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a b s t r a c t

A stator flux oriented synchronous reference frame - phase locked loop (SRF-PLL) is proposed for the pre-

cise computation of rotor speed and position of permanent magnet synchronous machine (PMSM). A

direct method of rotational speed computation based on the stator electromotive force (EMF) is initially

formulated. Using the speed as a reference to the inverse Park and Clarke transformation blocks, the

three-phase positive sequence stator flux is derived. A pre-stage low pass filter (LPF) is implemented

to cancel out the ripples in the d-q components of the stator flux introduced by the dynamic operating

conditions of inverter non-linearities and grid disturbances. The estimated three-phase positive sequence

stator flux is used to compute the rotor position by aligning the total stator flux along the direct axis

through a PLL block. Provision of the frequency amendment and ripple cancellation outside the PLL block

results in a fast-dynamic response with an enhanced frequency adaptable capability. To validate the

effectiveness of the proposed method, the sensorless vector control of grid integrated PMSM based

wind-driven generator (WG) is analytically verified using the PSCAD/EMTDC simulation tool under var-

ious dynamic operating conditions such as wind speed variation and grid disturbances.

� 2017 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Permanent magnet synchronous machines (PMSMs) are making

remarkable advancement in the field of various application specific

drives due to the development of high performance magnetic

material adjuvant to higher torque density and efficiency [1–3].

Specifically, in wind mill generators, its development has attracted

a great deal for the inherent characteristics of high-controllability,

robustness and maintenance-free operation [4–6]. In such ac drive

applications, vector control has gained popularity owing to high-

performance torque control characteristics like that of dc

machines. Conventionally, the controllers employed involves in

sensing the rotor speed and position using a rotary encoder. How-

ever, such hard-wired sensors with increased cost, reduced relia-

bility and wired feedback demands a sensorless estimation of

rotor speed and position. [7–9]. An accurate estimation of rotor

speed and position appears to be more challenging under dynamic

operating conditions like wind speed variation and grid distur-

bances in the grid integrated wind-driven generators (WGs). Sev-

eral open-loop and closed-loop schemes of sensorless rotor

speed/position estimation are reviewed in [10], where the precise

estimation of the rotor speed/position by means of the open-loop

scheme strongly depends on the accurate measurement of system

parameters.

Rotor speed estimation is generally carried out by differentiat-

ing the rotor position which is computed by arc tangent of orthog-

onal electromotive force (EMF) or the stator flux. Adaptive

mechanisms such as sliding mode observer (SMO) and model ref-

erence adaptive system (MRAS) have been explored to estimate

the stator EMF or flux by comparing the PMSM parameters with

the reference model values. The observer models in [11,12] are

repeatedly tuned to match the estimated system values to the

actual values based on fuzzy training and artificial neural network,

respectively. Likewise, a traditional observer [13], an iterative SMO

[14], SMO with sigmoid function [15] and a discrete time-SMO

with parameter adaption scheme [16] have been implemented to

estimate the EMF. A direct method of stator flux estimation from

the measured stator current and commanded stator voltage is also

presented in [17,18]. In the available direct and indirect methods,

apart from complex computational procedures, rotor speed esti-

mation results in transient errors caused by a low pass filter

(LPF) employed to suppress the spikes introduced during differen-

tial operation of rotor position.
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A quasi SMO current model is designed to estimate the stator

flux and rotor position with saturation function instead of a sign

switching function to mitigate the chattering problem [19]. How-

ever, both the non-linear sign and saturation switching functions

introduce noise at the estimated system values. To avoid an incor-

rect parameter convergence of two unknown quantities, the flux

linkage and the rotor speed estimation based on extended kalman

filter (EKF) and MRAS respectively is proposed in [20]. A similar

case is discussed in [21–23] with improved SMO and MRAS

method of EMF and rotor speed estimation respectively. A reactive

power based MRAS speed estimation was discussed in [24]. How-

ever, the reference models use an adaptive filter at the output stage

to filter out the noisy contents from the estimated system quanti-

ties (EMF or flux), which adversely affects the dynamic speed

tracking ability of the models. Generally, rotor position estimation

of these conventional methods result in error amplification

because of an arc tangent computation of estimated orthogonal

back-EMFs.

A quadrature-phase locked loop (Q-PLL) based rotor position

computation by applying the estimated stationary frame of back

EMF is described in [25–27]. On the contrary, in [28–30] rotor

speed and position are computed by forcing the position error

to zero through the controller. The position error is estimated

by tracking the difference between the real d-q axis and the esti-

mated/observed axis. Instead of forcing the position error to be

zero, a voltage pulse is applied on one of the estimated axis

and a coupling component is observed on the other axis. The exis-

tence of the coupling component indicates the position error and

the component is processed through the controller to obtain zero

position error [31]. Regardless of PLL and estimated d-q axis for-

mation of rotor position computation, the speed/d-q frame quan-

tities are predicted on model based techniques. Since adaptive

models are framed with reduced order computation under several

assumptions and approximations, rotor speed will not be pre-

cisely estimated in addition to complex computational

procedures.

The objective of the present study is to bring forth a simple and

accurate rotor speed/position computation without adopting

observer based models for the enhanced control of grid integrated

PMSM based WG under various dynamic operating conditions. A

stator flux oriented synchronous reference frame (SRF) PLL with

a pre-stage LPF and frequency amendment is proposed in this

paper to precisely compute the rotor speed and position. Section 2

describes the analytical modelling of the wind turbine coupled

PMSM. Section 3 illustrates the dynamic operational impacts on

the system parameters of WG integrated to the grid by means of

a back to back voltage source converters (VSCs). Section 4 details

the proposed method of rotor speed and position computation.

This section also demonstrates the controlling techniques adopted

for the back to back converters. Section 5 presents the analytical

simulation of the proposed sensorless computation of the rotor

speed and position for the grid integrated PMSM based WG under

various dynamic operating conditions using the PSCAD/EMTDC

simulation tool. Section 6 concludes the validation of the proposed

method.

2. PMSG modelling

The PMSM modelling in stationary reference frame [32] can be

expressed as

v sa ¼
dwsa

dt
þ Rsisa ð1Þ

v sb ¼
dwsb

dt
þ Rsisb ð2Þ

Also, according to the permanent magnet (PM) rotor flux orien-

tation, the machine modelling in synchronous reference frame can

be described as

vsd ¼ �xeswsq þ Rsisd þ
dwsd

dt
ð3Þ

vsq ¼ xeswsd þ Rsisq þ
dwsq

dt
ð4Þ

where the stator flux linkage in the d-q frame is expressed as

summation of the induced flux in the stator due the stator current

and the rotor PM flux

wsd ¼ Lsdisd þ wrd ð5Þ

wsq ¼ Lsqisq þ wrq ð6Þ

The rotor magnets are assumed to be aligned along d-axis,

therefore q-axis magnetic flux is zero and the rotor fluxes can be

represented as

wrd ¼ wPM ð7Þ

wrq ¼ 0 ð8Þ

The two-mass drive train shaft model of the PMSM is employed

as given in (9)–(11) for an accurate depiction of the system

mechanical characteristics [33]

Twt � Tsh ¼ Jwt

dxwt

dt
ð9Þ

Tsh � Te ¼ Jr
dxr

dt
ð10Þ

Tsh ¼ Kðxwt �xrÞ ð11Þ

where the shaft stiffness K is inversely proportional to number

of pole pairs.

3. Characterization of grid disturbances and inverter non-

linearity

Rotor position can be computed from the stator flux, as the sta-

tor and rotor flux vectors rotate synchronously. The precise estima-

tion of rotor speed and position is possible only if an undistorted

SRF component process through the PLL block. However, grid dis-

turbances and inverter non-linearities introduces ripple in the

SRF components. Hence, to estimate the rotor speed and position

precisely under different dynamic operating conditions of the sys-

tem, the impact on the generator parameters must be primarily

analysed quantitatively.

Various grid disturbances such as unsymmetrical voltage sag

and swell, phase-jump, dc-offset and harmonics introduce ripples

in the dc-link voltage and current which reflects correspondingly

in the stator current, EMF and the flux. Since, rotor position estima-

tion relies on the stator flux information, most importantly the fre-

quency of ripples in the stator flux need to be computed for each

case. To effectively determine the impact of various grid distur-

bances on system parameters and to implement vector control

for the back to back converters, controllers are modelled in syn-

chronous reference frame. The space vector representation of grid

modelling by aligning the grid phase voltage along q-axis is

depicted in Fig. 1. The impact of most frequent grid disturbances

that occur at wind power system grid integration point are anal-

ysed in the following sub sections [34].
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3.1. Unsymmetrical voltage sag and phase jump

Considering xVm of grid phase voltage magnitude and /o phase -

angle jump in ‘a-phase’, the three-phase grid voltage can be

expressed as

vga ¼ xVm sinðhg þ /Þ ð12Þ

vgb ¼ Vm sin hg �
2p
3

� �

ð13Þ

vgc ¼ Vm sin hg þ
2p
3

� �

ð14Þ

By applying Clarke’s transformation as per the space vector ori-

entation depicted in Fig. 1, the grid voltages in stationary reference

frame can be computed as

vga ¼
2

3
xVm sin hg cos/þ

2

3
xVm cos hg sin/þ

1

3
Vm sin hg ð15Þ

vgb ¼ Vm cos hg ð16Þ

Under normal grid operation, i.e. for 100% of grid phase voltage

magnitude with zero phase – angle jump of / ¼ 00, (15) and (16)

can be written as

vga ¼ Vm sin hg ð17Þ

vgb ¼ Vm cos hg ð18Þ

It is clear from (15) and (16) that, the stationary reference frame

voltages are not equal in magnitude under voltage sag and phase-

jump and their magnitude varies in proportion to the dip and

phase-angle jump of the grid voltage. This effect exactly replicates

in the synchronous d-q frame as oscillation components and the

grid voltages in positive synchronous frame can be expressed as

v
þ
gddc ¼

Vm

3
sin 2hgðx� 1Þ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

osc

ð19Þ

v
þ
gqdc ¼

Vm

3
ðxþ 2Þ

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

dc

þ
Vm

3
ð1� xÞ cos 2hg

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

osc

ð20Þ

Accordingly, the synchronous reference frame voltages are not

pure dc and it also has double frequency oscillation components

under voltage sag and phase jump.

3.2. Voltage harmonics

For grid disturbance with the predominant components of 5th

and 7th harmonics the stationary and synchronous reference frame

grid voltages can be computed as

vga ¼ V1 sin hg þ V5 sin 5hg þ V7 sin 7hg ð21Þ

vgb ¼ V1 cos hg � V5 cos 5hg þ V7 cos 7hg ð22Þ

v
þ
gddc ¼ �V5 sin 6hg � V7 sin 6hg

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

osc

ð23Þ

v
þ
gqdc ¼ V1

|{z}
dc � V5 cos 6hg þ V7 cos 6hg

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

osc

ð24Þ

where V1, V5 and V7 represents the fundamental, 5th and 7th

harmonic components of the grid voltage. It is noted that the mag-

nitude of vga and vgb are not equal due to the presence of harmon-

ics. This variation in magnitude imitate as oscillation in the d-q

frame grid voltages with six times the grid frequency oscillation.

3.3. DC offset

The grid voltages in stationary and SRF with a dc offset of Voff in

‘a-phase’ grid voltage can be expressed as

vga ¼ Vm sin hg þ
2

3
Voff ð25Þ

vgb ¼ Vm cos hg ð26Þ

v
þ
gddc ¼ �

2

3
Voff cos hg

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

osc

ð27Þ

v
þ
gqdc ¼ Vm

|{z}

dc

þ
2

3
Voff sin hg

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

osc

ð28Þ

DC offset introduces fundamental frequency oscillation in SRF

voltages. In general, the d-q frame grid voltages under various grid

disturbances can be expressed as

v
þ
gd ¼ v

þ
gddc þ v

þ
gdosc ð29Þ

v
þ
gq ¼ v

þ
gqdc þ v

þ
gqosc ð30Þ

Consistently the d-q frame grid currents also have a dc and

oscillation components and hence the grid active and reactive

power. In turn, the variation in active power creates an equivalent

oscillation in the dc-link voltage and the currents. Even though

PMSM is completely decoupled from the grid by means of a power

conditioning circuits, the ripples in the dc-link voltage and current

will equally be reflected in the PMSM system parameters under

grid disturbances. Henceforth, the stator flux in d-q frame under

various grid disturbances can be written as

wsd ¼ Lsdisdþ þ wPM
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

dc

þ Lsdisd�
|fflfflffl{zfflfflffl}

ripple

ð31Þ

wsq ¼ Lsqisqþ
|fflffl{zfflffl}

dc

þ Lsqisq�
|fflffl{zfflffl}

ripple

ð32Þ

The presence of ripples in the stator flux makes the rate of

change of flux component in (3) and (4) to be a non -zero value

and hence this term must be considered for system analysis. The

impact of various grid disturbances can be represented in Lissajous

pattern of stationary reference frame as illustrated in Fig. 2. Typi-

cally, the flux pattern will be circular in shape according to Lis-

sajous curve representation under undistorted stationary

reference frame. However, the grid tied WG employing power con-

Fig. 1. Space vector representation of grid phase voltage.
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verters distort the stator flux due to the existence of various grid

disturbances and converter nonlinear characteristics, resulting in

non-circular flux pattern.

3.4. Inverter non-linearities

The power conditioning circuit employed for the PMSM also

introduces harmonics in the estimated system quantities due to

its nonlinear characteristics. Specifically, the voltage source con-

verter causes ð6hr � 1Þth harmonics in the estimated stator flux

and result in ð6hrÞ
th harmonic ripples in the estimated rotor speed

and position [26], analogous to grid voltage harmonics discussed in

Section 3.2.

Thus, the influences of various grid disturbances and inverter

nonlinearities introduce ripples in d-q axis components of stator

flux in addition to dc components resulting in an inaccurate com-

putation of rotor speed and position.

4. Proposed method

The proposed method involves in direct computation of rotor

reference angular speed followed by PLL based rotor position esti-

mation without opting any observer/adaptive models.

The procedure for computing the PMSM rotor position com-

prises of five primary stages. In the first stage, the rotor reference

angular frequency is computed while the second stage involves fil-

tering of positive sequence d-q flux components using LPF, third

stage transforms the positive sequence d-q fluxes to three-phase

components using computed angular frequency in first stage. Then

the stator flux position is computed in fourth stage by aligning the

total stator flux in assigned d-axis by adopting SRF-PLL. Eventually,

in the final stage the rotor position is computed by relating the

rotor and assigned stator flux components. The computational pro-

cess of all the five stages is discussed in detail in the Sections 4.1

and 4.2.

4.1. PMSM reference angular speed computation

The induced EMF of the stator in d-q frames are given by

esd ¼ xeswsq ð33Þ

esq ¼ xeswsd ð34Þ

Rewriting (33) and (34) stator flux components in terms of sta-

tor current results in

esd ¼ xesLsqisq ð35Þ

esq ¼ xesLsdisd þ wPMxes ð36Þ

The induced EMF in the stator can be expressed with q-axis cur-

rent confined to electromagnetic torque and d-axis current

assigned to be zero for controlling purpose

esq ¼ wPMxes ð37Þ

The reference speedx�
es of the rotor is computed from esq, which

can be determined from (4) based on positive sequence flux com-

ponent and commanded stator voltage.

4.2. Rotor speed and position computation

The rotor speed and position is computed by assigning the sta-

tor flux oriented SRF da � qa as shown in Fig.3a. Primarily, stator

flux position d is computed by forcing q-axis stator flux to be zero

in the PLL loop phase detector as depicted in Fig.3b and later the

rotor position hr is computed based on the relation between the

rotor and assigned stator flux components. Effective speed tracking

and precise position estimation is possible with PLL only if the loop

is updated with angular speed and parameter processed through

the loop is ripple free. Accordingly, a speed forward loop with

LPF and a loop filter is added in the conventional PLL block in

[25,34], respectively. LPF is used to supress the spikes introduced

during reference speed manipulation. However, the inclusion of

the filters in the PLL block slows down the response and introduces

complexity in the controller parameters design. To improve the

dynamic response and to exactly track the rotor speed and position

a pre-stage LPF and frequency amendment block is proposed in

this paper. Initially, a pre-stage LPF is used to extract the positive

sequence flux components wþ
sddc;w

þ
sqdc from the estimated quantities

wsd;wsq and it is transformed into three phase components

wþ
sadc;w

þ
sbdc;w

þ
scdc using the computed reference angular speed. Then

the three phase positive sequence fluxes are processed through

SRF-PLL to estimate the stator flux position d by aligning the total

stator flux in da-axis. Finally, the rotor position is computed by

deriving the relation between the rotor and assigned stator flux

components as given below

wrd

wrq

" #

¼
cosðd� hrÞ � sinðd� hrÞ

sinðd� hrÞ þ cosðd� hrÞ

� �
wsd

wsq

" #

ð38Þ

Consistent with rotor flux orientation ðwrd ¼ wPM;wrq ¼ 0Þ and

stator flux PLL synchronisation ðwsd ¼ ws;wsq ¼ 0Þ further simplifi-

cation of (38) yields

Fig. 2. Lissajous pattern of grid voltage under various grid disturbances [(i) positive sequence, (ii) negative sequence and (iii) resultant] (a) 70% voltage dip and +10� phase-

angle jump in ‘‘a-phase’ (b) 15% of 5th and 7th harmonics (c) 10% of dc voltage offset in ‘a-phase’.
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hr ¼ d� cos�1 wPM

ws

� �

ð39Þ

hr ¼ d ð40Þ

where ws denotes the total stator flux. As hr will not be equal to

d, rotor position can be computed using (39). Besides the means of

PLL and assigned d-q frame of position estimation, the proposed

method does not employ observer models to estimate the system

quantities [25–27] or the reference frame [28,29] as depicted in

Fig. 4. Moreover, this method gives an optimal solution with fast

dynamic response and simple controller design due to filtering

and frequency amendment stage outside the PLL block.

This proposed method of sensorless computation of rotor speed

and position is employed for the vector control of grid tied PMSM

based WG. The control techniques adopted for the back to back

VSC is discussed in the subsequent section.

4.3. Vector control of PMSM based WG

An active power regulation of PMSM based WG is realized with

dc-link voltage control on machine side converter (MSC) and active

power control on grid side converter (GSC) as shown in Fig. 5. The

vector control of the MSC is designed with the proposed method of

rotor angular speed and position computation. The outer dc-link

voltage control loop is formulated using a dc-link current

expression

C
dVdc

dt
¼ idc1 � idc2 ¼ i

0
ð41Þ

From this outer dc-link voltage control loop, the inner loop cur-

rent reference i
�
sq is generated based on the generator electric

power

Pem ¼ 1:5ðesqisq þ esdisdÞ ð42Þ

where Pem is represented in terms of induced stator emf

GSC is regulated to exercise optimum active power flow in addi-

tion to maximum power capturing. Active power control is

achieved by regulating the grid active power reference in conso-

nance with the wind power system operating condition [35]. The

operating conditions include wind speed variation and grid distur-

bances. The various grid disturbances considered are symmetrical

and unsymmetrical voltage sag, phase-jump, dc-offset, etc. Active

power injection during symmetrical voltage sag will not introduce

oscillation in the system parameters of dc-link voltage, grid active

and reactive power and therefore does not affect the shape of the

grid current. Nevertheless, unsymmetrical grid voltage sag, phase

jump, harmonics and dc offset introduce considerable percentage

of oscillation in the system parameters due to the presence of neg-

ative sequence grid voltage component. This results in unsymmet-

rical and non-sinusoidal grid current injection into the grid. To

obtain symmetrical and sinusoidal grid current pattern, a dual vec-

tor current control loop has been implemented on the GSC for pro-

cessing the positive and negative sequence current components

[36]. In addition to complex controller design, the technique

involves the decomposition of positive and negative sequence

components. Whereas in [37], the control scheme has been real-

ized to regulate the positive sequence active and reactive power

components to enhance the grid current pattern. Contrast to this

method, a control technique is proposed in this paper in positive

Fig. 3. Proposed method of PMSM rotor speed and position estimation (a) Space vector representation (b) SRF-PLL.

Fig. 4. Conventional methods of PMSM rotor position estimation by (a) Q-PLL (b) estimated d-q frame.
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synchronous frame with positive sequence components of grid

angular frequency and phase angle as depicted in Fig. 5 to obtain

the sinusoidal and symmetrical grid current pattern. The grid

angular frequency and phase angle are estimated by adopting

moving average filter (MAF) based PLL [38].

5. Simulation results

A PSCAD/EMTDC simulation tool is used to design and validate

the behavior of the proposed angular speed and position estimator

for a 1.5 MW rated PMSM. The method has been analyzed for all

possible operating conditions with respect to wind turbine and

grid as discussed further.

Case (i) In this case change in wind velocity has been taken as a

testing parameter. The speed tracking response of the proposed

method for an average change in the wind velocity from 10 m/s

to 12 m/s at t = 10 s is illustrated in Fig. 6. It is observed that the

estimated rotor angular frequency tracks the actual average value

of 267 rad/s and 322 rad/s corresponding to the wind velocity of

10 m/s and 12 m/s respectively. A good tracing of rotational speed

is obtained with the worst case transient error of �1:5%. Compar-

ison between the measured and estimated rotor position is plotted

along with the stator current to show an efficient angle tracking

mechanism of the proposed method.

Case (ii) An angular rotor speed and position tracking ability

under low speed operating region of the generator is tested with

the proposed method. Initially, the machine is operated closely to

50% of the generator rated speed i.e. 159 rad/s and at time t = 10 s

the speed is changed nearly to 25% (77.19 rad/s). The performance

comparison of the measured and estimated angular frequency is

depicted in Fig.7(a). Also, the rotor position comparison between

the actual and estimated value with the corresponding variation

in stator current is shown in Fig.7(b).

Case (iii) The rotor speed and position tracking ability of the

proposed method with inverter non-linearties is analysed in this

case. It is observed from Fig.8(a) and (c) that considerable percent-

age of oscillation appears in the d-q stator flux components prior to

the filtering stage. However, with the proposed method the oscilla-

tion in the flux components is completely suppressed as indicated

in Fig(b) and (d), and the precise rotor speed and position estima-

tion is illustrated in Fig.8(e) and (f), respectively.

Case (iv) The measured and the estimated rotor position during

the grid disturbance of 70% voltage dip and +10� phase jump in ‘a-

phase’ grid voltage is shown in Fig. 9. The fault is created at t = 5 s

and cleared at t = 8 s. The ripple exists in the estimated d-q compo-

nents of the stator flux due to the presence of twice the grid fre-

quency oscillations in the dc-link voltage and grid active power

as depicted in Fig. 9(h) and (i) during the grid fault condition. How-

Fig. 5. Sensorless rotor angular frequency and position vector control scheme for PMSM based WG.

Fig. 6. Rotor angular frequency and position computation for the change in wind speed (a) wind profile, m/s; (b) measured and estimated rotor angular frequency, rad/s; (c)

measured and estimated rotor position, rad; (d) three-phase stator current, A.
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ever, due to the incorporation of a pre-stage LPFs the ripple in the

components are filtered out and the rotor position is estimated

exactly. During grid disturbance, the active power reference P�
g

on the GSC is regulated with respect to the reduction in grid volt-

age and generator rated speed. P�
g is initially set to 1.46 MW to cap-

ture the maximum power from the WTG and later it is reduced to

1.39 MW corresponds to rated speed of the generator. This change

in power regulation causes the generator speed to change from

322.06 rad/s to 368.55 rad/s and their respective estimated rotor

positions under transient period is depicted in Fig. 9(f) and (g).

Fig. 9(j) and (k) compares the grid current waveform shape

between the conventional and proposed GSC vector control

schemes during fault period.

Case (v) Rotor position estimation under the distorted utility

condition with 7% of 5th and 7th harmonic components are depicted

in Fig. 10. The distorted condition is created at t = 5 s and cleared at

t = 8 s. Since there is no reduction in grid voltage, the active power

reference P�
g ¼ 1:46MW is maintained during disturbance period

also. The frequency of oscillation in the grid active power during

the distorted period is six times the grid frequency as presented

in Fig. 10(d). During this period, the percentage of error between

the measured and computed angular frequency falls within

0.05%. The proposed GSC controller gives sinusoidal and symmet-

rical grid current pattern even under distorted utility compared

to conventional controller as shown in Fig. 10(e) and (f).

6. Conclusion

A direct method of an angular reference speed is initially com-

puted based on the stator EMF to update the speed tracking mech-

anism of the PLL. Contradictory to the conventional way of PLL

rotor position estimation, the SRF PLL is implemented primarily

to determine the assigned stator flux position and then the rotor

position is computed using this stator flux position. The major

advantage of this proposed method is that observer based model

is not required with complex controller design to estimate the sys-

tem quantities. Also, this method results in fast-dynamic response

due to pre-filtering and frequency updating stages. The effective-

Fig. 7. Rotor angular frequency and position computation for lower speed region: (a) measured and computed rotor angular frequency, rad/s; (b) measured and computed

rotor position, rad; (c) stator current, A.

Fig. 8. Rotor angular frequency and position computation under the effect of inverter non-linearities: (a), (b) stator d flux components before pre-stage filter and after PLL

synchronization, Wb; (c), (d) stator q flux components before pre-stage filter and after PLL synchronization, Wb; (e) measured and computed rotor angular frequency, rad/s;

(f) measured and computed rotor position, rad.
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ness of the proposed method is validated by adopting the sensor-

less vector control of grid tied PMSM based WG under various

dynamic operating conditions such as wind speed variation and

grid disturbances.

Accurate rotor position estimation, with a steady state and tran-

sient error of less than +0.2� and +1� under speed transitions, and

low settling time validates the proposed scheme. Equally, the

worst case steady state and transient error in speed estimation is

less than 0.2% and 1.5% respectively under various grid distur-

bances. Furthermore, the scheme possesses high starting position

tracking ability with reduced steady state and transient errors

under various dynamic operating conditions.

Appendix A

Multiple-pole PMSM parameters

Power Pm 1.5 MW

Speed xm 28 r/min

Current Is 961.5 A

Torque TL 5.7 � 105 N-m

Number of pole pairs pp 120

Armature resistance Rs 0.0081 X

Magnet flux linkage/pole WPM 2.458 Wb

d-q axis inductance Lsd=Lsq 1.2 mH

Fig. 9. Rotor speed and position computation under a grid disturbance of 70% voltage sag and +10� phase jump in ‘a-phase’ (a), (b) stator d flux components before pre-stage

filter and after PLL synchronization, Wb; (c), (d) stator q flux components before pre-stage filter and after PLL synchronization, Wb; (e) measured and computed rotor angular

frequency, rad/s; (f), (g) estimated and measured rotor position during transient, rad; (h) dc-link voltage, V; (i) grid active power, W; (j), (k) grid current under grid

disturbance with conventional and proposed GSC controller, A.
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Appendix B

Nomenclature

v ; i Instantaneous value of voltage and current

e;w Instantaneous value of EMF and flux

Twt ; Tsh Wind turbine and shaft mechanical torque

Te Electromagnetic torque of PMSM

xes Angular velocity of PMSM

JwtandJr Moment of Inertia of wind turbine and PMSM

Rs; Ls Stator resistance and inductance of PMSM

wPM PMSM rotor flux

pp Number of pole pairs

dcandosc dc and oscillating components.

hr Angle between b-axis and rotor d-axis

d Angle between b-axis and assigned da-axis

First subscript

s; r Stator and rotor

d; q Synchronous reference frame

a; b Stationary reference frame
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