UPF, CSFL) have been zoomed for
clearly differentiate as Figure 13. Figure 14 depicts the grid active- and -reactive power of three control
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methods, with the active power of CSF- and UPF control method are coequal (Pgupf = Pgcsf) that smaller
than ZDC method (Pgzdc). Additionally, the reactive power in three control techniques are coequal (Qgcsf
= Qgupf = Qgzdc). According to Figure 15, the grid apparent in UPF- and CSF control method are equal
value and smaller than apparent in ZDC control method. This is weaknesses of ZDC control method because
of cause excess heating (losses) and undesirable voltage drops and loss of power along the transmission
lines.
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Table 1: Turbine parameters [2]

Symbol Value Descriptions
S, 2.2 MW Transparent power
I, 2606 A Nominal current
V, 690 V Nominal voltage
Vie 1200 V dc-link voltage
w, 2.355 rad/s Nominal rotating speed
Z, |36 Number of poles
T, 934.2 KNm Rated moment
B 0.004 Nms Viscous damping
R, 0.0008 Q Stator phase resistance
L, 0.00157 H Stator phase inductance
A, 9.18 Wb Flux linkage
J 0.0000005 kg.m? | Inertia of rotor
Table 2: PMSG parameters [2]
Symbol Value Descriptions
P, 2 MW Rated power
w, 2.355 rad/s Nominal rotating speed
J 0.0000005 kg.m? | Inertia of rotor
R 37.1m Blade’s length
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5 CONCLUSIONS

In this paper, d-axis current control methods for two PMSG operating in parallel are derived and presented
in detail. Based on simulation results, our study reveals that ZDC control is superior in cost among the two
different control methods because the ZDC control yields a very high reactive power, thereby big the
apparent power. That is caused excess heating (losses) and undesirable voltage drops and loss of power
along the transmission lines. Also, all the performance characteristics for each strategy shown above are
compared. Based on our comparative study, we conclude that UPF and CSF can be considered as effective
control methods, that not only attended well the maximum power but also can be reduced costly.

Future works will consider the processor-in-the-loop approach such as LAUNCHXL-F28069M for FSTPs
to get reduction of the total harmonic distortion and common mode voltage in low-cost motor control and
renewable energy systems.
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SO SANH CAC PHUONG PHAP PIEU KHIEN DONG STATOR TRUC D CHO HAI
MAY PHAT DIEN PMSG VAN HANH SONG SONG TRONG
HE THONG TURBINE GIO

NGUYEN NGOC ANH TUAN ¥, DUY CONG PHAM !, NGUYEN THANH THAO 1,
VO THI ANH TUYET ¢, BUI HONG PHONG 2

! Khoa Pién, Trwong Dai hoc Cong nghiép Thanh phé Ho Chi Minh
2 Trwong Cao Pdang Kinh té va Ky thudt Nguyén Hiru Canh
“Tac gia lién hé: nguyenngocanhtuan@iuh.edu.vn

Tém tit. Bai béo dé xuét nghién ctru k¥ thuat diéu khién dong stator truc d cho bo bién ddi phia may trong
may phat dién ddng bd nam cham vinh ciru dya trén hai hé thong tuabin gi6 hoat dong song dugc ndi vao
luéi dién thong qua bd bién d6i nguoc chidu. Phan trinh bay ngan gon vé cac ky thuat diéu khién dong dién
stator c6 truc d. Trude hét 1a k¥ thuat didu khién dong stator truc d bang 0 (ZDC), tiép theo 1a ky thuat diéu
khién hé s6 cong suat ddng nhit (UPF) va thir ba 13 k¥ thuat diéu khién lién két tir thong stator khong dbi
(CSF). Cac nghién ciru so sanh duoc trinh bay dé xac nhén cac tinh ning thuan loi ciia cac phuong phap
dugc dé& xuat. Hiéu qua cua dé xuat dugc danh gia va so sanh thong qua két qua mo phong dua trén
MATLAB. Két qua so sanh cho thiy tinh wu viét cia phuwong phap dé xuét duoc chimg minh bang viéc
diéu khién dong stator truc d khong nhing c6 thé dat duoc cong suét cuc dai ma con c6 thé giam chi phi.
Tir khoa. May phat dién dong bé nam cham vinh citu, diéu khién dong dién stator truc d bang khong, diéu
khién h¢ s6 cong suat khong doi, didu khién tir thong stator khong doi.
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