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ABSTRACT

This paper presents a performance enhancement of
a permanent magnet synchronous generator (PMSG)
system with control of generator-side converter for a
wind turbine application. This method uses zero d-
axis stator current control to minimize winding losses
of the generator. The electromagnetic torque of the
generator is correlated with the magnitude of the q-
axis stator current, while the d-axis stator current is
regulated at zero, the control scheme decouples the
dg-axis stator current control through a vector con-
trol for the generator-side converter. This paper also
presents mathematical analysis of the active power
and stator power factor, and the maximum power
point tracking (MPPT) operation. Simulation re-
sults are provided to guarantee the proposed control
scheme, in which the performance enhancement and
efficiency are evaluated.

Keywords: Permanent-Magnet Synchronous Gener-
ator (PMSG), Wind Generation, Generator-side Con-
trol, Maximum Power Point Tracking (MPPT), D-
axis Stator Current Control.

1. INTRODUCTION

Over recent years, wind energy has been consid-
ered as one of the most significant renewable energy
sources. Among the existing wind power generation
systems, its generators can be categorized into four
main types [1], [2]: 1) the doubly fed induction gen-
erator 2) the squirrel cage induction generator 3) the
wound rotor synchronous generator and 4) the per-
manent magnet synchronous generator. Nowadays,
the wind energy industry uses PMSG for direct grid-
connection because it gives higher efficiency and has
no slip ring maintenance. Thus, the lightweight and
low maintenance features can be obtained in this type
of wind power generation system [3], [4].

The configuration of PMSG wind power generation
system is shown in Fig. 1. Presently, there are a few
papers examining for the generator-side wind power
generation control [5]-[7]. For this reason, this paper
focuses on the analysis of the generator-side converter
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d-axis stator current control approaches for control
of PMSG wind turbines. The generator-side can be
controlled with various schemes, the control schemes
are separated into three control strategy types to ex-
ecute different intentions; 1) zero d-axis stator cur-
rent (ZDSC): control to achieve a linear relationship
between the stator current and the generator torque
2) maximum torque per- ampere (MTPA): control
to produce maximum generator torque with a mini-
mum stator current and 3) unity power factor (UPF):
control to maintain power factor at one. However,
there are other techniques for the generator-side con-
trol presented in [5]-[6], namely, a vector control. The
control strategy in the generator-side has two control
loops, three PI controllers and many measured vari-
ables from the generator-side and the grid-side which
leads to a seriously complicated control design. Com-
pared with the proposed control strategy in [7], ZDSC
control can provide a simple topology solution and
excellent generator integration performance such as
a simple control algorithm, generating maximum ef-
ficiency, and minimizing system losses. However, the
major drawback of ZDSC control is not suitable for
salient-pole synchronous generators and it is not op-
timal for the operation range over the base speed.

The main objective of this paper is to describe
the generator-side performance using ZDSC control
scheme. The wind turbine PMSG generation system
operates in the base speed range. The dynamic model
equations of the PMSG and ZDSC control schemes
are analyzed in a space vector diagram and phasor di-
agram, respectively. The stator power factor and the
generator active power are discussed. Furthermore,
comparison between the generator active power and
the mechanical power are studied to establish a per-
formance enhancement for the system. Additionally,
the MPPT method is implemented which can provide
the optimal torque control along the whole operation
range. Simulation results are shown to verify the per-
formance of the proposed control strategy for PMSG
generation system.

2. PRINCIPLES OF THE PMSG WIND EN-
ERGY SYSTEM

The configuration of PMSG wind power genera-
tion system is shown in Fig. 1. The PMSG converts
the mechanical power from the wind turbine into ac
electrical power, which is then converted to dc power
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Fig.1: Configuration of PMSG system with control
of generator-side converter using d-axis stator current
control scheme.

through a converter with dc link supplying either the
stand-alone load or the inverter to a grid-connection.
By using an additional inverter, the PMSG can sup-
ply the ac electrical power with constant voltage and
frequency to the power grid. Two control functions
are implemented on the generator-side: one is to ex-
tract the maximum power available from the wind
turbine and the other is to optimize generator opera-
tion, which will be discussed in the following descrip-
tion.

2.1 Maximum Power Point Tracking (MPPT)
with Optimal Torque Control

The mechanical torque 7,,, which is captured by
a wind turbine, can be expressed as [8]

1
T, = §pAviCp/wmrT (1)

where p is the air density, A is the sweep area of
the wind turbine V,,, is the wind velocity, rr is the
turbine radius, wy, is the generator speed, and C, is
the power coefficient of the wind turbine.

From (1), in order to capture the maximum me-
chanical power from a wind turbine at different wind
speeds, see the wind turbine power-speed character-
istics and maximum power point operation that are
shown in Fig. 2. It can be seen that the trajectory
of the black circles represents a MPPT power curve,
which can be expressed in the term of the mechanical
torque 1), prppr by the following equations

Tippr = Koprw?, (2)

where K, is the coefficient for the optimal torque,
which can be calculated according to the rated pa-
rameters of the generator.

2.2 Dynamic Model of PMSG

In order to get a dynamic model for the PMSG
that easily allows us to define the generator-side con-
trol system. Fig. 3 shows an arbitrary dg-axis dy-
namic model of PMSG in the rotor field synchronous
reference frame. The voltage equations of the PMSG
are given by

digs

dt

Vds = — (Rsids + Lqg ) + erqiq37 (3)

Fig.2: Wind turbine power-speed characteristic and
mazximum power point tracking method operation.
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Fig.3:  Arbitrary dg-axis dynamic model of the
PMSG in the rotor field synchronous reference frame
(dg-azis).
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Fig.4: A space vector diagram of the PMSG.
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Fig.5: Block diagram of the generator-side control algorithm based on the zero d-axis stator current control.

Vgs = — (Rsiqs + Lq d;(f) - erdids + er/})ra (4)
_)

where R is the PMSG stator resistance, v, is the
rotor flux-linkages, Ly and L, are the stator dg-axis
self-inductances, i¢4s and 44, are the dg-axis stator
currents, and w, is rotor speed.

The generator torque T, of the PMSG can be cal-
culated by

_35

Te
2

[E}riqs - (Ld - Lq)iqsids ) (5)
where p,, is the pole pairs.

Following the arbitrary dg-axis dynamic model of
the PMSG in Fig. 3, a space vector diagram for the
PMSG is expressed in Fig. 4. The space vector dia-
gram is derived under the rotor flux-linkage which is
aligned with the d-axis of the synchronous reference
frame. All vectors in this diagram together with dqg-
axis frame rotate in space at the synchronous speed,
which is also the rotor speed of the generator w;.

3. CONTROL OF THE GENERATOR-SIDE
CONVERTER

3.1 Zero d-axis Stator Current (ZDSC) Con-
trol

The proposed generator-side control scheme is
shown in Fig. 5. MPPT and ZDSC controls are
implemented on the generator-side. The genera-
tor torque reference T is generated by the MPPT
method in agreement with the measured generator
speed w,,. The generator torque reference produces
g-axis stator current reference iy,. The d-axis gener-
ator current reference ), is set according to the gen-
erator operation requirements. The measurement of
the three-phase stator currents i4s, ips, tcs are trans-
formed into dg-axis stator currents i4s,iqs according
to the measured rotor flux angle 6,.. The measured
dg-axis stator currents are subtracted with their cur-
rent reference. The errors are sent to PI controllers

which lead to obtaining the dg-axis reference volt-
ages vy, vy, for the converter. The dg-axis reference
voltage v}, vy, are transformed into three-phase ref-
erence voltages v, vy, V5, and sent to the PWM gen-
eration block using SVM modulation. The proposed
generator-side control will be discussed in more detail
in the following.

Zero d-axis stator current control is applied to im-
prove the efficiency of the machine. With this control,
the d-axis stator current component i4s is then con-
trolled to be zero (i4s = 0) to minimize the generator
current and thereby reduce the winding losses. With
the d-axis stator current kept at zero, the stator cur-
rent is equal to its g-axis component 74 is

is =/ (1as)? + (i48)? = igs- (6)

According to the ZDSC Control scheme, the gen-

erator torque T, from (5) can be simplified to

3 . 3 .
T, = §ppwr1q5 = ippwrls- (7)

Thus, the g-axis stator current reference iy, can be
determined as the following

= e ®)
. ppwr

Considering the relation stated on (7) and (8), the
generator torque generated by the g-axis stator cur-
rent reference and the generator torque can also be
controlled directly by the g-axis stator current. Fur-
thermore, the dg-axis reference voltages for the con-

verter can be derived from (3) and (4) as

* / .
Uds = Vgs + erqlqs, (9)

%
Uy = Vgs — Wy Laias + w1 . (10)
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Fig.6: A phasor diagram of the PMSG with ZDSC
control.

3.2 ZDSC Control Performance Analysis

In order to analyse the performance of the ZDSC
control, the control strategy was discussed based on
the steady state condition, from (3) and (4), the
steady-state voltage equations of the PMSG can be
expressed as the following

Vie = —Rylys — wyLglys, (11)

Vqs = _Rqus —wypLglgs + wrzzjr' (12)

From (11) and (12), they can be analysed into the
phasor diagram to provide the control strategy anal-
ysis. Fig. 6 gives the ZDSC control phasor diagram
in the synchronous reference frame, the stator power
factor angle @, is defined by

ps = 0; — 0y, (13)
where 0, and 6; are the stator voltage angle and the
stator current angle, respectively.

As shown in Fig. 6, the ZDSC controls the stator
current, vector, which should always be kept aligned
with the back EMF and perpendicular to the rotor
flux-linkage of the PMSG. i.e, the stator current angle
0; or torque angle ¢ should be set as 90°.

6; =0 =90°. (14)
The stator voltage angle 6, can be defined from

Fig. 5. It can be explained by using the steady-state
voltage equations from (11) and (12) as

6, — sin”! <V>
(Vd2s + (‘/:125)

) (15)

(Lgla/r)?
\/1 + (14 Rl fwripy)?

Substituting (14) and (15) into (13), the stator power
factor angle ¢, equation with ZDSC control can be
expressed as

1
\/1 t R L )2

Based on (16), when the stator inductance, resis-
tance and rotor flux-linkage of PMSG are constant,
the stator power factor angle ¢, under ZDSC con-
trol decomposes increasing the stator current I, and
the rotor speed w, respectively. Consequently, when
the stator power factor PFj is low, the performance
of the PMSG drive will be reduced by the increased
apparent power S for producing the generator torque
T, and increasing the winding losses.

Considering the generator active power Ps of the
PMSG under ZDSC control, it is expressed as

Wi i,
P,=3. : PEy
/2 V2
=3V, I, -cos(ibs),

s = 900 P |
P, sin (16)

(17)

where V; and I; are the rms voltage and phase cur-
rent. Stator power factor angle ¢, can be calculated
by (16) with the PMSG parameters.

From (17), the relationship between the generator
active power P, and the stator power factor PF, can
be obtained. The generator active power is reduced
when the stator power factor is deteriorated.

4. SIMULATION RESULTS

The performance enhancement of PMSG systems
with the control of the generator-side converter using
d-axis stator current control strategy (Fig. 1) was
simulated in the Matlab /Simulink software for a wind
generation system. The PMSG parameters are given
in Table I. The simulation results are shown in Figs.
7 to 9.

In order to simulate the transient response of the
proposed control system, Fig. 7 shows the simulated
waveforms during the start-up of the PMSG wind tur-
bine system. Generator speed w,, is assumed to have
a ramp start-up from 0 pu at 0.1s to base speed at
1s as shown in Fig. 7(a). The transient waveforms of
the stator voltage (phase a) v, stator currents i, and
dg-axis stator currents i4s,1%4s are shown in Fig. 7(b)
and (c), respectively, connected to the stand alone re-
sistive load, the waveforms of stator voltage becom-
ing the switching pulse due to the switching effect of
the inverter. In contrast, the waveform of the sta-
tor currents have been filtered through the inverter
impedance and according to the high switching fre-
quency of the inverter, stator currents are smoothing
sinusoidal. The generator torque T, starts to ramp
up and follows to the optimal reference torque T for
MPPT up to the base value, and the kept constant is
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Table 1: Permanent magnet synchronous generator parameters

Permanent Magnet Synchronous Generator Parameters
Real Base Per-unit
Rated Mechanical Power 2.448 | 2.448 | MW 1.0
Rated Apparent Power 3.419 | 3.419 | MVA 1.0
Rated Phase Voltage 2309.4 | 2309.4 \% 1.0
Rated Stator Current 490 490 A 1.0
Rated Stator Frequency 53.33 | 53.33 Hz 1.0
Rated Rotor Speed 400 400 rpm 1.0
Number of Pole Pairs
Rated Mechanical Torque 58.459 | 58.459 | kN.m 1.0
Rated Rotor Flux-Linkage | 4.971 6.891 Wb 0.7213
Stator Winding Resistance | 24.21 | 4655.7 | m(2 0.0052
d-Axis Stator Inductance 9.816 | 13.965 | mH 0.7029
g-Axis Stator Inductance 9.816 | 13.965 | mH 0.7029
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Fig.7: Simulation results of the PMSG with ZDSC
control schemes under ramp-startup conditions. (a)
generator speed, (b) phase stator voltage, (c) dg-axis
stator currents and phase stator currents, and (d)
generator torque.

shown in Fig. 7(d). With the ZDSC control scheme,
the d-axis stator current is kept at zero and the re-
sponse of the g-axis stator current doesn’t affect the
d-axis stator current response. In addition, the g-axis
stator current is proportional to the generator torque.

Fig. 8 shows the performance of the PMSG with
the purposed control scheme under the start-up con-
ditions. When the generator speed w,, increases to
0.8 pu, the PMSG reaches 0.99 pu efficiency n and
slightly fail to 0.95 pu whilst the generator speed in-
creases to the base speed. In contrast, the stator
power factor PFj showed different changes by de-
creasing steadily from 1 pu to 0.71 pu. According
to the increase of the appearance power S to com-

pensate the generator torque T, and active power P;
around the base speed range, reduction of the PMSG
efficiency is occurring at the same time.

Fig.9 shows the simulated waveforms of the PMSG
during the wind speed v,, step change. Wind speed is
assumed to have a stepped-up from 3.6 m/s to 12 m/s
at 0.1s and fell sharply to 6 m/s at 0.5sec and then
rose slightly reaching around 7.8 m/s at 0.9s. Lastly,
wind speed decreased steadily to 4.8 m/s at 1s then
remained stable as shown in Fig. 9(a). On the other
hand, the wind speed is proportional to the gener-
ator speed according to a gearbox ratio Fig. 9(b)
and (c) shows the transient waveforms of the stator
voltage (phase a), stator currents and dg-axis stator
currents, respectively. Fig. 9(d) shows the optimal
reference torque for MPPT and the generator torque.
The generator torque follows the optimal reference
torque excellently in transient and steady states.

The transient of the mechanical power P,, and
generator active power Py are shown in Fig. 9(e).



56 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.11, NO.2 August 2013

12m/s

o / 7.8m's
0. a)

04 J4 wo &, 4.8m/s
7

0 MUY ©

|
Il
il

W

b FIC
eee A e eeeenees

toor (€)

il

3 U]\H/l

\f_- I &T, @

ow)
.

o P J/ ©

04 J
/
02| 2

0 02 04 06 08 1 12 14
Time (s)

Fig.9: Simulation results of the PMSG with ZDSC
control scheme under wind speed step changes con-
dition. (a) wind and rotor speed, (b) phase stator
voltage, (c¢) dg-axis stator currents and phase stator
currents, (d) generator torque, and (e) generator ac-
tive power and mechanical power.

At the instant time when the wind speed steps up,
the MPPT operation gives the demand for generator
torque to increase. The increase of generator torque
leads to a higher mechanical power output. As the
speed rises up to the base speed, the generator’s ac-
tive power increases, as well. The generator’s active
power reaches a high point at 0.95 pu. It’s wind-
ing loss show a 5% (0.05 pu) reduction in power. In
contrast, during the wind speed step down transient,
the generator torque is first reduced. At the speed
slowdown from a base speed of 7 m/s at 0.4s, the
generator’s active power fail, accordingly and kept
constant at a steady state of operation. The mechan-
ical power and the generator’s active power almost
have the same value, due to a very small winding loss
in the machine. Consequently, it is verified that the
proposed control scheme can realize high efficiency
performance from 0 pu to base speed range, especially
in the mid-operational range.

5. CONCLUSIONS

In this paper, a performance enhancement of
PMSG systems with control of the generator-side con-
verter using d-axis stator current controller was pro-
posed and its performance was analysed. The control
strategy was developed for the optimized generator
operation whilst extracting the maximum power from

wind. The proposed control system decouples the d-
axis and g-axis stator current control through vector
control for the generator-side converter. Particularly,
the generator current was minimized to reduce the
machine winding losses for the achievement of max-
imum overall performance and efficiency. The oper-
ating principles and theoretical analysis were verified
using simulation results that exhibited improved high

performance and high efficiency.
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