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Abstract: - A comparative study of three d-axis stator current control methods for machine side converter in 
permanent magnet synchronous generator based on wind energy systems is proposed in this paper. Firstly, the 
zero d-axis stator current (ZDC) control method is performed by setting set the d-axis component of the stator 
current to zero. Secondly, the unity power factor (UPF) control method is designed to set the angle between 
stator current vector and stator voltage vector to zero. Thirdly, the constant stator flux-linkage (CSFL) control 
method is designed to regulate the stator flux-linkage, making it equal to the permanent magnet flux linkage. 
Finally, the performance of the three control methods are evaluated and compared based on some key 
parameters, which are the d-axis current, q-axis current, stator flux, active power, reactive power and apparent 
power, power factor under the same operating conditions. The feasibility and effectiveness of the three d-axis 
stator current control methods are demonstrated through Matlab simulations. 
 
Key-Words: - Permanent magnet synchronous generator (PMSG), wind energy systems (WES), wind energy 
conversion system (WECS), zero d-axis stator current (ZDC) control, unity power factor (UPF) control, 
constant stator flux-linkage (CSFL) control. 
 
1 Introduction 
With the negative impacts of global warming and 
harmful effects of fossil-fuel emissions, electricity 
production from renewable energy sources has 
attracted a lot of attention in recent years [1]. 

Among all the renewable energy sources, wind 
energy is gaining interest from both industrial [1] 
and academic fields [2,3], because of its 
competitiveness against conventional sources of 
energy, in terms of technological advancements, 
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cost reduction, and government incentives and 
support programs [1]. 

The wind energy conversion system (WECS) 
includes wind electric generators, power converter, 
and transformer [2]. The wind electric generator 
such as the squirrel-cage induction generator 
(SCIG), wound rotor induction generator (WRIG), 
doubly-fed induction generator (DFIG), wound rotor 
synchronous generator (WRSG), and Permanent 
magnet synchronous generator (PMSG) are used to 
convert rotational mechanical-energy into electric-
energy, which have been researched and developed 
over the last three decades [1]. Each of them has 
different advantages and limitations. Among 
variable-speed wind generators, the PMSGs have 
received increasing attention because of high-
efficiency, high-reliability, and gearless operation 
[4]. Until now, a PMSG wind turbine using a full-
scale back-to-back (BTB) connected two-level 
voltage-source converter (2L-VSC), including 
machine side converter (MSC) and grid‐side 
converter (GSC) are realized by low-voltage 
insulated gate bipolar transistors (IGBTs) arranged 
in matrix form. The GSC is designed with higher 
mega volt-ampere capacity than the MSC. The DC-
link provides decoupling between the PMSG and 
grid; The advantages of it is simple structure, low 
cost because of the mass production and the 
transients in the PMSG do not appear on the grid 
side as illustrated in Fig.1. The main function of the 
MSC is to completely regulate the generator in 
terms of speed, active power, power factor, and 
electromagnetic torque, while the GSC is to regulate 
the dc-link voltage and the grid reactive power [5,6]. 
The control of a WECS is becoming more 
significant, especially when using the electrical 
generator based on PMSG. With many different 
aims, such as improving the performance, 
efficiency, and reliability, the PMSG is controlled 
through many modeling methods such as 
mathematical modeling, dynamic response analysis, 
the control of PMSG‐based wind turbines control  
operating with an alternative control structure in 
power control mode [7] or modeling and simulation 
of multi-scale transients for PMSG-based wind 
power systems [8] or small-signal-stability-analysis-
for-different-types-of-PMSGs connected to the grid  
[9] or stability analysis and improvements for 
variable speed multipole PMSG-based WECS [10] 
and an unified power control for PMSG-based 
WECS operating under different grid conditions 
[11]. However, the main drawback of three control 
method is that it depends highly on the design 
modeling and parameters, such as the stator and 
rotor resistances, inductances and complex  

calculation. In order to improve the quality of the 
electrical power produced by wind generators, a 
comparative study of classical vector, first-order 
sliding-mode and high-order sliding-mode is carried 
out, with control for a grid-connected variable-speed 
WECS [12] and an enhancement low-voltage ride 
through capability of permanent magnet 
synchronous generator-based wind turbines using 
interval type-2 fuzzy control [13] or pitch angle 
control for grid-connected variable-speed wind 
turbine system using fuzzy logic [14]. These control 
methods have good characteristics, such as 
reliability, fast dynamic response, insensitivity 
against disturbances, and wind velocity fluctuations. 
Nevertheless, these strategies still have some 
drawbacks related to the chattering problem. The 
predictive techniques [15] was proposed in order to 
solve this issue. However, these strategies still have 
some disadvantages related to the hysteresis 
controllers since it can cause torque and current 
distortions, as well as limiting the steady-state 
accuracy. 

Alternatively, the three control methods, namely, 
zero d-axis stator current (ZDC) control, unity 
power factor (UPF) control and constant stator flux-
linkage (CSFL) control, presented in [16] which 
applied to control for the PMSM. The ZDC control 
is widely used in the industry. Its own merit is easy 
perform and its own demerits is the low power 
factor. The UPF control optimizes the system’s 
apparent power (volt–ampere requirement) by 
maintaining the power factor at unity, the main 
drawback of it is shown to yield a very low torque 
per unit current ratio. The CSFL control method 
limits the air gap flux linkages to any set or desired 
flux linkages. This control method, therefore, leads 
to a seamless flux-weakening method in the PMSM 
drive and is to be noted but up to now no paper 
presents the CSFL control method to apply for 
PMSG. The ZDC control and UPF control [17] are 
compared and established an optimized control for 
the generator-side converter of the Z-source applied 
to PMSG. The ZDC control [18] is combined with 
the hysteresis controller to control the current for the 
machine side converter to find the maximum power 
point, however, it requires the algorithm modeling 
and complex calculation. The scope of this paper is 
to fill the gap in the current literature by three d-axis 
stator current control methods for MSC of PMSG 
connected to the grid via VSC.  

This paper is organized as follows. Model of 
PMSG is luxurious books by WSEAS Press. Thank 
you for your cooperation and contribution. We are 
looking forward to seeing you at the Conference. 
stator current control methods for machine side 
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converter are presented in detail. Simulink 
verifications of a PMSG wind system with the 
proposed solutions are illustrated in Section 4. 
Finally, Section 5 concludes this paper. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 Permanent magnet synchronous 
generator wind turbine systems  
 
2.1 Wind turbine aerodynamic model 
 
The key function of a wind turbine is to extract 
kinetic energy from different wind velocities and 
converts it into mechanical energy. Thus, wind 
turbine power production depends on the interaction 
between the rotor and the wind. The mechanical 
output power of the turbine and the turbine torque 
are given by the following equation [2]. 

3 31 ( , ) ( , )
2m p wind p p windP AC v K C vρ α β α β= =         (1)

         
2 2( , ) / ( , )m p wind p m wind mT K Rv C K v Cα β α α β= =     (2)

           

where ρ is the air density (kg/m3); A is the area 
swept by the blades (m2) and equal to πR2, R is the 
blade length; vwind is the wind speed (m/s); Cp is the 
power coefficient of the turbine, which is function 
of the tip speed ratio α and the blade pitch angle β 
(degree) and Km = KpR; Cm = Cp/α .The definitions 
of tip speed ratio and Cp are given as (3) and (4); 
where R, ωm represent the turbine rotor radius and 
mechanical velocity, respectively. 

                     m
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Where c1= 0.5176, c2=116, c3= 0.4, c4= 5, c5= 21, c6= 

0.0068 and 1
3

1 0.035( )
0.08 1iα α β β

−= −
+ +

When the wind 

speed increases, the maintenance of the nominal 
power is obtained with the control of the blade 

position (pitch control). There are different ways to 
adhere to the maximum power characteristic (so-

called  

 
 
 
 
 
 
 
 
 
 
 
 
 
maximum power point tracking—MPPT), including 
the following: 
 To control the WG rotating speed so that it 

corresponds to the value αm with the 
present wind speed. 

 To load WG with the power Pmmax under 
present wind speed. 

 To set WG power (or torque) so that it is 
equal to the maximum possible WG power 
under present WG rotating speed.  

               
3

max 3
max ( )p p

m m
m

K C R
P ω

α
=                 (5) 

2.2 Dynamic modeling of permanent magnet 
synchronous generators  

This section presents dynamic modeling of the 
PMSG. Considering that the PMSG used in this 
paper is a surface-mounted machine, it can be 
assumed that Ls = Ld = Lq. The PMSG model is 
considered under the following assumptions. 
 The spatial distribution of stator winding is 

sinusoidal. 
 The core loss is neglected. 
 The saturation is neglected. 
 The damping effect is neglected. 

Thus, the equations of PMSG in the rotor dq 
reference frame are given as follows [2]. 

   ds
ds s ds r s

d
u R i

dt
λ

ω λ= + −           (6) 

qs
qs s qs r s

d
u R i

dt
λ

ω λ= + +            (7) 

      ds s ds rL iλ λ= +             (8) 

Wind Transformer

Back-to-back converter 

Gear Box

Turbine Blade

PCC
GridPMSG

~ 

 
Fig.1 Permanent magnet synchronous generator wind energy system used for study 
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       qs s qsL iλ =                            (9) 

3
2e qs rT iρ λ=            (10) 

r
e L r

dT T J B
dt
ω

ω− = +           (11) 

where uds and uqs are the d-axis and q-axis stator 
terminal voltages, respectively; ids and iqs are 
respectively the d-axis and q-axis stator current, Rs 
is the resistance of the stator windings; ωr (= pωt) is 
the electrical angular velocity of the rotor; p is the 
number of pole pairs; λr is the amplitude of the flux 
linkage; λds and λqs are the d-axis and q-axis flux-
linkages; Te is the torque; TL is the load torque; J is 
the inertial; B is the friction coefficient. 

In steady-state condition, the equations of PMSG 
are given by: 

ds s ds r s qsu R i L iω= −           (12) 

qs s qs r s ds r ru R i L iω ω λ= + +          (13) 

The active and reactive powers at generator 
terminals based on the rotating reference frame, 
given as 

3 ( )
2 ds ds qs qsP u i u i= +           (14) 

3 ( )
2 ds qs qs dsQ u i u i= −           (15) 

The apparent power is given by 

S P Q= +            (16) 

3 d-axis stator current control 
methods 

For implementing a control method, factors such 
as cost, ease of implementation, and waveform 
quality must be considered in detail. Specially, 
assessment of generator performances is based on 
generator efficiency, generator power factor, and 
generator stator current. In this section, three control 
methods, which are ZDC control, UPF control, 
CSFL control, are investigated in Fig.2. 
3.1 ZDC 
 

In order to implement this control method (ids = 
0), the d-axis component of the stator current ids is 
set to zero. Only the quadrature-axis stator current iqs 
produces torque in a generator. In other words, this 
control method keeps the torque angle (Ɵi) (angle 
between stator current vector and permanent magnet 
flux vector) at constant value of 90°.  

3.2 UPF 
Under this control method, the stator current 

vector and stator voltage vector are in the same 
direction. Hence, power factor angle becomes zero. 
The overall volt–ampere of the generator side 
converter would contribute to the active power 
transfer and thereby reduce the power rating of the 
generator-side converter configuration. This would 
lead to a smaller size and hence reduce the cost of 
the power circuit, which is one of the significant 
considerations for megawatt-level wind energy 
conversion system design without additional 
hardware.  

Under UPF operating condition, the reactive 
power should equal to zero, it means  

          0ds qs qs dsu i u i− =              (17) 
Substituting equation (12) and equation (13) into 

equation (17), then 
          2 2 0s ds r ds s qsL i i L iλ+ + =                               (18) 

2 2

2 2

( ) ( )
2 2

( ) ( )
2 2

m m
qs

ds

m m
qs

i i
i valid

i
i i

i not valid

∗

∗

∗


− + −

= 
 + −

 

where r
m

s

i
L
λ

= is the virtual current. 

According to the Park transformation, in case 
generating iqs and ids are negative. Therefore, from 
equation (18), the relation between d- and q-axis 
stator currents for UPF condition is 

2 2( ) ( )
2 2
m m

ds qs
i i

i i∗ ∗= − + −          (19) 

It should be noted that when the equation (18) 
condition is satisfied, the PMSG operates with UPF. 

3.3 CSFL 
The constant stator flux-linkage is used to 

overcome the problem of increasing stator flux 
linkage as the torque reference value is increased, 
which can lead to saturation of the stator yoke. The 
main feature of this method is good steady state 
performances, high machine power factor, and 
comparatively small required power converter 
capacity. In order to implement this control method, 
the magnitude of the stator flux vector is maintained 
constant and equal to the permanent magnet flux. 

  2 2( ) ( )s s ds r s qs rL i L iλ λ λ= + + =              (20) 

         2 2 2( ) ( ) ( )r r
ds qs

s s

i i
L L
λ λ

+ + =  

         2 2 2( ) ( ) ( )ds m qs mi i i i+ + =                            (21) 
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From Equation (20), the relation between d- and 
q-axis stator currents for CSFL condition is 

 
 
 
 
 
 
 
 
 
 
 
 

2 2( ) ( )ds m m qsi i i i∗ ∗= − + −  
It should be noted that when equation (21) is 

satisfied, the PMSG operates with CSFL. Equation 
(21) also shows that the generator generates a 
negative current command for the CSFL operating 
condition.  

4 Simulation results 
In order to evaluate the advantages and 

drawbacks of the proposed three stator current 
control methods, several sets of simulations are 
conducted using Matlab. The simulation results in 
Matlab show the waveforms of active and reactive 
power, power factor and the current in generator 
side. The effectiveness of the ZDC control method, 
UPF control method and CSFL control method of 
the machine side converter is examined under 
different operating conditions. The parameters of the 
PMSG and turbine are given in Tables 1. and 2.  

TABLE 1: GENERATOR PARAMETERS USED IN SIMULATION  

Description Parameter Value 
Transparent power Sn 2.2MW 

Nominal current In 2606A 

Nominal Voltage un 690V 

dc-link voltage udc 1200 V 

Nominal rotating 
speed 

ωm 2.355 rad/s 

Number of poles Zp 26 

Nominal moment Te 934.2 kNm 

Viscous damping B 0.004 Nms 

Stator phase 
resistance 

Rs 0.0008 Ω 

Stator phase 
inductance 

Ls 0.00157 H 

Flux linkage λr 9.18 Wb 

Inertia of rotor J 0.0000005 
kg.m2 

 

 

 

 

 

 

In this case, the response of the three stator 
current control methods is tested under wind speed 
variation. For this study, the wind speed is assumed 
to be 10 m/s and then increased to 12 m/s at t = 15s 
and then decreased to 7 m/s at t = 40s as illustrated 
in Fig.5a. In turn, active power and the q-axis stator 
current in three control methods are approximately 
of the same value as wind speed variation. 

TABLE 2: GENERATOR PARAMETERS USED IN SIMULATION  

Description Parameter Value 
Rated power Pn 2MW 

Nominal rotating 
speed 

ωn 2.355 rad/s 

Inertia of rotor J 0.00025034 
kg.m2 

Blades length R 37.1 m 

Base wind speed vwind 6-12m/s 

The d-axis stator current is assumed to be fixed at 
zero value to extract maximum torque/power and 
avoid demagnetization of the permanent magnet. The 
simulation results of the d-q-axis stator current 
(idZDC, idUPF, idCSFL, iqZDC, iqUPF, iqCSFL) in three control 
methods are illustrated in Fig.5 b, c. The results 
show that the UPF control method has the highest 
amplitude value in the waveforms of d-axis stator 
current, during the ZDC control method has zero 
value in the waveforms of d-axis stator current. 
Therefore, the UPF control method will have to 
choose the wire with large cross section for machine 
side converter and this reason increase the costs. It 
can be seen that the q-axis stator current in three 
control methods are approximately of the same value 
(iqZDC = iqUPF = iqCSFL). The simulation results of 
stator flux (λZDC, λUPF, λCSFL) in three control methods 
are illustrated in Fig.5. d. It shows that, the stator 

-- -

MPPT

Calculator
Speed 

controller

ids  =0*

ids # 0*    dq

       abc

a,b,c phase 
stator 

voltage
controllers

SPWM

d-axis stator 
current control 

 

Fig.2.  Block diagram of proposed d-axis stator current control methods. 
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flux of ZDC control method has the highest value, 
the stator flux of UPF control method has the lowest 
value with various speed. It can be seen that the 
stator flux of CSFL control method has no changed. 

The simulation results show the waveforms of 
active power, reactive power, apparent power, power 
factor and stator current respectively. Fig. 6 shows 
the active power  (PZDC, PUPF, PCSFL) and reactive 
power  (QZDC, QUPF, QCSFL) of three control methods, 
in that the active power is approximately the same 
value (PZDC = PUPF = PCSFL) because of  according to 
(10) torque or active power are proportional with q-
axis stator current (as mentioned above, the Simulink 
results in Fig. 5.c shows that the q-axis stator current 
in three control methods are of the same value). 
Furthermore, the reactive power in UPF control 
method is zero at all times, the highest value is 
reactive power in ZDC control method. It can be 
seen that in Fig.7. There are three case of apparent 
power (SZDC, SUPF, SCSFL). Firstly, the wind speed is 
high (12 m/s) the ZDC control method has the 
highest value in the waveforms of apparent power. 
Therefore, the ZDC control method will have to 
impact on IGBT and this reason increase the costs, 
while the UPF control method has the lowest 
oscillation in the waveforms of apparent power. 
Secondly, the apparent power in ZDC control 
method has the highest value but the UPF and CSFL 
control method is approximately the same value at 
the wind speed is from 8 m/s to 11 m/s. Thirdly, the 
apparent power in three control methods is 
approximately the same value at the wind speed is 
low (under 8 m/s). According to Fig.8. the power 
factor in UPF control method has the highest value 
(θUPF) and the power factor in CSFL control method 
(θCSFL) has the middle value and power factor in 
ZDC control method (θZDC) has the lowest value. 
The stator current in three control methods (isZDC, 
isUPF, isCSFL). is illustrated in Fig.9. It shows that there 
are two case. Firstly, the wind speed is from 8m/s to 
12 m/s. The stator current of UPF control method is 
the highest value so that the UPF control method will 
have to choose the wire with large cross section for 
machine side converter and this reason increase the 
costs and the ZDC control method is the lowest 
value. Secondly, the stator current in three control 
methods is approximately the same value as the wind 
speed is low (under 8 m/s). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.5 Simulation results regarding the time-domain 
waveforms: (a) wind speed; (b) d-axis stator current 
in three control methods; (c) q-axis stator current in 
three control methods; (d) stator flux in three control 

methods. 

 
Fig.6 Simulation results regarding the time-domain 
waveforms of active- and reactive power in three 

control methods. 
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Fig.7 Simulation results regarding the time-domain 

waveforms of apparent power in three control 
methods. 

 

Fig.8 Simulation results regarding the time-domain 
waveforms of power factor in three control methods. 

 

Fig.9 Simulation results regarding the time-domain 
waveforms with rms stator current in three control 
methods. 

The above analysis can be summarized as shown 
in Table 3. 

TABLE 3: GENERATOR PARAMETERS USED IN SIMULATION  

Control methods ZDC UPF CSFL 
d-axis stator 
current 

zero high middle 

q-axis stator 
current 

equal equal equal 

stator flux high low middle 

active power equal equal equal 

reactive power high zero middle 

apparent power high low middle 

power factor low 1 middle 

stator current  low high middle 

d-axis stator 
current 

zero high middle 

The summarized Table 3. is shown that 
• ZDC control method has poor performance 

and the reactive power is high therefore the 
cost is high during wind speed variations.  

• UPF control method has high performance 
during wind speed variations, however, reduce 
the power rating of the proposed 
configuration. This would lead to a smaller 
size and hence reduce the cost of the power 
circuit, which is one of the significant 
considerations for megawatt-level wind 
turbine design. 

CSFL control method has approximately high 
performance and the power factor is approximately 
one during wind speed variations. 
5 Conclusion 
This survey could be useful for research on the 
CSFL control method, which is usually the control 
method for the motor, is proposed for the control of 
machine side converter of PMSG in wind turbine 
based on vector control because it had similar 
characteristics as ZDC control method and power 
factor is approximately 1, which is similar 
characteristics as UPF control method. 
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