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Abstract—The design of reliable controllers for wind energy
conversion systems (WECSs) requires a dynamic model and ac-
curate parameters of the wind generator. In this paper, a dy-
namic model and the parameter measurement and control of a
direct-drive variable-speed WECS with a permanent magnet
synchronous generator (PMSG) are presented. An experimental
method is developed for measuring the key parameters of the
PMSG. The measured parameters are used in the design of the
controllers. The generator-side converter is controlled using a
vector control scheme that maximizes the power extraction un-
der varying wind speeds. A model predictive controller (MPC)
is designed for the grid-side voltage source converter (VSC) to
regulate the active and reactive power flows to the power grid
by controlling the d- and g-axis currents in the synchronous ref-
erence frame. The MPC predicts the future values of the con-
trol variables and takes control actions based on the minimum
value of the cost functions. To comply with the grid code re-
quirement, a modified design approach for an LCL filter is pre-
sented and incorporated into the system. The design process is
simple and incorporates significant filter parameters while
avoiding iterative calculations. The comparative analysis of the
designed filter with conventional L, LC, and iterative LCL fil-
ters demonstrates the effectiveness of the modified design ap-
proach. The proposed wind energy system with MPC and LCL
filter is simulated in MATLAB/Simulink and experimentally im-
plemented in the laboratory using the dSpace digital signal pro-
cessor (DSP) system. The simulation and experimental results
validate the efficacy of the designed controllers using the mea-
sured parameters and show dynamic and steady-state perfor-
mance under varying wind speeds.

Index Terms—Wind energy, permanent magnet synchronous
generator (PMSG), parameter measurement, model predictive
controller (MPC), LCL filter.
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I. INTRODUCTION

HE popularity of wind energy as a clean and renewable

alternative energy source is increasing rapidly [1], [2].
According to the global wind report of Global Wind Energy
Council (GWEC) [3], in 2019, the global new-installed wind
power surpassed 60 GW, bringing the total installed capacity
to 650 GW. The conversion of wind energy and its integra-
tion into the power grid depend on the successful implemen-
tation of controllers and harmonic filters.

To design an efficient controller for the generator-side con-
verter, a dynamic model of the wind generator (WG) with
accurately measured parameters is required. The key parame-
ters include: () armature resistance; @ permanent magnet
flux linkage; and @) d- and g-axis inductances. The magnet-
ic saturation and cross-coupling effect affect the measure-
ment accuracy of the d- and g-axis reactances [4]. The avail-
able methods for obtaining the d- and g-axis reactances in-
clude: (D the analytical method; @ the finite-element meth-
od (FEM); and 3 experimental tests [S]. The analytical
method performs poorly when faced with difficult design
challenges owing to the complex flux distribution of the per-
manent magnet. Some other drawbacks include magnetic sat-
uration and generator structural complexity [4], [S]. In this
scenario, the FEM performs better and provides higher mea-
surement accuracy by considering the effects of cross-cou-
pling and magnetic saturation [6]. However, both of the two
methods are limited by the dimensions and geometry con-
straints of the permanent magnet synchronous generator
(PMSGQG). Therefore, the experimental tests are quite signifi-
cant to measure the PMSG parameters. Additionally, the ex-
perimental results can validate the other two methods. Differ-
ent experimental procedures are available for a salient-pole
synchronous machine, but they are not applicable for a sur-
face-mounted PMSG. Feasible experimental methods include
the DC bridge, instantaneous flux linkage, vector current-
controlled, standstill torque, and AC standstill test methods
[4]. Among these methods, the vector current-controlled and
AC standstill methods offer higher measurement accuracy.

In field of wind energy, one of the currently most promis-
ing system structures is the PMSG-based Type-4 wind ener-
gy conversion system (WECS) interfaced to the power grid
by a back-to-back two-level voltage source converter (VSC)
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topology. An efficient control strategy for the grid-side con-
verter can ensure the desired system stability and power
quality. The existing popular classical control methods in-
clude virtual flux-oriented control [7], direct power control
[8], and decoupled voltage-oriented control (VOC) [9]-[11].
These controllers employ multiple proportional-integral (PI)
regulators that can cause instability owing to the system non-
linearity and the variation of system variables [12], [13].
Moreover, tuning these regulators for suitable gain is a te-
dious and time-consuming task. To overcome this drawback,
the conventional VOC has been replaced by model predic-
tive controller (MPC). In the latter, future events are predict-
ed, and control actions are selected based on the predictions
and the minimization of the cost function. The MPC incorpo-
rates the nonlinearity of the system plant and offers superior
steady-state and dynamic responses to the control variables.
Additionally, it has some other advantages such as simplici-
ty, design flexibility, and cost-effectiveness [14].

In a WECS, the nonlinear profiles of the power electronic
converters and nonlinear loading result in the harmonic dis-
tortion of voltage and current waveforms at the point of com-
mon coupling (PCC). Traditionally, the first-order L filter is
employed in the grid-connected WECS. Although such filter
is simple and easy to design, its drawbacks such as bulki-
ness, inefficiency, higher voltage drop, and incompatibility
with higher switching frequency have led to the design of
higher-order alternatives. The third-order LCL filter has be-
come a recent research focus owing to its advantages such
as the superior harmonics suppression and reduced size and
weight. However, the design process is complex and requires
repetitive calculations. The common design guidelines are
stated in [15], [16]. The inverter-side inductor and capacitor
are sized based on the permissible current ripples due to the
switching of inverter and power factor (PF) variations, re-
spectively. The grid-side inductor further eliminates the out-
put current ripples.

The performance of the designed filter must satisfy the ex-
isting standards and should not cause resonance within the
system control bandwidth [17]. Resonance introduces severe
oscillations in the system and makes the overall system un-
stable. Appropriate damping can reduce the oscillations
around the resonant frequency. In this paper, passive damp-
ing is preferred over active damping because the latter incor-
porates additional sensors, high-frequency noises, and com-
plexity into the system. Although passive damping is easy to
be implemented, it increases the heat and power losses in
the system and decreases the efficiency of the LCL filter.
Therefore, the damping resistance should be as small as pos-
sible to satisfy other design criteria. Other desirable charac-
teristics include the minimum voltage drop and energy stor-
age, reduced reactive power generation, higher PF operation,
lower electromagnetic interference, and robustness to varia-
tions in the external system parameters [15], [18], [19]. It is
very difficult to achieve all the design goals simultaneously,
and most designs consider only certain targets. Researchers
select to minimize the power loss [20] and filter capacitance
[21], reduce the magnitudes of the filter parameters, increase
the robustness against grid impedance variations [16], [22],
and reduce the electromagnetic interference [23] as their de-
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sign targets. However, in the literature mentioned above, the
process of determining the resonance frequency requires iter-
ative calculations that are complex and time-consuming.

In this paper, simple experimental techniques are devel-
oped to measure the key parameters of the PMSG, and the
controller is designed using the measured parameters of the
generator-side AC/DC converter. The experimental results
verify the effectiveness of the measurement methods. An
MPC is also designed for the grid-side DC/AC converter.
The effectiveness of the MPC is verified using both simula-
tion and experimental results. The results are further com-
pared with those of a conventional controller. Additionally, a
modified method for the design of an LCL filter is proposed
to mitigate the harmonic distortion of voltage and current
waveforms at the PCC. In this method, the effects of the ra-
tio between the switching frequency and resonant frequency,
and that between the grid-side inductance and inverter-side
inductance on the harmonic attenuation, filter sizing, and res-
onance, are analyzed. The analysis gives the necessary trade-
off between minimizing the size of the passive components
and the power loss in designing a filter. The presented
graphs eliminate the need for iterations and reduce the de-
sign complexity. The performance of the designed LCL filter
based on the modified design method is compared with con-
ventional L, LC, and iterative LCL filters in terms of fre-
quency response and voltage and current spectrums. The
main contributions of this paper are summarized as: (D the
development of simple experimental methods to measure the
key WG parameters and utilization of the parameters in de-
signing a vector control scheme for a generator-side AC/DC
converter; 2 the design and experimental validation of an
MPC for the grid-side DC/AC converter and the perfor-
mance comparison with a conventional controller; 3) a modi-
fied design of the LCL filter for a grid-connected wind ener-
gy system that incorporates significant filter parameters and
avoids iterative calculations.

The remainder of this paper is organized as follows. Sec-
tion II presents the system structure and dynamic modeling
of the PMSG and wind turbine. The parameter measurement
method is described in Section III. Section IV presents the
control schemes for the WECS, followed by the modified de-
sign approach of the LCL filter in Section V. Section VI
presents the simulation results, the experimental setup and re-
sults for the parameter measurement, generator- and grid-
side converter controllers, and LCL filter. Finally, the conclu-
sions are presented in Section VII.

II. SYSTEM STRUCTURE AND DYNAMIC MODELING OF
PMSG AND WIND TURBINE

Figure 1 shows the structure of the PMSG-based wind ener-
gy system with back-to-back VSCs, where MPPT, PI, PWM,
and PLL are short for the maximum power point tracking, pro-
portional-integral, pulse-width modulation, and phase-locked
loop, respectively. The system under consideration includes a
wind turbine, surface magnet-type PMSG, generator- and grid-
side converters with associated controllers, DC-link capaci-
tance, LCL filter, coupling transformers, synchronization re-
lays, and the utility grid. The dynamic modeling of the PMSG
and wind turbine is presented in the following subsections.
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Fig. 1. Schematic diagram of direct-driven PMSG-based wind energy system.

A. Dynamic Modeling of PMSG

The PMSG includes a permanent magnet rather than an
excitation winding, which results in a smaller pole pitch and
compatibility with low-speed applications. The d- and g-axis
stator voltages, denoted by v, and v_,, respectively, can be
expressed as [24], [25]:

qm>

Vdm :_Raidm +erqiqm _Ldpidm (1)
vqm = _Raiqm - a)rLdidm + wrlr _Lqpiqm (2)
where R, is the per-phase stator winding resistance; i,, and

i,, are the d- and g-axis stator currents, respectively; w, is
the speed of dg reference frame; L, and L, are the d- and g-
axis stator inductances, respectively; A, is the rotor flux link-
age; and p=d/d¢ is the derivative operator.

L, and L, are expressed as:
Ly=L;+L,, (3)
L,=L,+L,, 4
where L, and L, are the d- and g-axis magnetizing induc-
tances, respectively; and L, is the stator winding leakage in-

ductance. The electromagnetic torque generated from the
PMSG (T,) can be expressed as:

Te = 1'SP[iqmj'r - id}rliqnx (Ld _Lq)]
where P is the number of pole pairs.
B. Modeling of Wind Turbine

The relationship between the turbine mechanical power
P,, and kinetic power of the wind P, is:

)

(6)

where C, is the power coefficient of wind turbine; p is the
air density; A, =nr; is the turbine blade swept area, r, is the
wind turbine blade length; and v, is the wind speed. The tip
speed ratio (TSR) 4, of the wind turbine blade should be ad-
justed based on the variation of the wind speeds to ensure

w~p

1
pP,=P.C, = 5pATV3 C

0,(k)
Mg
A‘IH
P +
i3, (k+1) Tage (et 1)
Predictive
O (k) | model (26) | @, I, T,

¥

Vage(K)  gg(k) vi(F)

the optimum value of the power coefficient C, ., and the ex-
traction of the maximum available wind power. The opti-
mum value of the TSR 4, . is defined as:

@y opr!'r

)

/IT,OPT =
v

W

where w,, ,»; is the optimum angular speed of the wind tur-
bine.

III. PARAMETER MEASUREMENT OF PMSG

In this paper, simple experimental methods are employed
to measure the key PMSG parameters. The methods include
the DC resistance test, open circuit test, and AC standstill
method.

To measure the resistance of PMSG stator winding, a DC
power supply is employed to measure the voltage and cur-
rent of the winding. The resistance R, is calculated by (8).
The value of the resistance changes with temperature varia-
tions. To consider the effect of temperature variations, the re-
sult from (8) is adjusted using (9).

R, = Vo
a— 2[a (8)
R,=R, +aAT )

where the resistance R, is found at 7, and changes to R,
when the temperature changes by AT =T, —T,. The tempera-
ture coefficient of resistivity takes the value of a=
0.00393 C"'. The machine temperature tends to vary be-
tween 45 C and 75 C under actual operating conditions
[26]. In this paper, T, is assumed to be 60 C (the mean val-
ue of the usual operating range).

Assuming a sinusoidal voltage distribution, the phase-to-
neutral voltage V,,, is given as:

min
v

min

=w,/,

(10)
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2 P
“r=60 2
where N, is the PMSG rotor speed.
The d- and g-axis inductances depend on the self- and mu-
tual-inductances of stator winding, which are assumed to be
sinusoidally distributed functions of the rotor position €, and
can be expressed as:

LO)=L,+L,cos(20,)+L,

(11)

(12)
(13)

where L, and M, are the DC values of the self- and mutual-
inductances, respectively; and L, and M, are the second har-
monic components of the self- and mutual-inductances, re-
spectively. Assuming negligible space harmonics, the mathe-
matical expressions for L, and L, are expressed as:

M@,)=M,xM, cos(29r * 2;)

3
L,= E(LO_L2)+LIS (14)

(15)

However, in practice, the space harmonics are quite signif-
icant. To account for the space harmonics, (14) and (15) are
modified as:

3
L,= E(Lo +Ly)+ L,

L
Ly=(Ly~My)- (;+Mz)+L,S (16)

L,=(L,—M,)+ (L22+M2)+L,S (17)

In this paper, the superior AC standstill method is em-
ployed to measure the d- and g-axis inductances, as men-
tioned in Section I. Figure 2 presents the circuit diagrams
for the measurement of d- and g-axis inductances in cases of
PMSG with accessible and inaccessible neutral points. The
PMSG employed in the laboratory usually has an inaccessi-
ble neutral point.

Encoder
ol .
Encoder
O, -

T
(b)

Fig. 2. Measurement of d- and g-axis inductances. (a) PMSG with accessi-
ble neutral point. (b) PMSG with inaccessible neutral point.
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Therefore, assuming identical stator windings with similar
stator resistances R, (as shown in Fig. 2(b)), the voltages of
three phases V,, V,, and V, are expressed as:

2
V.=2"y 18
=37 as)

1
Vi=V=3V, (19)

For the stator winding, the self-inductance of phase a and
the mutual-inductance between phases a and ¢ are expressed
as:

(20)

M =
" 2, @b

Although the proposed methods give accurate measure-
ments of the PMSG parameters, they have a few limitations
in practice. One limitation is that the neutral point of the
PMSG is inaccessible. To overcome this problem, a virtual
neutral point is used in this paper. Another limitation is the
variation of the stator resistance with temperature, which is
eliminated by correcting the measurement for the actual oper-
ating conditions.

IV. CoNTROL OF WECS

The overall control structure of the WECS shown in Fig.
1 includes a generator-side converter controller with the max-
imum power extraction to regulate the generator speed and
capture the maximum power under varying wind speeds, and
a grid-side inverter controller to control the active and reac-
tive power flows into the power grid by controlling the d-
and g-axis currents in the synchronously rotating reference
frame. The details of these controllers are presented in the
following subsections.

A. Control of Generator-side Converter with the Maximum
Power Extraction

In this paper, a decoupled current controller is designed
for the generator-side VSC, as shown in Fig. 1. According to
(6), the TSR must be maintained at 1, ,,, to track the maxi-
mum available power P,, .. as the wind speed varies. The re-
lationship between P,, and the angular speed of the wind tur-
bine w,, under varying wind conditions is shown in Fig. 3.

The maximum power points (MPPs) are specified at differ-
ent wind speeds. To ensure that these points are tracked, the
wind turbine should rotate at w,, ;. The dynamic equations
representing the generator-side converter are expressed
as [27]:

L.pi,,=—R,i, +w.L,i,—d

r™~rtgm dm

vdr: + vdm

Lrpiqm = _Rriqm + erridm - d vdL' + qu

" (22)

-—v,

CoPVy=dyiz, +d
dcp dc dm¥dm R,.] c

qm®gqm

where L, and R, are the converter input inductance and resis-
tance, respectively; R, is the equivalent load resistance at
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the output terminals; C,, and v, are the DC-link capacitance
and voltage, respectively; and d,, and d,,, are the duty cycle
ratios for the generator-side converter switches.

1.2¢
MPP curve
1O -mmm e T”*\""
3 /:‘ > 3 Cut-out
0.8 ! . ANE
B | ! :
£ 0.6 | | |
= ! | i
_ . ! !
0.4+ ! i !
A ' 1
02} g i {
0 02 04 06 08 1.0 12 14
) (pu)

Fig. 3. Relationship between P, and w,,.

The values of L, and L, are found to be identical in a
PMSG [28]. Substituting the values of L, and L, in (5), the
g-axis current is responsible for the production of the genera-
tor torque. The reference torque 7, is determined by compar-
ing the reference and measured speeds of the WG. The real-
time wind speed v, is measured using a wind speed sensor
(anemometer). Utilizing the measured wind speed v, and the
TSR relationship in (7), the reference WG speed w,, can be
computed from (23). The reference and measured speeds of
the WG, i.e., w, and w,, are compared. The resultant errors
are sent to a PI controller, which in turn determines the re-
quired amount of electric torque, i.e., T,

* iTAOPT
m' gh ™

w;l =0 Vw :Kl Vw (23)
I'r
where r,, is the gear ratio, which is 1 for the direct-driven

operation; and K, = 4;,p;/7; can be determined by the rated

parameters of the wind turbine. The required amount of g-ax-

is current, i.e., the reference value of g-axis current i,,, can
be easily determined from (24) by utilizing 7,

. T,

= 5P (24)

As shown in Fig. 1, the d-axis current i,, is kept constant
at zero because it does not have any effect on the generation
of the reference torque. The benefit of having a zero d-axis
current is the minimization of the stator copper loss, which
in turn maximizes the efficiency of the WG. The measured
d- and g-axis stator currents are compared with their refer-
ence values. The resultant errors are sent to the two PI con-
trollers. The PI controller gains are adjusted in such a way
that the d- and g-axis generator currents follow the reference
values determined by the vector controller. The required gate
pulses S-S, for the converter are generated from the PWM
block.

B. Control of Grid-side Converter with MPC

In this paper, the MPC regulates three control variables:
(D the DC-link voltage; @ the d-axis grid current; and @
the g-axis grid current. The two-level converter shown in
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Fig. 1 contains two complementary switches in each convert-
er leg. Therefore, eight different switching pulses and invert-
er output voltage vectors are available at every switching in-
stant. The discrete time (DT) representation of the inverter
output voltage is expressed as [24]:

Vi (k) Sdil (k)
Lq,- (k)}= o) {S (k)}

where v, (k) and v, (k) are the d- and g-axis voltages of the
inverter at the k™ instant, respectively; v, (k) is the measured
DC-link voltage; and S, (k) and S, (k) are the d- and g-axis
switching pulses of the upper leg switch at the k™ instant, re-
spectively.

In contrast, the state-space model considering a one-step
prediction horizon of the predicted grid currents is expressed
as [9]:

{l:’ég (k+ 1)}: q{l:dg (k)}+ r {vdi (/’C)}+ r [vdg (k)} 26)
foe (k+1) L4 () v (k)| F v (k)

where the superscript p denotes the predicted values; i,, (k)
and i, (k) are the d- and g-axis grid currents, respectively;
vy (k) and v, (k) are the d- and g-axis grid voltages, respec-
tively; and @, I',, and I', are the DT matrices.

The active and reactive power to the power grid (denoted
as P, and Q,, respectively) are expressed in (27), which are
controlled by the d- and g-axis grid currents, respectively.

P, (k+1)=1.5v,, (k)i (k+1)
0, (k+1)=—1.5v,, (k)i (k+1)

The structure of the predictive controller is illustrated in
Fig. 1. The reference values of the DC-link voltage v, (k)
and reactive power Q, (k) are set to be 3.062 p.u. and 0 (uni-
ty PF operation), respectively. The reference value of d-axis
grid current iy, (k) is generated from the outer DC-link volt-
age control loop, and the reference value of g-axis grid cur-
rent i,, (k) is obtained as:

(25)

@7

0.k
=15y, (k)

v, (=0

iy (k) (28)
The reference values of d- and g-axis grid currents are ex-
trapolated to the (k+1)" instant by adopting the fourth-order
Lagrange extrapolation method as expressed in (29). The er-
rors between the extrapolated and predicted signals are mini-
mized by the cost function as shown in (30).
Iy (k+ 1)=4i}, (k)= 6i5, (k— 1)+ 4i;, (k—2)—i,, (k—3)
i;g (k+ 1):4i;g (k) - 6i;g (k- 1)+4i;g (k=2)— i;g (k=3)

k) =24 (i (k+ D)= i, (k+ 1))’ + 4 (k+ D=t (k+1))
(30)
where 4, and /4, are the weighting factors for the d- and g¢-
axis grid currents, respectively.

These factors need to be carefully selected depending on
the operating conditions and design requirements. Finally,
the switching pulses denoted as S-S, associated with the
minimum cost value are generated from the PWM block and
applied to the inverter switches.

(29)

o*
a8 (l a8
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V. DESIGN OF LCL FILTER
The per-phase model of the LCL filter is shown in Fig. 4.

Fig. 4. Per-phase model of LCL filter.

The transfer function of the filter expressed in (31) in-
cludes the damping resistance but neglects the resistances as-
sociated with the converter- and grid-side inductances.

i,(s) CRis+1
vi(s)  L,L,Cs*+LCRS +L,s

€2))

where v, and i, are the converter output voltage and grid cur-
rent, respectively; L, L, and L, are the total, converter-side,
and grid-side inductances, respectively; and C, and R, are the
filter capacitance and damping resistance, respectively. The
mathematical expression for the filter resonance frequency
fres 18 shown in (32). Some simple mathematical manipula-
tions of (32) lead to the expression as shown in (33).

| L
res — 32
4n2L,.LgC,» (32)
[rf‘(l+rL)]2
LC=———"
! a)fer (33)

where r,= £, /., 1s the ratio between the switching frequen-
¢y f,, and resonance frequency f,.; and r,=L,/L, is the ra-

tio between the grid-side inductance L, and converter-side in-
ductance L, These ratios must be selected properly to ensure
an efficient design of LCL filter. A suitable selection of the
ratios can avoid the need for iterative calculations.

According to the Nyquist sampling criteria, the resonance
frequency must be lower than half of the sampling frequen-
cy f. so that the resonance is visible to the digital signal pro-
cessor (DSP). However, the resonance should not occur with-
in the system control bandwidth f,,. Therefore, the resonance
range can be set as [18]:

Jow<Sres <Si/2 (34

Considering double-update PWM (f, =2f;,) for the digital
implementation of the controller and substituting f,, ~ f,/(6m)

[29], (34) can be rewritten as:
1<r,<9.43 (3%5)

Any value of r, within the range specified by (35) can be
used, but the resultant filter must comply with other design
criteria such as small sizes of the passive components, re-
duced power loss, total harmonic distortion (THD), reactive
power generation and PF variations, and improved robust-
ness.

As mentioned in Section I, the modified design approach
of filter proposed in this paper implements a passive damp-
ing scheme. The required amount of damping can be deter-
mined using (36). The critical frequency f.=f,/6 separates
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the damping regions [30]. Assuming f,=f,,, the ratio r, is
found to be 3. The system is unstable at r,=3 owing to a
pair of open-loop unstable poles. Therefore, 7,=3 is avoided
in the modified design.
R,= !
’ 3ow,,C;

res

(36)

The mathematical expressions of the base impedance Z,,
capacitance C,, and inductance L, are shown in (37)-(39), re-
spectively.

V2

Z,= =
b Pg (37)

1

C =

b 0.7, (38)

Z
L= (39)

2mf,

where V,, and f, are the line-to-line voltage and line frequen-
cy of the grid, respectively. Formula (40) is derived from
(31) by setting s=h=jow,, (v, =2xf.,), which represents the
minimum value of the total inductance L The damping
term is neglected in (40).

1
i, () v, ()| 1- 1]

i,(h)/v, (h)‘ denotes the attenuation coefficient of the

L =

. min

(40)

g,

where

grid-side current magnitude. The current harmonic limits in
Table I are specified by the IEEE-519 standards [17]. In Ta-
ble I, 7DD denotes the total demand distortion. The individu-
al odd harmonics are represented by /4 which are specified
for 7, /1,<20. Here, I,./I, represents the ratio between the

maximum short-circuit current at the PCC and maximum de-
mand load current at the PCC under normal load operating
conditions.

TABLE I
CURRENT HARMONIC LIMITS

Limits
3<h<l1l 11<h<17 17<h<23 23<h<35 35<h
4.0 2.0 1.5 0.6 0.3 5.0

DD

The maximum capacitance is found by substituting L, ..
into (33), which in turn determines the maximum PF varia-
tion a:

C,=aC, 41)

The total inductance L, must be greater than or equal to

the minimum inductance, i.e., L,>L, .. The converter- and

grid-side inductances can be calculated by (42) and (43), re-
spectively.

L,

i 1+7, (42)
rL,

g 1+7r, (43)
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VI. RESULTS AND ANALYSIS

The WECS shown in Fig. 1 is implemented in MATLAB/
Simulink environment. Rigorous simulation studies have
been carried out under various operating conditions to dem-
onstrate the effectiveness of the designed controllers with
the measured generator parameters. The system parameters
for the PMSG, wind turbine, utility grid, and filters are list-
ed in Tables II-IV. In the simulation model, a detailed model
is considered for the back-to-back VSCs. Simulations have
been performed to validate the performance of the generator-
side converter controllers with the maximum power extrac-
tion, grid-side converter controllers with active and reactive
power regulation, and LCL filter with the mitigation of high-
frequency switching harmonics of the inverter output voltage
and current. Table IV lists the parameters for the L, LC, iter-
ative LCL, and modified LCL filters. The sampling time
used for the simulation studies is 25 ps and 125 ps for the
inner and outer control loops, respectively. Additionally, a re-
duced-scale experimental setup has been developed in the
laboratory to validate the designed controller and LCL filter.
In the following subsections, the simulation results, experi-
mental setup, and results are presented in detail.

TABLE II
MEASURED PARAMETERS FOR PMSG
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TABLE IV
PARAMETERS OF GRID AND FILTER

Type Parameter Value
Rated power S, 2.5 kVA
Rated voltage V, 281 V
. Rated current /, 5.14 A
Grid
Rated frequency f; 50 Hz
DC-link reference voltage v}, 496.76 V (3.062p.u.)
Sampling time 7 25 ps
Switching frequency f;, 20 kHz
) Converter-side inductance L, 2.1226 mH
I]Yg)l(‘jlgiir Grid-side inductance L, 2.1226 mH
Filter capacitance C, 0.9547 uF
Damping resistance R, 11.114 Q
Converter-side inductance L; 5.6583 mH
Iterative Grid-side inductance L, 0.3743 mH
LCL filter Filter capacitance C, 1.015 pF
Damping resistance R, 6.1995 Q
Filter inductance L 2.117 mH
LC filter Filter capacitance C 3.3145 pF
Damping resistance R, 25273 Q
Filter inductance L 19.96 mH (0.2 p.u.)
L filter

Filter resistance R 0.3136 Q (0.01 p.u.)

Parameter Value
Stator resistance R, (DC) 1.28 Q
Stator resistance R, (AC) 143 Q
Rotor flux linkage 4, 0.26 Wb
d- and g-axis inductances L, = L 42.76 mH

q

TABLE III
PARAMETERS FOR PMSG AND WIND TURBINE

Parameter Value

Rated power P, 2.5 kW

Rated voltage V,,, 281V

Rated current /,, 5.14 A
Rated speed 7, 1500 rad/min

Rated torque T, 16 N'm

Pole pairs P, 4

Moment of inertia (without brake) 14.2 kg-em?

Mass (without brake) 15.5 kg

Radius of wind turbine blade 091 m

Rated wind speed 15 m/s

A. Simulation Results

1) Performance of Generator-side Flux Oriented Controller

The main objective of the generator-side VSC controller is
to extract the maximum power from intermittent wind while
keeping the PMSG stator loss being the minimum. Figure 5
shows the performance of the generator-side PWM converter
controller under varying wind speeds. The variations of the
wind speed are presented in Fig. 5(a), whereas Fig. 5(b)
shows that the WG speed follows the reference speed under
varying wind conditions.
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Fig. 5. Performance of generator-side converter controller. (a) Variation of
wind speeds. (b) WG speed. (¢) d-axis current. (d) g-axis current.

The PMSG rotates at the optimum speed calculated by the
MPPT algorithm, which ensures the extraction of the maxi-
mum wind power under variable wind speeds. Figure 5(c)
and (d) shows the d- and g-axis stator currents, along with
their respective reference values. It can be observed that the
current controllers can regulate the d- and g-axis currents ef-
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fectively under both steady-state and dynamic conditions.
The control of the d-axis current ensures that the stator loss
is minimized while the optimum generator torque is pro-
duced by the g-axis current. The input and output torque and
power of PMSG are shown in Fig. 6. The torque and power
of the turbine and generator vary with the change under the
wind conditions. The wind speed variation occurs at 5, 6, 7,
and 8 s. For example, at 8 s, the wind speed returns to the
base value, and the MPPT controller, generator torque, and
power responded with the corresponding rated values. From
Fig. 6, the generator produces the rated torque and power at
the base wind speed of 15 m/s.
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Fig. 6. Input and output torque and power of PMSG. (a) T}, (b) P,,. (c)
7. (d) Py

2) Performance of Grid-side MPC

The functions of the grid-side MPC are to regulate the
DC-link voltage and the d- and g-axis grid currents to con-
trol the active and reactive power flowing into the power
grid. Figure 7 shows the DC-link voltage, grid currents, and
power flowing into the power grid. Figure 7(a) shows the
performance of the outer DC-link voltage control loop,
which generates the reference values of the d-axis grid cur-
rent. In Fig. 7(b), the measured d-axis grid current tightly
follows reference value to regulate the active power flow.
Figure 7(c) shows the g-axis grid current, which closely fol-
lows its reference value to regulate the reactive power flow.
i,, is set to be zero in order to achieve unity PF operation
without reactive power flow. The active power and reactive
power flowing into the grid are shown in Fig. 7(d) and (e), re-
spectively. The wind speed variation is reflected by the power
flows at 5, 6,7, and 8 s.

In addition to the MPC, the performance of the convention-
al VOC is presented in Fig. 8. It is apparent from Figs. 7 and 8
that the MPC offers much better regulation of the control vari-
ables in terms of the steady state and transient responses.
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Fig. 7. Performance of grid-side MPC. (a) DC-link voltage. (b) d-axis grid
current. (c) g-axis grid current. (d) Active power flow. (e) Reactive power
flow.
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Fig. 8. Performance of conventional VOC. (a) DC-link voltage. (b) d-axis
grid current. (c) g-axis grid current.

3) Performance of Modified LCL Filter

As mentioned in Section V, the design of the modified
LCL filter described in this paper accounts for the signifi-
cance of ratios such as r, and r. Figure 9 shows the mini-
mum values of L,C when r, =1. The variations of the damp-
ing resistor R, heat loss P,,=I’R, total inductance L, and
THD within the selected range of r, are shown in Fig. 10.
The minimum PF variation is considered in the graphs. As
shown in Fig. 10, the minimum sizing of the passive ele-
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ments and power loss can be achieved for r, between 3 to 5.
Although THD is increased within the selected range of 7, it
is still well below the standards specified by IEEE-519 stan-
dards. Allowing higher PF variations further reduces the size
of the passive elements at the expense of higher reactive
power generation and 7HD. In this paper, the LCL filter is
designed for 7,=4 and the corresponding filter parameters
are listed in Table I'V.

10
9
8 —
_ TH The minimum ’
= g values
0k
-1 .
0o 1 2 4 6 8 10
L
Fig. 9. Significance of r; and 7, on passive elements sizing.
— 300
2
& 200
S)
%\
= 100
jas
E
=0 : —— o
1 2 3 4 5 6 7 8 9 9.43
Ty
Fig. 10. Variations of damping resistor, power loss, total inductance, and
THD.

To compare the filter performance, L, LC, and iterative
LCL filters are designed with identical system parameters.
The corresponding filter parameters are presented in Table
IV. The frequency responses, voltage, and current waveforms
at the PCC, and harmonic spectra are compared in Figs. 11-
13, respectively, among the L, LC, iterative LCL, and modi-
fied LCL filters. It is clear from Fig. 11 that the damping
smoothens out the gain spike at the resonant frequency,
which is represented by the dotted lines. The L filter has a
20 dB/decade attenuation over the full frequency range. In
comparison, the LC and LCL filters have 12 dB/octave and
60 dB/decade attenuation, respectively, after the cut-off fre-
quency. The modified design has a lower resonance frequen-
cy than the iterative approach. According to (33), a lower
resonance frequency facilitates a smaller size of the filter pa-
rameters. Figure 12 shows one cycle of the voltage and cur-
rent waveforms at the PCC for the designed L, LC, iterative
LCL, and modified LCL filters. The respective THD values
are listed in Table V and satisfy the IEEE requirement of
less than 5% THD for all designs. However, comparing the
filter parameters listed in Table IV, the sizes of the passive
components of the L and LC filters are larger than those of
the LCL filter. The odd harmonics in the voltage and current
waveforms at the PCC are compared in Fig. 13(a) and (b),
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respectively, for the four types of filters. It can be concluded
from Figs. 11-13 and Table V that the modified LCL filter
offers better performance and smaller size than the conven-
tional filters.
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TABLE V
COMPARISON OF THD LEVEL

Filter type THD of vy (%) THD of ipe (%)

L 2.51 3.60

LC 1.62 2.77
ITterative LCL 0.99 2.03
Modified LCL 0.89 1.86

Moreover, the modified design shows a slightly better abil-
ity of harmonic suppression than the iterative one, although
the main advantage of the modified design is the avoidance
of repetitive calculations. The significance of the ratios r,
and 7, is incorporated into the design, and the resonance fre-
quency is specified prior to the design of the filter passive el-
ements.

B. Experimental Setup

The experimental setup for the PMSG parameter measure-
ment is shown in Appendix A Fig. Al. A reduced-scale
0.64 kW wind energy system has been developed in the labo-
ratory using dSpace Microlabbox DSP system. An induction
motor simulates the wind turbine operation and drives the
WG at different rotor speeds, as shown in Appendix A Fig.
Al(a). Figure Al(b) shows the schematic diagram of the
three-phase stator winding, which is wye connected. A DC
power supply is connected between phases a and b, whereas
phase c is left open. The controllers are designed and imple-
mented using the measured parameters listed in Table II and
the dynamic model of the generator shown in Section II-A.
A sampling time of 100 ps is used for the implementation of
the controllers.

C. Experimental Results

The parameters measured for the PMSG are listed in Ta-
ble II. Similar experimental approaches are applicable to
large WGs. The voltage across and current through the wind-
ings are measured using a voltmeter and ammeter, respective-
ly. Initially, the DC resistance is measured to be 1.113 Q
measured at 19 “C. The resultant DC stator resistance is
found to be 1.28 Q considering the effect of temperature
variations. An AC resistance of 1.43 Q is measured for the
50 Hz AC supply, taking skin effects into consideration.

To measure the WG flux linkage, the rotor speed N, and
phase-to-phase voltages V,, are measured. At the rated fre-
quency of 50 Hz, the value of the flux linkage is measured
to be 0.256 Wb. Figure 14 shows the variation of the open-
circuit voltage with the generator speed. The open-circuit
voltage varies linearly at lower speeds and saturates at high-
er speeds. The measured values of the flux linkage are plot-
ted with respect to the corresponding generator speeds and
phase voltages, which are shown in Fig. 15(a) and (b), respec-
tively. The values of the flux linkage are both found to be
0.256 Wb.

Figure 16 shows the variation of the self- and mutual-in-
ductances with the rotor position within the range of 0° to
360°. The self- and mutual-inductances can be expressed in
(12) and (13), respectively.
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The DC terms and second harmonic components can be
determined using these mathematical expressions. The least-
squares curve-fitting tool has been employed to determine
the values of L,, M,, L,, and M,. Finally, the L, and L, have
been calculated from (14)-(17). The inductance values are
comparable. As shown in Fig. 16, the maxima and minima
of the self-inductance curve differ by a very small margin.
This small variation is caused by the small saliency in the
PMSG employed in this paper. Therefore, the d- and g-axis
inductances are measured as 42.76mH, i e, L,=L, =
42.76 mH.

Figures 17 and 18 represent the performances of grid-side
converter and filter. The d- and g-axis grid currents with
their corresponding reference values are shown in Fig. 17.
The voltage and current waveforms at the PCC are presented
in Fig. 18. The instantaneous waveforms at the PCC are cap-
tured by the MDO 3024 mixed domain oscilloscope. The
corresponding THD-F (fundamental harmonic component)
and THD-R (root mean square harmonic component) values
are listed in Table VI. The harmonic analysis shows the
THD - F values of 2.05% and 3.75% for the voltage and cur-
rent waveforms, respectively, which comply with the IEEE
standard of having less than 5% harmonic distortions at the
PCC.
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TABLE VI
THD VALUES AT PCC

Waveform THD-F (%) THD-R (%)
Voltage 2.05 2.05
Current 3.75 3.71

VII. CONCLUSION

In this paper, simple experimental methods for the mea-
surement of key PMSG parameters are presented and then
used to design controllers for a back-to-back VSC in a di-
rect-driven PMSG-based wind energy system. The simula-
tion and experimental results at different stages of the power
conversion demonstrate the effectiveness of the designed
controllers. The controllers facilitate the extraction of the
maximum available wind power and the regulation of active/
reactive power flow to the power grid under varying wind
speed conditions. The grid-side MPC successfully predicts
the control variables and select control actions based on the
minimum cost function values. The presented results demon-
strate the superior steady-state and dynamic performances of
the predictive controller compared with the conventional
one. On the other hand, a modified design approach for an
LCL filter is presented in this paper. The design approach in-
corporates the significance of the important parameters and
avoids iterative calculations. The performance of the de-
signed filter is compared with conventional L and LC filters
and an iteratively designed LCL filter. Based on the simula-
tion and experimental results, it can be concluded that the
modified design approach is a simple, cost-effective, and ef-
ficient alternative to existing methods.
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APPENDIX A
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Fig. Al. Experimental setup. (a) Flux linkage measurement. (b) DC resis-
tance test for the measurement of R,.
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