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Abstract: This paper investigates the effects of rotor position
error  and machine parameter inaccuracies on a
vector-controlled DFIG turbine system. A detailed modeling of
the errors has been provided and simulation results show that
the error in rotor position has a significant effect on the
performance and stability of the entire system. It has been
established that for properly tuned Pl controller gains, the
machine parameter mismatches do not affect the stability of the
system even though they mildly affect the placement of the
system polesin the left-hand plane.
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I. INTRODUCTION

Doubly-Fed Induction Generators (DFIGs) are widely
used in wind turbine power applications. They are
comparatively cheaper since the converters are not rated at full
turbine power. The common control schemes used to control
the flow of active and reactive powers to and from the grid
include Direct Power and Direct Torgue controls [1]-[3], and
Vector control [4]-[6]. The former have the advantage of
having a smpler structure and less dependence on machine
parameters. The drawback of the Direct Torque control is that
it requires variable switching frequency.

In the vector control schemes, decoupling of active and
reactive powersis usually achieved by aligning the d-axis on
either the stator flux vector position [5], [6] or the stator
voltage vector position [4]. Fig. 1 shows a typical vector
control scheme utilizing coordinate transformations which
heavily rely on accurate knowledge of the rotor position as
well as stator flux/voltage angle. Therefore, any error in angle
measurements/estimates will result in inaccurate reference
signals (voltages, currents, speed and power).

Reference [5] investigates the effects of errors in dip
angle while [6] and [7] examine the sengitivity of the vector
control scheme system to errors in estimating machine
parameters such asthe stator, rotor and mutual inductances as
well astherotor position error [6] in a sensorless model. This
paper analyzes the combined effect of the inaccuracies in
machine inductances and rotor position for the control system
showninFig. 1.

The symbols used here are defined below:
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"o : observed and reference variables

Vgs Vas Vor » Var © Stator and rotor g—d voltages
Igss Igssiqr s Igr » Stator and rotor g—d currents
l'gss las g | o = Stator and rotor q—d flux linkages

W,, W, : Stator reference and rotor angular speeds

Je. q, : Stator reference and rotor angles

ds =ds—d,: Sipangle

AQq :dg —Qg : Errorindlip angle

Wg =W, —W, : Slip speed

L., L,, L, : Stator, rotor and mutual inductances

s =1- 12 /L.L, : Leakage inductance

€, =Wg /Wy, € :Er/Lr: & =S/s, e :Es/Ls
T, T,y : Electromagnetic and turbine torques

P,J
turbine-generator system and p = d/dt : time derivative

Number of poles and inertia of combined

kp . Kp kg, and ki k", k: Proportional and integral gains

of current, speed and reactive power controllers.

[I. MODELING THE EFFECTSOF ERRORS

A. Inner Current Control Loop
The g-—d axes current controller can be modeled as:

pr = i;r - iAqr )
pxg = i;r - iAdr
" KS ). =~
Vor _[klcnlJr_lle('qr 'qr)
) 2
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Figure. 1: Rotor-side Converter Control Structure

It can be shown that the observed rotor voltage equations are
given by:

IAdsV’\\/sr

s )

~ L% ~
Vg =Kpigr —Kpigr

+ kX +SWg Lig +

| >
4

~ C % c CoC A A
Var = kp2ldr _kpzldr + I(i2X2 _WerLrIqr

Combining (1) and (3), afourth-order dynamic system can be
obtained asin (4).

px= A°x+B°u+E° (4)
where x=[iAqr i X xg]r, u=[i;r i;r]r and the
system matrix is given by (5).

kS W L |
Ty L SWelp ikf 0
sL, sL, sL,

A=, Wyl Itk 0 ikiC '

sL, sL, sL,
-1 0 0 0
0 -1 0 0o |
©)

An important observation of the system matrix A° is that it
does not contain any slip angle terms. Therefore the stability
of the current controller is unaffected by error in rotor
position.
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B. Sability Analysis

Using the Routh-Hurwitz criteria for a fourth order
polynomial, we can establish the conditions for system
stability can be established. The Characteristic equationis
given by:

D(s)=a,s* +a;s° +a,5° +as +a, (6)

where g, = (kic/sLr )2,
ay = (2r, k¢ + 2k°KS ) /s 212,

1 [2rkp+2sL kS +wis L7 +Wis AL?
a = ——

2,2 A AS 2
S “Li | - 2wgsL,WgSL, + (kg) +17?

a; = Z(rr + kg)/er, and a, =1.

From the coefficients of the characteristic equation (6),
a,, 8,8y, and a, are obvioudy al positive provided the
controller gains are positive. However, the coefficient a,
needs a little more investigation to establish its range. From
the contour plot of a, showninFig. 2, itissafeto say that for
properly tuned controller gains, the stability of the current
loop is robust to the errors in rotor position and machine
parameters. The plots in Fig. 3 confirm this conclusion. The
real parts of the eigenvalues are fairly rooted far away from
the imaginary axis.
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Figure 3: Contour lines of the real part of the eigenvalues

asparametersarevaried: () | 1, vsrotor inductance, (b)

0.6

0.2

I 34 vsrotor inductance, and (c) | 1, vsrotor slip speed.

©)
(10)
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The observed rotor angular speed z and stator reactive power

are given by (10) and (11) respectively.
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R 3PL -

zz_E(Ez M) 4T g +Tm] (11)

~ 31 ~ 3L e

Qs = 2 |: VsI ds — I:m VsT 1Idr (12)
S S

where T isthe af to gd transformation block given

COSAQ, SNAQ,
by:T=| | .
—SINAQy COSAQq

Substituting (11) and (12) into (7), (8), (9), and (10):

pxX":z*+2J(§Z M| 4T g +T, J (13)
. 31 3L e
pxg = Q5 - 5 L v I ds ZA—’“VST o (14)

i =k"'X' +k}

+Tm] +kpz" (15

o = P2Jl22
. 31 o+~ 3Ly 4
lg = kiqxz kq(z L Vs I ds_EE_r:VsT l'er"'kqu (16)

After some mathematical manipulations, the combined inner
current and outer power/speed controllers, a sixth order
system is obtained with a system matrix given by (17).

a b m 0 n
cd 0 m
AP e f 0 0 k¥ O
g h 00 0 K (17)
i j 0 0 0 O
kI 0 0 0 0]

In (17), the parameters a to n are:

rr+kg 3p2 k°k® [

A= ey oL Lr: s 0 86),
b=w, —WiLr F: kscfw I:’:VSH(A%)
c=- —% ;I):;m Ais cos(0 )
d=—l—% Y)VLS | sSin(Agg ),
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7
3P’ L
ecF Lm, 45 C0s(Aqg ),
VS
f= 3P L A”‘I sin(Aqq ),
~ T a7 ~ lds st
8 L,
WeSL,  3kpkp L
=-Wg +——T"+ mVsmA
g ¥ osL, ZSLr . (Ads).
r+kp  3kpkp
h=—"—"f-— by cos(A
sL, 2sL, L, cosAdy ).
3kiL,
i=-1+> -2V sin(Aqg ),
S
3p? kiL,,
J __1__—I dSCOiAqST) !
8J S
3L, 3L
k==="V.sin(A , | =—=="V_cosAqy ),
2 (Ady) ZLSSS(qg)
C (AN
m= s ,and n—kiki
sL, sL,

I11. STABILITY AND ANALYSISFOR THE ENTIRE
SYSTEM

The investigation in this paper is performed using the
induction motor given in the Appendix. The approach
adopted here is to observe the sensitivity of each parameter
inaccuracies while holding other parameters constant. For
example, in Fig. 4, the effect of the dlip angle error on the real
part of the system’s eigenvalues isillustrated. There are three
pairsof eigenvalues. Thefirst pair | ; , isrelated to speed and

reactive power controllers, the second pair, | 5, arerelated to
the rotor current controller and the last pair | 55 relatesto the

rotor current.

From the system matrix AP, (17), it is clear that the
stability of the system depends on the slip angle error Aq, .

This is illustrated in Fig. 4(a) where the system becomes
unstable at about Agqg ~1.55rads. Figs. 4(b) and 4(c) show

that theeigenvalues | 3, and | 5 5 arterelatively stable asthe

slip angle increases. Fig. 5 (b) and (c) shows the dynamic
response of the rotor currents to an error in the rotor speed
lasting just about one cycle (60 Hz). Even though, the encoder
resets and corrects the error after one cycle, the effect on the
currents lasts much longer if not permanently.

IV. CONCLUSIONS

In this paper, the effect of rotor position error and machine
parameter inaccuracies on a vector controlled DFIG turbine
system has been analyzed. The results show that the error in
rotor position has a significant effect on the stability of the
entire system. It has been established that for aproperly tuned
controller gains, machine parameter inaccuracies do not
affect the stability of the system but affects the placement of
system poles in the left-hand plane.
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Figure. 4: contour lines of the real part of eigenvalues for
(@14, (b)13,and (c) 15 asafunction of the dip angle
error.

Rotor speed error(0.95m,) @ t = 2secs (error duration: 1-cycle)

T T lj lj lj lj T

A

qds

(b)

Figure 5: Effect of change dlip angle on rotor g-d currents.
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APPENDI X

5hp, 60Hz, 220-V line-line (rms), 6 pole wound-rotor induction
motor

Stator resistance (rs) 0.65Q
Rotor referred resistance (r,) 041Q
Stator leakage inductance (L) 2.6 mH
Rotor referred leakage inductance (L) 2.6 mH
Magnetizing Inductance (L) 0.0441H

(1]

(2]

(3]

(4]

(9]

(6]

(7]
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