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Abstract

The penetration of wind energy has been fast increasing during the last
decade across the world. In order to maintain and improve this growth
level, the EWEA introduced a wind research and development plan: the
European Wind Initiative (EWT). It aims, among others, at making onshore
and offshore power the most competitive energy source and reach wind en-
ergy penetration levels of 20% by 2020 and 50% by 2050 [7]. Because of
this growing penetration and given the high variability of wind speed pro-
files and the consequent energy shortage, regulations have been established
by the transmission system operators to define the parameters that must
be met by power plants connected to the electric network such as ride-thru
requirement and voltage regulation.

As mentioned in a EWEA report published in 2013 [6], one of the main
advantages of wind energy is its ability to contribute to the system opera-
tion and flexibility. Indeed, a variable-speed turbine equipped with power
converters has the ability to control the flow of reactive power and inject it
into the grid in periods of voltage drop to contribute to voltage stabiliza-
tion. The possibility to capture a greater amount of energy by adapting the
turbine speed to the wind velocity is another important motivation behind
the growing share of variable-speed turbines (VSWT).

Among the different VSWT topologies, the DFIG system is of special
interest given its high energy efficiency and controllability but especially
because of the low power rating - and lower cost - of its power converters



II

that only need to process one third of the rated turbine power [22]. Several
different control methods exist to control the active and reactive power flows
through these converters. Some of these algorithms will be presented in this
report and implemented both in a software simulation and on a wind turbine
test bench.
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Introduction

This project, performed with the Catalonia Institute for Research Energy
(IREC) comes from the will to install and commission a DFIG wind tur-
bine test bench for further experimentations. The system analyzed in the
computer simulation mimics the characteristics of the test bench, with the
objecitve of comparing theoretical and experimental results.

In the first stage, a wind generation system is modelled and simulated
through Matlab/Simulink. This model consists of a doubly-fed induction
generator (DFIG) coupled to a horizontal-axis wind turbine and a back-to-
back power converter that regulates the voltage applied to the rotor wind-
ings. In order to reduce the simulation time, the simulation was not designed
to represent a high level of realism such as the IGBT switching. Two con-
trol approaches were simulated for the rotor-side converter, featuring two
different control variable orientation. Once the simulation results proves
satisfying, the controls are implemented on the converter-mounted digital
signal processors (DSPs) of a test bench.

Chapter two presents the different wind turbine types, the specific char-
acteristics of a DFIG generator and the characteristics of power converters.
Chapter three describes the models and equations used to represent the
system components in simulation. Chapter four describes the control algo-
rithms for the rotor-side, the grid-side converters and an sensorless method
to obtain the rotor angle. Finally, chapter five discusses the experimental
results and complications resulting from the implementation of the controls
on a test bench.






DFIG and power converter
characteristics

In this section, the advantages of a variable speed turbine are explained
and the overall arrangement of a wind turbine generation system using a
doubly-fed induction generator is described.

2.1 Variable vs fixed speed wind turbines

Fixed-speed wind turbines were widely installed in the past because of their
simplicity and low cost. However, their design requires a direct grid con-
nection that keeps their speed constant, generates strong power and torque
fluctuations and allows maximal efficiency only at the nominal wind speed.
Varying the turbine speed offers the possibility to adapt the turbine speed
to the wind speed and operate at optimal aerodynamic efficiency in the de-
sign region. In VSWT, the electromagnetical torque is usually controlled to
follow the optimal aerodynamic Betz coefficient (Cp) in the turbine’s partial
load region. This allows achieving maximal energy conversion efficiency over
a wide array of wind speeds, reducing the mechanical stress and injecting
higher quality power in the grid [23]. Figure 2.1 shows the different system
operating modes. Below the cut-in and above the cut-out speed, the turbine
is not operated. The operating zone is divided in three sections:

e Design zone (I): The wind speed is between Viyi—in and Vi,om,, the VST
control system aims at optimizing the efficiency of the conversion from
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the wind kinetic energy to mechanical energy. This region is also called
the Partial Load Region.

e Transition zone (II): The wind speed is between V., and the wind

speed providing P,,,,,. The control objective is the same as in region
I.

e Nominal power zone (III): The wind speed is between Vo, and Veyt—out,
the high level control adjusts the blade pitch angle to limit the trans-
mitted torque and maintain the power at its rated value.

The prevalent control algorithm in operating zone III modifies the wind
turbine aerodynamic properties to limit the output power. However, on the
test bench used in the present study, the aerodynamic generator is replaced
by an induction motor emulating the WT fast-axis shaft rotation. Thus,
since the pitch angle control cannot be experimentally implemented, it has
been left out of simulation and wind speed input is limited to the speed at

Pnominal-
Power
A
Pnom ~ozmmem——mnzzzoo-
/
I I )|
‘ ‘ ‘ >
Vcut-in Vnom Veut-out  ywind
CP
A
CPmax
N
N
| 1 R E— -
Vcut-in Vnom Vcut-out  Vwind

Figure 2.1: Power and coeflicient of power of variable speed wind turbine

2.2 Doubly fed induction generator (DFIG) system

The doubly-fed induction generator (DFIG) is one type of VSWT configura-
tions whose share in the wind turbine installation has been growing during
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the last years. Doubly-fed induction generator is a common drive system
for large motors requiring limited variable speed applications. The shaft
speed is varied by controlling the amount of power transferred to the rotor
through a bi-directional voltage-source back-to-back (B2B) power converter
that features very high speed switching performed by IGBTs (Figure 2.2).
In wind turbine applications the system still requires a gearbox to accelerate
the turbine rotation into the generator.

The main advantage of the DFIG system over SCIG generators is the
capability to perform fault ride-thru and reactive power control. Further-
more, since the power converters only process the rotor circuit power —
typically 20 to 30% of rated turbine power — their size and cost is consid-
erably smaller than in full power conversion systems, where all the turbine
power is processed by the converter. These assets make the DFIG a design of
choice from the point of view of the grid operators. Its ability to assists the
grid in voltage control is especially sought after now that renewable energy
penetration is on the rise worldwide.

DFIG
Generator

Gearbox N ‘i \/ GRID

Rotor Side Grid Side
Converter Converter

Figure 2.2: DFIG wind turbine system layout

2.3 Power converters

Power electronic is increasingly used nowadays in distributed energy system.
Bi-directional AC-DC power converters offer the possibility to control the
flows of active and reactive power and therefore, are an asset when voltage
or frequency compensation and fault ride-through (FRT) are required by the
transmission system operator. The main types of converters used nowadays
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for these applications are line-commutated converters (LCC) and voltage-
source converter (VSC). The latter uses IGBTSs as the switching device and
is often preferred given its black-start capability and its supply of low har-
monic current. At low voltage levels, a two-level converter is commonly used
while multi-level technologies can be used for higher voltage applications.

The back-to-back converter is used to control the power flow in the rotor
circuit. Since the turbine needs to be operated in both super-synchronous
and sub-synchronous modes, the rotor current must be allowed to circulate
in both directions. Hence, both converters are used in alternance as rectifiers
and as inverters. They are connected together through a DC bus bar, whose
voltage must be kept constant. Sections 4.2 and 4.3 expose the control
algorithm of the rotor-side-converter and the grid-side-converter.



Modeling of the DFIG wind
turbine

This section presents the optimal methods used in software simulation of
the turbine sub-systems: turbine, transmission, generator and converters.
Since the test bench is not a perfect representation of a real WT, some
simplifications are brought to the simulation in order to allow comparison
between theoretical results and practical ones.

3.1 Turbine modeling

The wind turbine blades convert the wind energy into mechanical energy
in the form of a rotating shaft. The maximal amount of energy that can
be transferred in this manner is set by the Betz limit. Equation (3.1) [1]
represents the energy that can be captured by the blades.

P = Gy p At g (3.1)

Where C), is the coefficient of power, also called Betz coefficient. It repre-
sents the ratio between the energy that can be extracted by the blades and
the available wind kinetic energy. Since the wind speed after the wind tur-
bine still has a non-zero speed, all the energy is not transfered to the blades.
In equation (3.2) obtained by applying the Bernoulli equation through the
turbine, v; and w9 are the wind speed upstream and downstream from the
turbine respectively.
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v+ v v2 v2
Protor = PA ! 2 (1 — 2) (32)

By stating that k = vy /vy, it can be re-arranged in the following way:

1 1
Protor = 5pAu?ml . 5(1 +k)(1—k?) (3.3)

This equation is maximized when k = 1/3, which leads to an optimal co-
efficient of power of C*** = 0.59. This coefficient is characteristic to each
turbine and can be determined from the parameters ¢; to cg:

CP(\,B)=c <C211\ —c3B — B — C6> e~OTR (3.4)

Where A= Tip speed ratio = wiR/Vyind-

The power coefficient depends on the tip speed ratio A and on the blade
pitch angle. Its optimization is the key difference between fix speed and
variable speed turbines and will be one objective of the control algorithm.

3.2 Transmission system modeling

The wind turbine transmisison is represented by a one-mass system, de-
scribed by equation 3.5 and Figure 3.1. The inertia of the components
rotating on the slow-axis is gathered under the term J; while the generator
inertia is represented by J,. The torques acting on the rotating components
are the generator electrical torque T}, and the torque applied by the wind on
the blades T;.
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Jt
Jg

wg

Figure 3.1: One mass model

’ / dw
Ty=T, = (e +Jy)—" (3.5)
Where: T,= Ti/n , J,= J;/n? and n is the ratio of the gearbox linking the

fast-axis and slow-axis systems.

3.3 Generator modeling

An induction machine works on the principle of the interraction between the
stator and rotor magnetomotive forces (MMF). The stator winding currents
create a MMF rotating at grid frequency that induces a MMF in the rotor
windings if the rotor speed does not match the stator’s MMF. This induced
rotor MMF will rotate at the so-called slip frequency which has the following
value:

rotor stator
Wslip = WMMF = WMMF — Wrotor (3.6)
Where:

® wyp is the slip frequency, corresponding to the frequency of rotor
current and voltage

° sz\f[‘ﬁ\f[og is the frequency of the stator MMF, corresponding to the grid

frequency

® W, otor 18 the rotor rotating frequency, equal to the mechanical frequency
multiplied by the number of pole pairs
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(rotation

B rotor
»

A WMMF
stator

Figure 3.2: Induction machine winding layout

For simulation purposes, it is assumed that both sides are connected in Y
with the neutral being at zero voltage and have the same number of turns
(Turn Ratio=1). The following are the basic equations guiding the DFIG
generator behavior [23]:

" 0]
ot (1) = R0 + P
4 (3.7)
abc abc -abc dA? c(t)
upt(t) = B () + — 27—

ASPE(t) = Lai$"(t) + Limiy™(2)

s

3.8
AP(t) = Lii? (1) + Linis" (1) &)

Where
e [, = magnetizing inductance
e [, = stator total inductance = L;3 4+ L,
e [, = rotor total inductance = L;. + L,

In equations (3.7) and (3.8) representing the generator dynamic, all vari-
ables are expressed with relation to the stator side. Flux linkage is the
induction of an electromotive force through electromagnetic induction in
one circuit due to a current variation in a different circuit. The relation
between flux and currents is given by inductances. Self inductance is the
ratio between flux in a winding and current in this same winding while mu-
tual inductance is the relation between a winding’s flux and the current in
a different winding. The total equation is given by:
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Ls = Lss - Lsm + Lls

(3.9)
Lr = er - Lsm + Llr

It is standard practice to apply the Park transform to the system variables
in equations (3.7) and (3.8) to remove the dependance between magnetic flux
and rotor position. This operation also has the great advantage of setting 2
independent systems of variables - the d-axis and g-axis - that allows each
converter to independently control two variables.

Figure 3.3 shows the two reference frames used to transform the stator
and rotor variables. Appendix B shows the details of this transform. In this
operation, the oscillating voltage and current signals are transformed in 2
constant signals to allow the development of 2 independent set of equations
relating rotor and stator currents, voltages and fluxes. All variables can now
be expressed along two axis (d and q), facilitating a great deal the design of
the control algorithm. Using the reference frame shown on Figure 3.3, the
d-axis variables will affect the reactive power while the g-axis variables will
affect the active power.

Vstator_b
v AN
\ (,L)e-(;)r Rotor
AN \w qg-axis
\ )
\ \ | 6e-0r
b > » Vstator_a
Stator A
/ i /
q—ax1s/,» we
Rotor
v < d-axis
Vstator_c y Stator
d-axis

Figure 3.3: Reference frames used in Park transform

The grid angle 6. and the rotor angle 6, are required to compute the
slip angle 04, and rotate the reference frame at the slip frequency (wgp =
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we — wy). Once the 3-phase variables have been sent in the dq reference
frame, the generator equations can be expressed with reference to the d and

q frames:

)\sd
P

Vsqd = Rslgq +

. d\
Vsq = Rslsq + d;q — WsAsd

) dArq

Upq = Ryipg + Tz - wslip/\rq
. dA

Uprq = errq + Ww - Wslip>\7’d

While the new flux equations are the following:

Arg = Lyirg + Limisg

)\rd = Lrird + Lmisd

Asq = Lsisq + Lmirq

)\sd = Lsisd + Lmird

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

Figure 3.4 [16] shows the relation between the generator variables in the

d and q axes in a equivalent generator schematic:
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q-axis

> Asd Ws Xis X'ir Asd Wslip R’r <

isq
Vsq Xm - V'rq

d-axis

X > Ags Ws Xis X'ir Ags Wslip R'r <
Isd

Vsd Xm - Var

Figure 3.4: Schematic of generator governing equations along d and q axis

The overall system equations can also be re-written with relation to the
rotating frames:

3, 1o . .

Piot = Prot + Pstat = i(v rlqr T VUgplar 1 Vgslgs + Udszds) (318)
3,1 "o . ,

Qtot = Qrot + Qstat = i(vq'r/l/d'r = Vgplgr + Ugslds — 'Udslqs) (3.19)

3.4 Converter modeling

The B2B converter is made of two converters each able to act as an inverter
and a rectifier, as required. The rotor side converter (RSC) and the grid
side converter (GSC) are respectively connected to the rotor circuit and to
the grid through impedances.

The electronic power converters used in the test bench each contain 6
IGBT switches. A detailed power electronic simulation in Matlab/Simulink
of these switches would make the system more complex and increase consid-
erably the simulation time. For this reason, it was left out of the simulation
and the converter controller outputs are directly fed in the DFIG model. For
simulation purposes, the electronic power converter is represented by three
ideal voltage sources.
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3.4.1 Connection of GSC to the grid

The connection between the GSC and the grid can however be modeled by
the grid’s filter impedance Ry.;q and Lg,;q.

Grid Side Converter GRID .
(Voltage Source with
(Voltage Source) :
impedance)
A

\ /
N o

Figure 3.5: Connection of GSC to grid

The equation representing this connection is:

. dy
Vy = Uz = Rgridzl + Lgrz‘d% (320)
The control algorithm being developed along two separate axis (d and q),
this equation can be expressed in the same way:

. d .

Vzd = Uczd = Rgm'dlld + Lgrz‘d%lld - wngridllq (321)
. d .

Vzq — Vczq = Rgridzlq + Lgridazlq - wng’riled (322)

3.4.2 DC bus Model

The fast variation of active power flow occuring in the rotor circuit require
the GSC to quickly adapt its output in order to keep the DC bus bar voltage
(Epc) constant. A power balance of the B2B converter is necessary in order
to equalise input and output.
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RSC irsc iasc GSC
Pl
— <
_ 1DC / ) N
— v /
—— |Enc
OO \ —
N —

Figure 3.6: Energy balance of the B2B converter

Equation (3.23) relates the system power flows to Epc. It is standard
practice to include a DC chopper as a protection element in the DC bus
bar. In case of an excedent increase of EFpc during grid voltage drop for
example, the chopper is turned on and absorbs the excedent energy from the
bus bar. This element is however not represented in the simulation since it
is not installed on the test bench.

t t

1 1 Paso — P,
Epc =CTE+ —— [ ipc-dt =CTE+ / < Eal RSC) dt
CDC 0 C'DC’ 5 EDC

(3.23)

Where:

e CTE is the initial DC bus voltage, corresponding to its reference value
Epc

e Cpc is the capacitance of the DC link capacitor
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Converter control algorithm

Each converter in the DFIG rotor circuit has the ability to independently
control 2 parameters. The rotor-side converter (RSC) controls the stator
active power and reactive power (Ps and (s) while the grid-side converter
(GSC) controls the rotor circuit reactive power and the DC bus bar voltage
(Qr and Epc). This chapter is divided in 3 sections:

e The high level system: it determines the optimal electromagnetic
torque corresponding to the machine speed to allow maximal power
extraction in the design zone.

e The rotor-side control: two different orientation frames are compared:
stator voltage oriented control (VOC) and flux oriented control (FOC).
A sensorless approach used to obtain the rotor angle is also described.

e The grid-side control: reference current calculation and current control
loop are presented.

Figure 4.1 shows the reference values entered in the B2B converter. Both
reference reactive power ) and @), are usually set to zero and can be modi-
fied depending on the grid requirements. The DC link reference voltage is a
fixed value while the reference torque is determined by the high level system.

4.1 High level system

The role of the high level system is to determine the torque at which the
generator must operate to maintain operation at the equilibrium point on
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Figure 4.1: Reference values entered in B2B converter

the optimal torque curve. The first step towards this optimization is the
derivation of equation (3.4) with relation to the tip speed ratio A\, which
gives:

CoC7

Aopt =

(4.1)
CaC7Cy + cgCr + C2

The optimal tip speed ratio is then substituted in the equation of the
coefficient of power, leading to the following direct relation:

—cac7 B35 +czcrBtcecrtca

2 4.2
— (4.2

cont C1C2
o =

The optimal coeffient of power can be used in equation (3.1), which, when
simplified, gives:

Topt = Kop - wi (4.3)

The ability to vary the turbine speed allows adapting the tip speed ratio
to the wind speed while operating in the design area in order to maintain C),
to its maximal value. Figure 4.2 show the mechanical torque resulting from
different wind speeds in a 5.5 kW turbine and the optimal torque curve,
which the RSC high level system intends to follow.
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Figure 4.2: Mechanical torque at different wind speeds and optimal torque
curve

As explained in section 2.1, the system can be operated in two modes:
partial load and full load. When operating in the full-load mode, the high
level system adjusts the blade orientation (pitch) in order to reduce the
mechanical torque and keep the power to its rated value. It should be noted
that, in the present report, the design of a pitch control was not the focus
of work since it cannot be implementated on the test bench. Hence, in
the above equations, the blade pitch angle is kept to 8 = 0, simplifying
the equations considerably. Using the selected reference frame orientation,
the quadrature-axis current i, and the direct-axis current ig respectively
determine the value of the active power and the reactive power.

4.1.1 Effect of high level system on operating point

This section deals with the impact of the high level system strategy on the
electrical torque curve. The turbine operating point is fixed by the equi-
librium point between the mechanical and electrical torque. By controlling
its output voltage, the RSC varies the equivalent impedance (Z.,) of the
rotor circuit, which in turn modifies the electrical torque curve to reach the
optimal equilibirum point. This logic is explained in details in the present
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section and its impact on the torque curve is shown in Figure 4.3. The
generator data used for simulation is shown in appendix A.

[ref Rotor Side | V¢, Vp
_ V& VP,

Vwind | High level
> Converter
Req, Xeq

system

Chmas o
o P Fixed Speed Wind turbine .
3 / i Cp vs Vwind N8
~ [ \ ©
// [
[ /
3 s

Equilibrium point

Variable Speed Wind turbine
Cp vs Vwind

Equilibrium Point
VSWT

Turbine power
Turbine Power

Turbine Speed

Turbine Speed

Figure 4.3: Effect of rotor circuit voltage control on operating point

The simplified equivalent circuit of a DFIG generator is shown on Figure
4.4. Tt differs from the standard equivalent circuit of a SCIG generator by
the converter equivalent impedance (R, and Xcq), which can be controlled.

Is Rs jXs jXr’ Rr/s I
A AN A N\ /\ '
b VoV { IV, o VvV
B Req/s g
Vs E: jXm (r
- Xea/s
= | i
: N
RSC impedance

Figure 4.4: Simplified electrical circuit of a DFIG

The following equations describe the process leading to the optimal torque
curve. First, in order to gather the whole system in the stator circuit, the

converter impedance is divided by the slip:
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Zeq = Req + jwslipLeq (44)

Zeq/s = Req/s + jwsiipleq/s = Req/s + jwsLeq (4.5)

The value of each optimal torque point (wep; and I'yy) is gathered from
the high level system. Then, all generator variables are calculated:

V :l: V2 _ 4R Tinws
=V 5r (4.6)

B 2R,
Vin="Vs — Is(Rs + jwsLls) (47)
Vin
I, = - 4.8
JwsLm ( )

The rotor current and voltage are calculated:

I =1I,—1I, (4.9)

Vi = sV — I(R, + jswsLiy) (4.10)

Finally, the equivalent impedance of the MSC is given by:
V
Zeqg= — (4.11)
I,

Figure 4.5 shows the variation of X, and L., through a range of slips.
As shown, X, and R4 are positive in supersynchronous mode and negative
in subsynchronous mode. This occurs because of the change in current
direction when the turbine speed crosses the synchronous speed.



4.1. High level system 22

Equivalent Resistance (Req)

Equivalent Resistance

"800 800 1000 1200 1400 1600 1800
Generator Speed

Equivalent Resistance (Xeq)

20}

Equivalent Reactance

-40

-60
600 800 1000 1200 1400 1600 1800
Generator Speed

Figure 4.5: Effect of turbine speed variation on RSC equivalent resistance
and reactance

Once the equivalent impedance is known, the standard electrical torque
and power calculations are used to obtain the optimal curves shown on Fig-
ure 4.6. The DFIG subscript represents the values of rotor circuit impedance,
power and electromagnetical torque once speed control is applied by the ro-
tor side converter.

R X
Zrppie = (5= + Rs Y 4 (X + Xips + 2 4.12
DFIG <Slip + Slip)+j( r+ Xis + Slip) ( )
Vs
Lrpric = 7. (4.13)
9 1 —slip
Pprig =3 |17 | W(RT + Req) (4.14)
T _ 1% R, + R,
DFIG = (R, + Ry /slip + Req/SUip)2 + (Xis + Xir + Xog/slip)?  slip
(4.15)

Figure 4.6 shows the effect of the impedance variation on the electrical
torque. As seen that, when the wind speed increases from 9 m/s to 11 m/s,
the rotational speed increases from 1431,8 to 1750 rpm by following the
optimal torque curve. Two lines of the same color represent the mechani-
cal torque and its corresponding electromagnetic torque. Their intersection
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point is exactly on the optimal torque curve. The rated power is reached in
the super-synchronous region at a slip of -0.1667 and a speed of 1750 rpm.
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50 T

vl T | -

Y v =5m/s
v =6m/s
v=7mfs

I

!

\ \
A

45 : |

i

(]
(5.
T

Torgue (Nm)
N w
(43 [=]
T T

N
[=]
T

-
[8.]
T

1 | 1 I
400 600 800 1000 1200 1400 1600 1800
Generator rotor speed (rpm)

Figure 4.6: Effect of variation of rotor circuit impedance on electrical torque.

4.2 Rotor side control

The rotor-side converter receives measurements of rotor circuit variables and
is responsible of managing the reactive power flow between the stator and
the grid as well controlling the generator electrical torque. Its input variables
are not aligned with the stator reference frame. However, it is precisely the
stator output that must be controlled. In order for the RSC to compute an
output consistent with the stator’s variables, the rotor variables expressed
in the rotor d-q reference frame must be rotated in order to be oriented with
the control reference frame. In litterature, two different variables are used
to perform this orientation: the stator voltage (Vs) and the stator flux (As).
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4.2.1 Control reference frame orientation

The rotor variables orientation must follow the orientation of the selected ori-
entation parameter. In this report, two algorithms are implemented based on
two different orientation parameters: stator voltage oriented control (VOC)
and stator flux oriented control (FOC). Once the vector of this parameter
is computed in the rotor reference frame, its relative angle () to the rotor
reference frame is calculated and the rotor variables are transformed into
the new control-oriented frame. Figure 3.3 shows the position of the refer-
ence frames used in this report and the angles required to realize the Park
transform.

Magnetizing Flux Oriented r Vol rien
)\I\l
'\ « q-axis k
v v
Rotor ® . Rotor ™
N g-axis q-axis
N8 v \ v
| we - Wr We - Wr
" Bslip Y 6slip
L p Stator \ NG » Stator
q-axis Vsq q-axis
/ 4 4
,,‘Cl)e / we
Vsd
A ' Y
< Am / v
Stator ~ Rotor d-axis Stator ~ Rotor
v deaxis  d-axis d-axis d-axis
@ Variable orientation in control algorithm
@ Variable orientation after rotor variables Park transform - Rotate at (e - Wr

@ Variable orientation after stator variables Park transform - Rotate at e

Figure 4.7: Reference frame orientation of flux-oriented and voltage-oriented
control

The equations used in the orientation process are:

S.q = qusin(5) + Sfd6?8(5) (4.16)
Srq = Sp4c08(0) — Sygsin(9)

Where:

e S’ represents a d-q rotor variable expressed in the rotor reference frame
rotating at slip frequency.
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e S represents the same rotor variable oriented along the control refer-
ence frame.

e § represents the alignment angle by which the rotor reference frame
must be rotated.

4.2.2 Stator voltage oriented control (VOC)

In a DFIG system, it is relatively simple to implement the VOC since the
stator is connected to the grid and its voltage can be considered constant.
The stator voltage oriented equations can be implemented more easily since
they do not require the computation of the stator flux. As shown on Figure
4.8, the variables required for RSC control are the stator quadrature volt-
age (Vys), the stator frequency we, the reference active power P..r (or the
reference torque I';cr) and the reactive power Q..

Calculation of current reference values

The torque and reactive power equations valid for any g-d reference frame
are [23]:

3FP,L . .
Ly = 272 T (—igr s + drAgs) (4.17)
S
3 . .
Qs = i(vsqlsd - 'Usdlsq) (418)

The selected g-d reference frame shown in section 3.3 links the d-axis vari-
ables with the reference reactive power while the g-axis variables affect the
reference torque. By replacing the values of iy, and igq by their equivalence
in terms of the stator flux and re-arranging equations (4.18) and (4.17), the
reference currents equations are obtained.

Pt = —2L,Q° g
dr 3Lyvgs  wsLm
The process leading to the equation of i, is described next. The stator
flux approximated equations (4.20) are introduced in the torque equation
(4.17) to obtain the complete torque equation (4.21)

(4.19)

_ Ugs — Rslqs
Ws

. 4.20
Vds — Rs Uds ( )
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3P,L . .. . .
m = e (_quvqs + Rszqszqr + Rsigstar — Zdrvds) (421)
2w Lg

From here, it is standard practice to neglect the stator resistance for sim-
plification purposes. This assumption is valid for large WT but can lead to
inaccuracies in the reference current calculation for small generators. This
assumption is also done in the present simulation but the hypothesis should
be confirmed during implementation on test bench given the relatively large
value of Rs on small machines. The simplified reference current equation is:

2ws LT
= e 4.22
KAEYCY (422)

4.2.3 Stator flux oriented control (FOC)

The flux oriented equations require more input variables since the stator flux
must be computed as indicated in equations (3.16) and (3.17). The angle
between the flux vector and the rotor reference frame is computed:

VA% N L3
. )\sd ( ' )
sin(d) =

/\2 2
)‘sq + Asd
Once all system variables (isq, 9sq, Usd; Usq, ird, irq) are rotated by this an-

gle, the reference current values can be computed, keeping in mind that
Vgg = 0:

2L,

T 4.24

qu 3Pme/\sq ( )

o 2LsQ% + LVadira + Vsadsg _ —2LsQ: (4.25)
rd 3LmUsd 3Lmvsq .

The first expression in equation (4.25) can be used in the simulation while
it is easier to use the second expression for implementation on a test bench.
The difference is minimal since vy ~ 0. Furthermore, as expected, the refer-
ence currents equations are very similar between FOC and VOC. The main
difference is the stator variable being used: v, or As.
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Thus, one important difference between VOC and FOC is the number of
inputs required to orientate the control variables and compute the reference
current. Figure 4.8 shows the inputs required in each case.

VOC requires only red signals
FOC requires blue and red signals

Qrotor' \ I'rotor Qgridv E*

wr isa, isb

- SVPWM e SVPWM
\sa, e » Rotor Side Grid Side | Vsab
isb ) Converter Converter |Vsbc

irb Vrab Vsab, Vsbc

Vrbe Yy YYy
Vra, Vip Vsa, Vs

o N O Lo
— Gearbox g
onVe i

GRID

Figure 4.8: Input signals required for VOC and FOC

4.2.4 Control variables re-alignment

In the FOC algorithm, once the control variables have been calculated in the
control reference frame (the blue reference frame on Figure 4.7), they must
be re-aligned with the rotor reference frame. This is done in order to send
to the PWM references values that are synchronous with the rotor variables
(orange frame in Figure 4.7). The equations used in the re-alignment process
calculate the inverse of equation 4.16:

"4 = —Srgsin(8) + Sracos() (4.26)
Sy = Srqc08(8) + Spasin(d) .

4.2.5 RSC current control loop

Once the current reference values have been computed, it is necessary to
analyze the overall system dynamic to design properly the controller re-
sponsible for regulating the dynamic of the converter output voltage. The
rotor circuit current control is done using a direct synthesis algorithm.
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Decoupling terms

Before applying the current control function, the governing equations are
expressed in two separate reference frames, avoiding cross-coupling. Indeed,
equations (3.10) to (3.13) all include d-axis and g-axis terms. A simple
technique is to re-introduce the undesirable terms after the PI control has
been executed. The objective is to obtain a linear system to which the
Laplace transform can be easily applied. Thus, if the current derivative is
neglected, the resulting equations of the controlled portion of the voltage
are:

. . d .
Urd = Ryipqg + Ly %Zrd

. . d .
Urq = Rptrg + L’E“q

(4.27)

Current control loop

Figure 4.9 shows the role of the current control loop transfer function R(s)
in the overall dynamic. In this case, the designer selects the overall dynamic
M(s) as a first order system. The time constant of the overall function M(s)
is called 7 while the system dynamic G(s) representing the interconnection
between the RSC and the rotor has a time constant of 4.

i*r/s EUFE, V*r/s ] ir/s
—» - »RE) > G(s) 1 *
Current loop System
transfer function dynamic
M(s)

Figure 4.9: System transfer functions in current control

The overall dynamic includes the joint effect of G(s) and R(s):
() _GERE
1+ G(s)R(s)
Using equation (4.27), the 3-phase side of the RSC can be expressed as a
first order system:

(4.28)

1
: _ L
Zr,dq - RTB s 1
Ry+L,s

Uy qd (4.29)
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Thus, the generator dynamic, in this case equivalent to the system dy-
namic, can be represented by the following equation:

Glsy= Mot — 1

= 4.30
UrA,qd Rl + LlS ( )

Since the overall dynamic is the current relationship between real and

reference value ) 1
lqd

M(s) = 2 =

(s) i, 1tso

(4.31)

If M(s) and G(s) are first order transfer functions, by putting together
equations (4.28) and 4.30, one gets:
M(s) T 1

RGs) = Gma— ey ~ Ko ks

(4.32)

Feedforward

The FOC control loop requires a feedforward loop, in which he elements that
are not sent through the PI controller are added to the controlled part. This
process is shown on Figure 4.11. In the case of voltage-oriented control, a
feedforward loop is not required because of the assumption to neglect R in
equation (4.21). This eliminated the cross-coupling terms and simplified the
reference current equation, as shown on Figure 4.10.

To RSC
SVPWM

ila* CVid
Qs : -2Qs*/(3Xm Vsq) +Vsq/Xm > > PI ; S
A
Vsq N ild
ilq* 1
y -2I™* Xs/(3Pp Lm Vsq) ta > > PI Vig (.

Figure 4.10: Complete control in voltage-oriented control
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Figure 4.11: Complete control in flux-oriented control

4.3 Grid side control

By adjusting its output voltage, the grid-side converter controls the reactive
power flow in the rotor circuit @), and keeps the DC bus voltage Epc con-
stant. Like in the RSC, two independant set of equations are put in place
by the application of the Park transform.

4.3.1 DC link control loop

The DC bus voltage control is done through the g-axis current. Its design is
more complex than the RSC controllers due to the interdependant control
loops occuring simultaneously. As seen on Figure 4.12, the current reference
is continuously calculated from the voltage error, i.e. the difference between
the reference voltage and the measured one.

This controller is designed by first making two assumptions: the converter
is ideal (losses are neglected) and the DC bus bar voltage dynamic is much
slower than the internal current loop, given the large DC link capacitor.
Considering a reference frame oriented such that vy, = 0, a direct relation-
ship is found between iy, and igsc (see Figure 3.6):

. 3 .
Epc -igsc = §(chquq) (4.33)

From the balance of currents in the DC link given by equation (3.23),
the integral term is included to compute the DC link voltage. As shown on
Figure 4.12, the system transfer function for Ep¢ is based on the dynamic
of two PI: C2(s) represents the controller bringing the voltage error to zero
and G(s) is the system transfer function representing the bus bar dynamic.
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Figure 4.12: Control Schematic in GSC

As explained in [4], a direct method to obtain the controller parameters of
C1(s) is to obtain the overall dynamic of C2(s) and G(s).

The transfer function C2(s) is set as a single order controller:

1
C2(s) = Kppc + SKinc (4.34)
So the overall function becomes:
E  C2s)G(s)  “fppos 4 fafeno
E* 1+ CQ(S)G(S) s2 + KchyDCS + KlgDC’

(4.35)

On can recognize here a second order controller, so the parameters can be
represented as:

4CwpH €

Kppc = 7;’[? Le (4.36)
2Cwh

Kipc = 3K (4.37)

4.3.2 Calculation of direct-axis current reference

The direct-axis reference current calculation is quite straight forward. It can
be directly derived from equation (4.18):
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(4.38)

4.3.3 GSC current control loop
Decoupling

The connection between GSC and the grid reprsented by equations (3.21)
and (3.22) is not a completely decoupled system i.e. variables in the d-axis
and the g-axis are present in the same equation. A decoupling method must
therefore be used in order to obtain a transfer function able to directly relate
viq t0 i1q and vyq to iq. This relationship is similar to the one used to design
the RSC current control loop in equation (4.30) but now represents the AC
side of the GSC.

. d . . .
Vezd = _(Uzd + Rgridlld + Lgm'dazld) + weLg'rz'leq = Uczd + Vd,Decoupling
. d . . .
Vczq = *(Uzq + Rgridllq + Lgrid%”q) + WeLgriled = VUczq + Vg, Decoupling
(4.39)

The method of controller design is also direct synthesis. It considers the
transfer function of the whole system M(s) and the dynamic G(s) of the
connection to the grid in order to determine the current control transfer
function R(s). This function will theorically lead to a system behaving as
predicted by function M(s). However, some adjustments are usually neces-
sary since there may be dicrepancies between the plant modeling G(s) and
the real machine.

The systems transfer function can be derived by applying the Laplace
transform to the previous equation:

i 0
; R T4 +sL T A
/Ll,dq = grid 0 grid 1 Ucz,dq (440)

Rg7'id+SLg'r'id

Once again, by refering to Figure 4.9, if the function R(s) is represented
by a first order PI controller, its control parameters are:

Kp.g = 22 (4.41)
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Rgrid

Kizq = S

(4.42)

Hence, the design of the transfer function linking the reference current
(igq4) to controlled voltage (v.) takes in consideration the real dynamic link-
ing voltage and current.

4.4 Sensorless control

The control approaches explained above require the rotor position to be
known at every point in time. For this purpose, two solutions can be used:

1. The rotor position is measured continuously by an encoder and the
signal sent to the rotor-side converter.

2. The rotor position is determined from the rotor and stator currents
and voltages. This approach is known as the sensorless approach.

The use of an encoder represents an extra expense and the signal trans-
mission can be problematic. The sensorless approach has been implemented
extensively in the litterature: the methods used in [8], [14],[19], [20] and [24]
show some advantages over the methods requiring rotor angle measurement:

e Simplicity of installation and reduced space use.

e Lower cost: in small to medium size machines, the sensor cost is con-
siderable.

e Lack of reliability: an encoder is sensitive to external perturbations
such as electromagnetic interferences.

However, a sensorless system can lead to its share of complications. The
algorithm must be stable at a wide range of operating speeds and should not
require the knowledge of any initial condition. Also, the flux equations being
dependant of generator parameters, a variation of winding temperature can
lead to a change in rotor and stator inductance and inacurracies between
the calculated rotor speed and the actual one. Some of the methods used
for rotor slip position are described below.
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4.4.1 Current comparison method

In this algorithm described in reference [20], the slip estimation bases itself
on the comparison between the estimated and measured rotor current. The
rotor current is estimated from the active and reactive power transfered
through the airgap. First, the electromotive force is determined from stator
variables.

1 .
EMF,, = w—ﬂ:;s = Vas — Tslas
15 " (4.43)
EMFy = - dis = Vg5 — Tsigs
The airgap power is then calculated:
Pyop = isEMF; = EMFiq + EMFgig (4.44)

anp =isEMFs — Qm = EMFﬁia - EMFaiB — Qm

Where @, is the reactive power present when no load is applied. Finally,
the rotor current can be estimated from:

N — Boap
a EMF
| s (4.45)
N — anp
dr |EMF,|

In litterature, this algorithm has shown good results despite its depen-
dance on the stator self-inductance. Its main advantage is the fact that an
estimation of the stator flux is not required.

4.4.2 Phase locking to d-q frame

This algorithm, explained in reference [21], uses a phase locked loop (PLL)
and a voltage controlled oscillator (VCO) to track the rotor speed and finally
align the rotor variables to the stator voltage.

Through a method similar to the one explained above, the difference be-
tween the measured and estimated stator voltage is entered in a VCO. Its
output signal ocillates at a frequency that becomes locked with the rotor
frequency wyotor. The feedback directly ensure that vgg = 0, leading to a
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voltage oriented control.

As with many sensorless methods, the disadvantage of this method is its
dependance on generator parameters such as rotor, stator and magnetizing
inductances during the stator voltage estimation (see equations (3.10) and
(3.11)). The variation of inductance with the generator load and with time
leads to substantial errors in the voltage estimation and in turn, in the rotor
angle calculation.

4.4.3 Selected sensorless method

The sensorless algorithm that was used for simulation in this work is based
on reference [24]. It can be separated in two blocks:

e The first block uses phase locked loops to calculate the rotor position
and generates constant values of the rotor current in the rotor reference
frame rotating at slip frequency.

e The second block aligns the rotor current with the stator voltage and
applies RSC control to obtain the output voltage.

Vsabc Ird, 1
— Rotor PLL e
Irabc | Stator PLL CIN Current Aligner  vrd*, vrq*
Current reference
Vsa, Vsp Park Vsd,Vsq | Rotor Voltage PI
Isabe Clark » Transform Isd, Isq >
Transform Isa, IsB

Figure 4.13: General schematic of sensorless algorithm

Stator voltage angle

The stator voltage angle is determined through a PLL and a VCO as shown
on Figure 4.14.
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Figure 4.14: Block Diagram of Stator Angle Calculation

First, the Clark transform is applied to the measured voltage values.

Va 5 1 -1 -1 Vsin(e) Vsin(6e)
i3l ] ) - ) e
Vo 14 3 Vsin(0e + %) 0

The error entered in the PI controller has the following form:

€= Vacosé — Vgsiné
— Vsinfcost — Vcoshsind (4.47)
= Vsin(0 — 0)
For small values of 8, when the PLL output is synchronous with the input
frequency, the error becomes:
e~ V(0 —0) (4.48)

The PI controller parameters must allow for a fast phase locking and a
small sensitivity to high frequency noise.

Rotor position angle

The rotor position angle (6,) is determined through a more complex system,
as shown on Figure 4.15. It is similar to the system described above and
takes in consideration the equation of slip frequency:
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Figure 4.15: Block Diagram of Rotor Angle Calculation

Wsyne = Wrotor T Wslip (449)

This equivalence is used in the phase generator to compute the sinus and
cosinus of the stator angle from the values of the mechanical and slip angles.
It also requires the following trigonometric identity:

cos(X +Y) = cosXcosY — sinXsinY

sin(X +Y) = sinXcosY + cosXsinY (4.50)
Where X =0, and Y = 0,.510-. The error used as the PI input is:
e = Volrcos(0, + 0p) — VI, sin(6, + 0,,) (4.51)
Which can be simplified as:
e = Vsl sin(0s)cos(0y + 0,,) — ViIrcos(0s)sin(6, + 0,,) (4.52)

e =ViIl,sin(0s — (0, + 0))

Since the Clark transform of stator voltage gives:

[“;ﬂ - [QZZE?H (4.53)

Hence, when the output of the VCO reaches the rotor frequency, the error
becomes zero and the output is synchronous with the rotor frequency. The



4.5. Control parameter tuning 38

mechanical angle is then used in the Park transform of the rotor variables,
as it was done in the solutions using a position encoder.

Rotor current alignment

The constant values of the rotor current expressed along the rotor reference
frame are aligned with the control reference frame, as described in Figure
4.16. The method results in a voltage-oriented system by keeping the value
of Vs to 0. This is performed by a PI whose output is the angle difference
0 between the rotor and the stator reference frame. This angle is used to
orientate the rotor currents, as shown in equation 4.16.

Ird, Irq
>

Ird’
1 d

Irq’ Isd, Isq
>
~~._error § Orientati ) v. .
0 >/ ) » PI » sin ,| Urientation Rs*isd — (Xm*irq + Xs*isq)

Shift
[ > COS >

Figure 4.16: Block Diagram of Sensorless Alignment Algorithm

4.5 Control parameter tuning

This section presents the tuning of the control parameters based on the
procedures presented in sections 4.2, 4.3 and 4.4.

4.5.1 Current control and DC link voltage control parameters

The control algorithms detailed above describe the calculation process for
the the control parameters (K, and K;) of the different control loops. These
parameters depend on the time constant () of the system dynamic. In prac-
tice, this value must be selected to ensure that the overall dynamic is slower
than the converter switching frequency. For both the RSC and GSC, a value
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of § = 30 - Titen has been selected. Using the RSC and the GSC switching
frequencies of 12kHz and 24kHz respectively, the system is simulated using
the control parameters shown in Table 4.2.

In the the DC link voltage control, the selection of the response frequency
and damping ratio shown in equation (4.36) have an important effect on the
response shape. Different values have been tried empirically and the optimal
response occured with wpe = 10 rad/s and {pc = 0.98, as shown in table
4.1. A higher frequency resulted in higher peak and faster response.

wpc (rad/s) \ Capacitance (uF) \ £ \ k ‘ K, pc ‘ K; pc
20 \ 0.005 | 0.98 | 0.866 | 0.0754 | 0.3849

Table 4.1: DC Bus Voltage Control Parameters

| RSC (current) | GSC (current) | GSC (DC voltage) |
K, | K, K, | K, K, | K
2.152 | 300.698 | 11.561 | 753.98 | 0.0754 |  0.849

Table 4.2: Controllers parameters adapted to test bench equipment

4.5.2 Sensorless algorithm stability

The results of the sensorless approach are sensitive to the selection of the
PI control parameters. In total, the RSC control includes five different PI
controllers, as listed in table 4.3.

# ‘ PI name ‘ Input ‘ Output
1 | Rotor variables PLL | phase error Welip
2 | Rotor position VCO | phase error Wi

3 | Stator voltage PLL | phase error We

4 Aligner Vi )

5 Current loop inig Vidg*

Table 4.3: PI controllers in sensorless algorithm

The dynamic created by the combination of all these PI requires to evalu-
ate their role and size them accordingly. Next, the control parameters of the
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PI controllers (1) and (2) are designed based on Figure 4.15. The voltage-
controlled oscillator (VCO) receives the estimated speed and outputs the
rotor angle:

O
Tvco =" (4.54)

m

While the PI computes the mechanical speed from the phase error:

o | &

Tprr = (4.55)
Thus, when the VCO and the PLL transfer functions are joined and the
error equation (4.52) is considered, the total transfer function of the rotor
angle calculation is:
T w Vsl (sKp, + K;)
total = ) T & + sV I, K, + VoI K,
It becomes clear that the design of the total transfer function depends on
system parameter and control parameters. In simulation, the rotor current
varies between 0 and 6 A and the grid voltage is 690 V. Different values
of K, and K; were used to test the transfer function response with a rotor
current of I, = 4 Amps. The following tables gathers values obtained from
the Bode plots of the transfer function Tipq-

(4.56)

As seen, it is hard to obtain a amplitude reduction greater than -5 dB
at 4kHz with acceptable values of time delay. However, by using a higher
value of the VCO gain (K,) for both PLLs, it is found empirically that the
whole system behaves in a much more stable way: the angle computation,
the generator speed and the voltage and currents all show more stable re-
sponse. The Bode plot of the total transfer function using these new control
parameters is shown in Figure 4.17. For different values of I,., the time de-
lay at 100Hz ranges from -0.05 to -0.2 degrees while the amplitude at 4kHz
ranges from -0.01 to 0.1 dB.The non-zero time delay between an input vari-
ation and the sensorless response could potentially be an issue with high
frequency input. However, since grid voltage and wind speed variation are
typically slower than the generator internal dynamic, the slight decrease in
respond speed will not be an issue.

The method used in the previous steps to design the control parameters of
PI controllers (1) and (2) is applied to design controller (3). Also, it is found
empirically that controller (4) must have very small gain to remain stable.
Finally, the design of controller (5) (the current controller) is described in
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Kp Ki dB at 4kHz Delay at 100 Hz
1 -5 -2.0
2 -1.8 —-1.2
3 10 -0.9 —0.8
4 -0.5 —0.6
5 -0.4 —0.5
1 -5 —-1.8
2 50 or -2.0 —1.1
3 100 -1.0 —0.7
4 -1.0 —0.5
5 -0.9 —-0.4
5 -0.25 —0.3
10 -0.07 —0.22
15 100 -0.04 —0.14
20 -0.02 —0.11
25 -0.01 —-0.1
5 -0.3 —0.22
10 250 or -0.07 —-0.17
15 500 -0.04 —0.13
20 -0.02 —0.09
25 -0.01 —0.05

Table 4.4: Magnitude reduction and phase delay of transfer function

section 4.2.5. The control parameters used for simulation are listed in table
4.5.

\ PI name | Kp | Ki |[Kv
Rotor angle: PLL 6, 20 100 | 10
Rotor angle: VCO 6, 10 40 10

Vs angle: PLL 6, 20 100 -
Orientation: Aligner | 0.001 | 0.005 | -
Current loop 2 300 -

S BN ORI IS

Table 4.5: Sensorless control parameters used for simulation

Figure 4.18 shows the real rotor angle and its calculated value. The accu-
racy of this calculation strongly depends on the correct selection of the PLL
parameters. As seen, the error is kept to zero during a long period of time.
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Figure 4.18: Rotor angle and error with constant wind speed
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In real wind turbine operation, oscillations of the mechanical torque occur.
Figure 4.19 shows the generator speed and rotor angle error response when a
torque oscillation with a frequency of 5Hz and an amplitude of 2.5% occurs.
As expected, the speed oscillates with a small amplitude while the angle
error remains near zero.

— Response to a oscillating torque input
£ 225

T 220 FANY A W A VSV A N A AN A\
SolimAn ANAw AWAN AW IWAN IR AW A
RN ANANARARANAVAVEVANEWRVAVRNAYE
FHRVR VRISV RVRY RV RV RRVRTRI AR
L )
 RVAVAVAVAVAVAVAVAVA VAT AVA

Figure 4.19: Rotor angle and speed response to oscillating mechanical torque

4.6 Simulation results

Before implementing the control algorithms on an experimental setup, the
behavior of the complete system following different input changes is ana-
lyzed. Three cases are simulated: a wind speed increase and decrease (1), a
grid voltage drop (2) and a step input of reference reactive power (3). The
results obtained with voltage-oriented control, flux-oriented control and the
sensorless approach are presented.

4.6.1 Wind speed ramp input

For simulation, it is considered that a realistic wind speed profile should
not include step increase or decrease. Although sudden wind variation are
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frequent due to high temporal variation of wind, these changes are not im-
mediate since the speed is related to the wind kinetic energy. Hence, in the
present simulation, the wind speed starts at 8 m/s, undergoes an increases
of one second until it reaches 11 m/, remains there during three seconds and
returns to its initial value during a one second decrease.

The first simulated case analyses the response to a wind speed ramp input
and the results are shown on Figures 4.20 and 4.21. Since wind speed fluc-
tuations first affect the high inertia turbine rotor, the response dynamic is
slower that during variation of electrical variables. Thus, the speed, torque
and power curves follow accurately and progressively the reference value.
The active power response is exactly the same for both control approaches.
The total reactive power varies slightly during a wind speed step input but
is rapidly returned to its reference value.

Figure 4.22 shows the variation of speed and torque during a wind ramp
input with a sensorless control. The reactive power curve is relatively noisy
due to the complex controller dynamic described above. However, the speed,
torque and active power all feature stable responses.

6000 100

4000 50

owe
w
(=]
(=]
o
Reactive Power (Var)

0 -50
8

IN)
=3
=3
F
I=3

Sp

o

o

N

o
Electromagnetic torque (Nm)

o
S
(=)

2 4 6 8 10 12 14 16
Time (s)

@,

Figure 4.20: Response to wind speed ramp input in VOC (8-11-8 m/s)



45 4. Converter control algorithm

6000 20
5000 =
S 4000 40 2
5 ]
§ 3000 \ §
2 2
£ 2000 60 §
< 3
1000 4
0 -80
0 2 4 6 8 10 12 14 16 18

Time (s)

IN)
=3
=3

w

=3

~ 190

N

Generator speed (rad/s
=
o
N
oD o O N &~ O ™
Electromagnetic torque (Nm)

2

(=]
L

NN

o
=]
N

[EE
S o

o
S

0 2 4 6 8 10 12 14 16 1
Time (s)

Figure 4.21: Response to wind speed ramp input in FOC (8-11-8 m/s)

6000 600
5000 f 400 T
s \ g
g 4000 M g \M/\,\M 200 %
o
< 2000 200

1000 -400

0 2 4 6 8 10 12 14
Time (s)

IN)
=3
=3

w

o

5 1% £
3 180 30 g
H A D 2
T 170 | 5
2160 252
I ©
g
8 150 \ 5
g £
[
S 140 20 6
o -
O 130 / \‘\M 8
120 g 15
0 2 4 6 8 10 12 14

Time (s)

Figure 4.22: Response to wind speed ramp input in sensorless (8-11-8 m/s)



4.6. Simulation results 46

4.6.2 Grid voltage drop

A typical grid voltage drops is introduced in the system. Its duration is 150
us, its intensity is 80 % and it occurs once the system has reached stable
steady-state operation. The response is shown on Figures 4.23, 4.24 and
4.25. With VOC and FOC control as well as with the sensorless approach,
the generator speed initially undergoes a small and short decrease and then
rises until full grid voltage is recuperated, moment at which it gradually
returns to its initial value. The first very short speed decrease is due to
the sudden current peaks that create a small electrical torque peak. This
electrical torque quickly increases to a value higher than the mechanical
torque, which slows down the machine.The subsequent acceleration is due
to the fact that all the electrical power cannot be injected to the grid and is
momentarily stored in the form of kinetic energy.

For its part, the total active power is momentarily reduced since the low
grid voltage prevents the machine from sending all its power to the grid. The
reactive power undergoes sharp changes at the beginning and the end of the
voltage sag, but finally returns to its design value. Given the absence of a
pitch control, the turbine speed should be kept under its nominal value of
11 m/s. For this reason, the simulation was performed with vy;,g = 9m/s.
Finally, it is necessary to limit the output of both controllers through sat-
uration tools. Indeed, the sharp change in grid voltage creates important
transient current peaks whose amplitude must be limited to their nominal
values.

As seen, the sensorless algorithm does not ensure system stability during a
voltage drop. The sudden energy excess that cannot be sent to the grid cre-
ates important torque and active power oscillation. The use of sub-systems
such as a DC chopper could lead to a more stable reaction to a grid voltage
drop by evacuating this surplus of energy. It is also important to note that
the complex controller dynamic occuring in the selected sensorless algorithm
is not necessarily present in other sensorless methods using flux estimation
techniques. The response of these methods is likely to be more stable during
input variation.
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Response to grid voltage drop (Sensorless)
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4.6.3 Reactive power step input

Here, the rotor circuit reference reactive power (Q7) is suddenly increased to
500 Var and brought back to zero. This is directly followed by a step input
of the stator circuit reference reactive power (Q%). Step inputs are used since
the wind turbine can be required to offer voltage support to the grid with
very short notice. As seen, the effect on the active power (P, and Pjy)
are short and of minimal intensity. The total reactive power Q¢ is the sum
of the stator reactive power (05 and the rotor reactive power @,.. It follows
exactly the reference value and shows small overshoots at the time of step
input. In the sensorless case, the rotor circuit reactive power shows a stable
response since it is controlled by the GSC. However, variables controlled by
the RSC show more oscillation. Once again, this can be attributed to the
dynamic occuring between the different controllers used in the sensorless
algorithm
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Figure 4.26: Power response to step input of @ and Q% (VOC)
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Test Bench

This section presents the implementation of the control algorithms on a wind
turbine test bench. A 5.5 kW SCIG generator with 2 pole pairs and Y-Y
connected was used in the set-up. The generator electrical parameters are
shown in Appendix A. The layout of the test bench rotating components is
shown on Figure 5.1.

1 - DFIG Generator 4 - Ball bearing
2 - Mechanical coupling 5 - Inertial discs
3 - Torque meter 6 - Wind emulator (VFD motor)

Figure 5.1: Rotating parts of test bench

Figure 5.2 shows the test bench interconnection and the available mea-
surements while Figure 5.3 shows the back-to-back converter. The C** code
compiled by the CodeComposer (CCS) software is loaded on the RAM of
each DSP through a J-TAG emulator. During testing, two separate variable
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transformers are used to connect the stator and the GSC to the grid. This
solution facilitates the start-up process by allowing to control the induced
rotor currents but is not used in real implementation.
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Figure 5.2: Schematic of test bench connections and measurements
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Figure 5.3: Layout of back-to-back converter. 1) Grid-side transformer 2)
Stator transformer 3) Oscilloscope 4) Grid-side converter 5) DC
bus-bar 6) Rotor-side converter

5.1 Wind profile adapted to test bench

The turbine modeling must be designed to represent a small-scale turbine
with a power output equal to the generator used on the test bench. The ¢; to
¢y coefficients are modified to match a real wind turbine with the same rated
power. Table 5.1 gathers data from similar wind turbines available on the
market. From the characteristics of existing wind turbines, the parameters
used in simulation were selected:

Company | P. (kW) | V; (m/s) | w, (rad/s) | Radius (m)
Hannevind 5.9 9 - 3
Antaris 5.5 13 40.8 2.2
Endurance 5.4 11 17.38 3.185
Jetstreams 5.5 12 - 2.5
Taisei 5.5 12 - 3
FEoltec 6 11.5 25.65 2.8
Proven 6 12 20.94* 2.75
Iskra 5 11 20.94* 2.7
Quiet Revolution 6 12.5 - 1.55

Table 5.1: Parameters of WT'GS available commercially (* Direct Drive)
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Radius (m) ‘ wy (rad/s) ‘ V, (m/s) ‘ P, (kW)
207 | 26 | 11 | 55

Table 5.2: Turbine parameters used for simulation

The wind profile was then empirically adjusted to match this data by
assuming that C Py, = 0.441 at rated conditions. Table 5.3 shows the final
values of the (), coefficients. Since the test bench generator has 2 pole pairs,
the synchronous frequency is 1500 rpm. Thus, by assuming a rated slip of
-0.167, the rated shaft speed is set to 1750 rpm and the gearbox ratio of
7.0853.

61‘02‘03‘04‘05‘06‘07‘08‘Cg
0.1145 | 151 | 0.58 | 0.0002 | 2.14 | 13.2 | 7.5 | —0.02 | —0.003

Table 5.3: Wind profile parameters determined empirically

5.2 Control implementation on grid side converter

The code implementation on the GSC was a relatively straight forward pro-
cess since all the variables required for the calculations were already mea-
sured by the B2B converter setup. A probe calibration was necessary to
ensure adequate current and voltage readings. It was also found that the
switching frequency of each converter should be set to different values in
order to avoid interference between them. Frequencies of 12kHz and 24kHz
were used on the RSC and the GSC respectively.

Figures 5.4 shows the response to a step input of Epc as measured exper-
imentally and during simulation. The experimental measurements curve is
more noisy than the simulation since the latter does not consider the IGBT
switching effect but the overall shape of both curves are very similar.

Figure 5.5 presents the response to a direct-axis current step input. The
current ig, dictates the reactive power flowing in the rotor circuit. As seen,
the measurements follow very well the change of reference value.
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5.2.1 Signal stability
Considerations about the phase lock loop (PLL)

The phase lock loop (PLL) is the tool responsible of computing the frequency
and phase angle of the stator voltage. It outputs a signal 6, with the same
frequency as its input signal V5. Its stability is crucial for a good operation of
the system since the stator voltage angle is used in the Park transform. An
excessive variation of the PLL’s output creates an oscillation of the V4 and
Viq signals and of the related signals. Therefore, the PLL control parameters
K, prr and K; pr;, must be properly selected. Trial and error was used to
identify the optimal control parameters:

e K, =10
o KZ:10

A smaller value of K, prr generally leads to smaller oscillations but the
effect is negligible for values lower than approximately 0.1.

Grid side impedance

In the original B2B converter, extra inductances were installed at the ouput
of each converter in order to smooth the current output ripple due to the
IGBT switching. However, this strongly affects the shape of the current
waveform during measurements. By removing the extra inductance installed
on the 3-phase side of the RSC, it is possible to obtain better readings. It is
also advisable to remove the extra transformer already installed in the B2B
converter since a variable transformer is already used for connection to the
grid.

5.3 Control implementation on rotor side converter

Due to mal-functionment of the position encoder, it was impossible to oper-
ate the RSC correctly in the required timeframe. Different algorithms were
tested but due to the absence of a reliable signal of the rotor position, a
proper implementation could not be done. This sections summarizes the
main points that were adressed while working on the RSC.

5.3.1 Variable measurement in RSC

The rotor variable transformation occuring in the RSC is complex since it
deals with two dynamic reference frames rotating at different speeds. In
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practice, the computation of constant values in the d-q reference frame re-
quires good instrument calibration, a well-designed stator voltage PLL and
accurate rotor angle reading. The presence of oscillation in one single vari-
able can be problematic. The following table lists the different inputs re-
quired in the RSC:

Variable ‘ How it is obtained

Stator and rotor voltage and

currents (Iab, Ibc, Vab and Vbc ) Probe mounted on each converter
Grid angle (6,) PLL in GSC
Rotor electrical angle (6, ) Generator mounted encoder OR

Sensorless approach

Alignment angle (§) Calculate flux and determine com-
ponents Ay, and Agq

Table 5.4: Variables required in rotor-side converter

Where § is the angle by which the rotor reference frame must be rotated
to get variables in d-q aligned with the control frame.

5.3.2 Considerations about the controller area network (CAN)

The CAN is a rapid and relatively reliable way to send data between the RSC
and the GSC. However, the DSP processing frequency limits the amount
of information that can be sent. In practice, with a switching frequency
(fpwai = 1/Tpwar) between 8 and 24 kHz and a CAN speed of 500 kbit /s,
the maximal number of variables that could be sent through the CAN is four.

Also, it is advisable to use 6., the output of the stator voltage PLL im-
plemented in the GSC, as an input in the RSC. Doing so, instead of sending
Visa, Vsp and Vi, through the CAN, only the value of the stator voltage angle
f. is transmitted. In the remaining three channels, different variables can
be sent, depending on the orientation of the control reference frame and the
reference current calculation : Vig, Via, Protor Qrotors sq» tsds tsa O Tsp.

5.3.3 Different control approach for VOC

One of the control approaches tested on the test bench RSC differs slightly
from the one used in the simulation. However, the RSC output voltage
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should not be affected since only the calculation method of the reference
current differs. This approach is based on the power balance equation pre-
sented in [21]. The rotor reference currents are determined from the stator
active and reactive power as well as the stator voltage:

, Ps X
S m
o Qe Xs Vs
bpgx = —— - (5.2)
Ve Xon Xm
Protal 9 < *stator q
1 I > XS/Xh v\\
Protur
Qtnral JC Q stator e i*ra
W—» D —» —
Z
Qrotor

1/Xn

Vs

Figure 5.6: Alternative reference current calculations in test bench RSC

Since the GSC already measures the voltage and current of the rotor
circuit on its AC side, it can compute the rotor circuit active and reactive
power. The CAN is used to transmit these values to the RSC where the
reference value of the total active power is computed from the machine
speed.

5.4 Voltage ratio consideration

Once the value of the RSC reference voltage has been calculated, it must
be divided by the voltage ratio between rotor (V;) and stator (Vs). The
turn ratio () is a constant value equal to the ratio between the number of
stator windings and the number of rotor windings. However, the voltage
ratio depends on the generator connection scheme. In a A — Y connection,
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the grid line voltage is connected to the phase-phase voltage of the primary
windings. During testing, this connection was changed to Y-Y configuration,
setting the primary winding voltage to a lower value, as shown on Figure
5.7.

D-Y Y-y
CONNECTION CONNECTION
B A C
A B C
Neutral
—_
Vline PRIMARY Vline/v3
. SECONDARY
Vine / y Vline/(yV3)
—_ — A
Neutral Neutral
A B o A B o

Figure 5.7: Generator connection scheme: A —Y and Y — Y

For a generator with v =1, if a Y-Y configuration is used:

VL7Secondary = VL,Primary (53)

In A —Y Configuration

VL,Secondary = VvL,Prima,Ty\/g (54)

Now, using the test bench values of primary line voltage Vi, primary =
400V and turn ratio v = 3.92:

In a A — Y configuration, voltage ratio = 400/(102 - /3) = 2.26
In a Y-Y configuration, voltage ratio = 400/102 = 3.92

Hence, the generator voltage ratio increases by a value of /3 when v > 1
and the connection is changed from A —Y to Y — Y.

5.5 Variable Frequency Motor Drive

A Emerson variable frequency drive performs the speed control of the wind
emulating motor. The CTSoft software supplied by the drive manufacturer
is used to program the drive from a PC.
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The following values

Figure 5.8: Variable frequency drive of wind emulating motor

Parameters 1.18:
Parameters 1.06:
Parameters 6.34:

Parameters 6.33:

are used in CTSoft for the drive activation:
enter value of desired generator speed
enter value of maximal generator speed
enter ON to start rotation

enter ON to change drive direction



Conclusions

A wind turbine generation system was presented and the modelling of its
sub-systems was described. The equations regulating the behavior of inter-
nal generator variables and of its connection to the grid were introduced. A
voltage oriented control and a stator flux oriented control were developed for
the rotor-side converter and a standard approach was presented to control
the grid-side converter. A sensorless approach used to obtain the rotor posi-
tion was described, showing relatively unstable response to input variation,
due to the presence of several PI controllers.

The control algorithms were implemented on the B2B converter of a wind
turbine test bench. Simulations were performed using realistic perturbances
and the results of the GSC response were compared to experimental test
bench measurements, showing great similarities. The RSC algorithm was
loaded on the converter but problems with the rotor position encoder signal
prevented the testing of the complete system behavior.

The next step in this project is the fine-tuning of the sensorless control
parameters or the selection of a different sensorless approach. The control
can then be implemented on the RSC and experimental results obtained for
the complete system behavior. Once the complete test bench is operational,
it can be tested with input variations similar to the one used in simulation.
An important task to perform then is the verification of the simplifications
made in the reference current calculations. Alternatively, an optical position
encoder can be installed to measure the rotor position.
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Test Bench Generator Data

Parameter Value ‘ Parameter ‘ Value
Company VEM R1(Toper) 3.1
Motor type SPER 132 SX4 | R1 (T=20C) | 2.4279
Serial Number 18534003 R2(Toper) | 2153
Power rating (kW) 5.5 R2 (T=20) | 0.1081
Frequency (Hz) 50 Xsl 3.871
Design speed (rpm) 1450 X's2 4.841
Voltage 400/690 Xm 118.25
Current 11.5/6.8
Rotor voltage (V) 170
Rotor current (Amp) 20
Moment of inertia (kgm?) 0.05

Table A.1: Test bench generator data

R1

Figure A.1: SCIG simplified electrical schematic
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Park and Clark Transform

The variables entering the converters are oscillating by nature, which com-
plicates their direct use in the control algorithms. Two techniques known
as the Park and Clark transforms are frequently used in electrical machine
control because they allow the transformation of time dependant variables
into constant values. The mathematical transform depends on the selected
orientation of the reference frame, shown on Figure 3.3. They take the

following form:

Vo Va
V| =120 v (B.1)
Vo c
v, Va
Va| = P |V, 5:2)
Vo Vo
The Clark transform used to change abc into af variables is:
1 -1 _1
apo _ 2| B s
Tabc = g (1) _17 ? (B.3)
2 2 2
The Park transform used to change abc into dgo variables is:
o |cos(6)  cos(6 — ) cos(0+ )
Ppide — 3 [in(0)  sin(0 — Iy sin(0 + 2T) (B.4)
1 1 1
2 2 2
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Turn On Procedure

Connection and power up:

Connect the PC to the variable frequency drive, open the breakers of
the unused drives in the (Emerson) cabinet and power the cabinet.

Connect the stator and the grid side converter to adjustable trans-
formers (or both to the same transformer). Set the transformers to 0
%. Turn On the transformer(s).

Connect the rotor cables to the RSC

Connect the encoder mounted on the DFIG generator to the RSC

Code loading and IGBT commutation:

With adjustable transformer at 0%, Debug CodeComposer on both
PCs. Enter the RealMode in order to view measurement on the sreen
and allow variable user input. Press Run (green arrow).

Ensure that RSC code is loaded on the DSP. Enter enmarxa = 1.
Raise the GSC transformer to 60%. Enter maquinac.stat = run. The
GSC is commutating.

Increase progressively the DC bus voltage Fasterisc to 700 V.

If the stator is connected to an independant transformer, increase its
voltage to 100%.

In the RSC, enter enmarza = 1. Wait a few seconds, then enter
enmarzapausa = 0. The RSC is commutating.
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imulink blocks of control
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Figure D.1: Overall schematic of flux oriented control algorithm (FOC)
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Figure D.2: Overall schematic of voltage oriented control algorithm (FOC)
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