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Abstract: The power system of wind farms is generally characterized by a weak grid, in which
voltages may be heavily distorted and imbalanced, challenging the control scheme of wind-power
converters that must be impervious to such disturbances. The control scheme in the stationary natural
abc-frame has shown good performance under non-ideal voltage conditions, and then this paper
proposes to analyze the operational performance of a wind-power system based on a permanent
magnet synchronous generator subject to non-ideal conditions of the grid voltage, with its control
scheme devised in the abc-reference frame. The proposed control scheme considers the torque control
decoupling the flux and torque for the generator-side, showing the possibility to implement the
machine torque control, without any coordinates transformation using a closed loop dot-product
approach, between the field flux and stator currents. For the grid-side converter, the load current
compensation is proposed, using the load current decomposition and conservative power theory
(CPT), improving the grid power quality. The simulation results estimate the performance of the
grid-side control under distorted and asymmetrical voltages, and the generator-side control against
torque disturbances due to wind speed variation. Finally, experimental results in a small-scale test
bench validate the proposed control scheme in injecting active and reactive power into the grid, and
the torque control under wind speed variation.

Keywords: abc-frame control; distributed generation system; permanent magnet synchronous generator;
torque control; wind-power system

1. Introduction

The steady growing of the penetration of distributed generators (DGs) over low-
voltage distribution networks is the effect of global electric power demand allied to the
deliberate effort of politics to expand the power generation from renewables. Wind-power
systems are also connected close to the end-users in a distributed generation approach,
in which commercial, industrial, agricultural, and community sites are examples of such
applications, whose wind turbines range from 1 kW to 600 kW [1]. The heavy generation of
active power into the grid gradually raises the voltage level, causes reverse power flowing,
and may impair the voltage quality (i.e., distortion and asymmetry), which challenges the
grid-tied wind-power converters.

The typical condition of a weak power grid in wind farms and low-voltage microgrids
accentuates the undesired current circulation in the network, which in turn may cause
torque oscillation in the generator shaft, a reduction in efficiency, overheating in the genera-
tor’s windings, and the shortening of the expected lifetime of the generator itself and the
converter 's electrolytic capacitor due to DC voltage oscillation created by imbalance. So, it
is expected from the grid-tied inverters” proper dynamic stiffness regarding the rejection
of disturbances coming from both the load current and the grid voltage, and multifunc-
tionalities, in order to mitigate the unwanted current terms (i.e., reactive, harmonic and
imbalance) drawn by the non-linear loads.
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The variable-speed wind energy conversion system (WECS) based on the permanent
magnet synchronous generator (PMSG) has drawn the attention of industry for small-scale
wind power generation in a low-voltage network because it shows higher power density
besides greater reliability due to the absence of precision gears and brushes compared to
other technologies [2]. The common configuration of a PMSG-based wind turbine feeding a
grid-tied inverter is composed of a synchronous generator and a back-to-back power converter
that exchanges power between the generator and the grid sides. The back-to-back converter
comprises a generator-side converter that regulates the delivery of wind-turbine power and a
grid-side converter that regulates the DC-link voltage coupling both converter sides [3].

The typical implementation of torque control in synchronous machines regulates
the magnitude and phase of the stator current using a flux-oriented control [4]. It can
be achieved through several different control methods, including (1) the regulation of
the direct (iss) and quadrature (is;) stator current sensing the absolute rotor position [4];
(2) speed sensorless control schemes [5]; (3) direct torque and direct power control (DTC) [6];
and (4) phase-voltage oriented control, without using a rotor position sensor or sensorless
estimator [7]. The first method consists in converting current commands in the rotor
reference frame to a stator reference through a transform equation based on the generator
parameters and the instantaneous rotor position. The second method proposes to estimate
the rotor position/speed using a fundamental-frequency model that can be based on
open-loop calculation or closed-loop observer. Sensorless methods are very promising
because they reduce financial cost and enhance reliability; however, many critical issues,
such as stability, robustness, and complexity, may be carefully considered [5]. The direct
torque/power control presents advantages such as robustness, simplicity, and a quick
dynamic response, and it has been widely used as for the wind turbine converter ACS800
from ABB [8]. The main disadvantages of direct torque control (DTC) is its large torque/flux
ripples and unstable switching frequency. Nevertheless, several DTC techniques have been
proposed in order to contour these issues [6], such as space-vector-modulated DTC, model
predictive DTC [9], and duty-cycle-modulated DTC [10]. The phase-voltage oriented control
uses a phase-locked loop (PLL) to establish the current control of the PMSG, following
a unity power factor correction. The similarity between all the aforementioned control
strategies is to rely on the dg-reference model or dg-reference-control scheme.

The authors of [11] have compared the performance of three-phase four-wire active
power filters using the i;—i; method (synchronous reference frame), instantaneous pg-strategy
(a reference frame), and two strategies that can be implemented in a natural abc-reference
frame: the unity power factor (UPF) strategy and the perfect harmonic cancelation (PHC)
strategy. This paper concludes that the i;—i; method and pg-strategy are the most sensitive
strategies under distorted and asymmetrical voltage conditions. In fact, the control strategies
devised in the abc-frame have the advantage of dealing directly with the positive- and negative-
sequence components in the fundamental frequency, whereas those that appear in the a -
and dg-frame act as a signal with twice the fundamental frequency [12]. Thus, based on this
conclusion regarding the operational performance of inverters under the non-ideal voltage
condition, and considering the PMSG-based WECS for modern low-voltage power systems,
this paper devises the PMSG control scheme in the abc-frame.

The proposed control scheme considers the torque control decoupling the flux and
torque for the generator-side converter, and the load current compensation for the grid-
side converter, enhancing the grid power quality. It is worth mentioning that the authors
of [12,13] have applied the abc-frame control only to the grid-side converter, while the
generator-side control was implemented in a synchronous reference frame. To the best of
the authors’ knowledge, the generator-side control scheme in the abc-frame has never been
presented in the current literature, and it is the main contribution of this paper. Moreover,
it is an extended version of [14], emphasizing the control scheme, the modeling, and
presenting further simulation and experimental results, validating the proposed torque
control for the generator-side converter of PMSG for WECSs.
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In the following, Section 2 describes the PMSG-based WECS, and Section 3 presents
the control schemes going through the abc-frame modulation methods, generator-side
modeling, torque control, and design of the controllers. Section 4 shows the simulation
results, while Section 5 shows the experimental ones. Finally, Section 6 concludes.

2. Wind-Power System

The considered wind-power system is depicted in Figure 1, composed of a back-to-
back, two-level converter connecting a wind-turbine, PMSG, to the mains through an
inductive filter, and non-linear loads at the PCC. The control scheme of the back-to-back
converter is fully implemented in the abc-frame, and it is split into a generator- and grid-side
control. The generator-side control is shown in Figure 1b, and it comprises the maximum
power-point tracking (MPPT) algorithm; the estimation algorithm of the shaft speed; and
the control loops of stator current, electric angle, and mechanical speed control. The
grid-side control is shown in Figure 1c, and it comprises the decomposition algorithm re-
sponsible for breaking the load current down into current terms for the purpose of selective
compensation, and the control loops of the output current and the DC-link voltage.

AC/DC DCLINK DC/AC LINEFILTER Pee AC GRID
+ T _rYCrY\_rT\_'_
1l ) | | n
— 1 7= Gyl H— i
| ] 114
S ) —NIIY\ n’f‘*n:
e 1 T RERE
Va1 1 S o
Fx I [ x 1
I 1 _“’f' Y 1 |:
I 1 1
Vdc — - == Vdc labc 1!
1 pcc K=====1l
1 Vabc* %_‘_‘_‘_‘_‘_'
1
H ! sload ¢ ——
[ S— Lot €237
abc ol
de €700
Generator-Side Control Grid-Side Control : : :
é} J
Nonlinear Load \1,
S
@
Generator - Side Control ge
— FT . I S*x V
Vac . de ©Om Speed abc Current | [P,‘W“,M;
Controller] S Controller PWM
T MPPT [
A Eq. (6) Om Angle
i Controllerf-« #
dc
A s
Be LSensorIess <—##=labe
Algorithm | o \/1 ..
(b)
Grid-Side Control r
Tox s fax Vg
. De-bus | labe lahe Py PWM
Vdc > CV°|:39|1|6 H Corl:{:gll?er i »-| PWM [
ontroller
icomp*
T abc
Vdc | load
abc Load Current iafbc
cc Decomposition
Va‘f) — -
Gy

()

Figure 1. (a) The considered wind-power system with three-phase, three-wire, back-to-back converter;
(b) control scheme of the generator-side converter; and (c) control scheme of the grid-side converter.
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The generator-side control of Figure 1b regulates the speed control tracking the MPPT
and ensures the proper torque control decoupling the flux and torque in order to improve
the dynamic response. The grid-side control of Figure 1c aims at guaranteeing the active
power feed-in with a high power factor and a low value of current THD. It must meet the
minimum grid-code requirements for grid-tied inverters [15]. Besides the active power
injection, it has highly desirable ancillary services such as voltage support, dynamic reactive
power injection, and selective current compensation [16]. Finally, the DC-link voltage of
the back-to-back converter is regulated by the grid-side converter. Section 3 goes through
the control loops.

2.1. Wind-Turbine Model

The mechanical power Py,;,; [W] available in the wind is represented by (1) [17]. Where
0 [kg~m’3] is the air density, R; [m] is the blade length, and v ,;,,4 [m-s1] is the wind speed.

1
Pwind=§p an2v§uind @

The power conveyed from the wind turbine to its shaft is weighted by the power
coefficient C,, which is dependent on the construction of the turbine and dictates the
efficiency of the power transfer.

—C

C -5
Pgat=Puina.Cp(A,B) | Cp(A,B)=c1 <;—C35—C4>€ Yo4cgA 2)
1

where the factors c; to c¢g are constant values, herein ¢ = [0.5176, 116, 0.4, 5, 21, and 0.0068],
B[°] is the blade pitch angle, and A; is the blade tip-speed ratio due to the wind speed in a

time instant [18].

1_ 1 0035 3)
Ai A+0.088 B3+1

With the A variable of
_ met

Owind

A 4
wy [rad-s~!] is the mechanical speed at the electrical machine axis. Finally, the
generator shaft dynamic is represented as

dw
Ithtm=Tm_me_Te )
where Jio [kg'mZ] is the total moment of inertia of the rotating mass (i.e., turbine plus
generator), B [N-s/m] is the viscous friction coefficient, T,;, [N-m] is the mechanical torque
at the generator shaft, and T, [N-m] is the electromagnetic torque.

2.2. The Maximum Power-Point Tracking

The maximum mechanical power transfer from the wind to the turbine shaft occurs
when C, has its maximum value. Figure 2 shows the curve of C, represented by (2). The
maximum power transferring occurs when = 0° and A = 8.129 (i.e., Ayax,0), With Cp =0.48
(i-e., Cp,max,0)- Note that there is a local maximum point (Amax, Cp,max) for each value of
the pitch angle. Replacing A4y in (2) and then in (1), for a fixed § value, provides an
expression for the MPPT:

1 1
Pm,mux=§P7TRt5 (

3
) 'Cp,muxwm3=Kmuxwm3 (6)
/\mux‘kgr
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Figure 2. Power coefficient (Cp) versus tip-speed ratio (A ) versus pitch angle ().

Note that the generator power is a function of its rotor speed, which provides a set of
curves as shown in Figure 3. As proposed in [19], Equation (6) can be used for the MPPT by
means of sensing the generated power at the DC link of the back-to-back converter. Figure 3
also shows how the tracking of the maximum power point is accomplished for a specific
wind speed. If initially the sensing power is Pj, the speed reference for the generator is
driven to w,, which in turn increases the mechanical speed, and the generated power
goes to P,. Then, this process occurs cyclically until it reaches the vicinity of Py, i.e., the
maximum power point.
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Figure 3. Mechanical speed versus generated power for several different wind speeds: v1 < vy < vz <v4 <Vs.
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3. Control of PMSG Power System in abc-Frame

The PMSG control scheme is split into the grid- and generator-side. The former control
scheme is widely discussed in the current literature, even in the abc-frame and considering
the multifunctional capability of grid-connected inverters [20,21]. On the other hand, to
the best of the authors’” knowledge, the generator-side control scheme in the abc-frame
has never been presented in the current literature, and it is the main contribution of this
paper. So, this section is focused on the latter control scheme, and it goes briefly through
the grid-side one.

3.1. abc-Frame Modulation Method

The three-phase, three-wire converter shown in Figure 4a presents a coupling between
its output current, if, x, and the input voltage at the converter terminals, vx. Its equivalent
model shown in Figure 4b, considering the converter topology as three voltage sources,
and disregarding the intrinsic resistance of inductors, can represent the circuit of Figure 4a.
Then, it is modeled by (7), which shows a coupling between if, x and vx [10]. Usually, the
current control of this converter is performed using the reference frame transformation to
the stationary o 3-frame or to the synchronous dg-frame, in order to avoid the input/output
variable coupling.

1
Li— if,b =§ -1 2 =1 [-|vB|— |Vp> (7)

o WY Wiy e

A

M
A

I
I
I
|
|
|
10:
I
I
|
|
|
I
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»

N

1 | |
' m; m/
i ] e
(a)

Figure 4. (a) Three-phase, three-wire voltage source inverter and (b) its equivalent circuit.

The decoupling of the input/output variable for the system’s proper operation in the
stationary abc-frame implementation can be achieved by using the number of phases of
the system minus-one controllers, e.g., the three-phase, three-wire converter would need
two controllers. This can be devised using two different methods: (1) setting the extra
output reference to zero and (2) setting the extra output reference to be the negative sum of
the other two references [22]. The first method inconveniently increases the modulating
signal amplitude, even using the optimal zero-sequence value method, as calculated by (8).
The second method overcomes this drawback, and it can be used, in conjunction with (8),
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independently of zero-sequence component. Herein, the second method has been used, as
shown in Figure 5, for both control schemes (grid- and generator-side converters).

Vs optm (K)=— [max{v," (k)05 (k)0 (k) };min{va*(k),vb*(k),vc*(k) 1 @

m,
M3 -o . >Q;)—>>Vp@f
m
my n o1 Vpwmb
.__

-M,-my, M.

¥ o[> Vpwmc
\ —=

Vz,0ptm (eq.8)

triang. carrier /\/\/ >——

Figure 5. Control strategy with system minus-one controllers and optimal zero-sequence method.

Then, the strategy of using the number of phases of the system minus-one controllers,
associated with the optimal zero-sequence method, (1) can fully explore the voltage mod-
ulation capability, (2) does not require reference frame transformation, (3) can be easily
implemented in commercial microprocessors, and finally (4) shows superior performance in
following a reference signal when it has a negative-sequence component if compared with
afp- and dg-strategies [12,23]. However, this paper does not intend to compare the different
control strategies but to propose the torque control in the abc-frame for the generator-side
converter of a PMSG wind-power system.

3.2. Generator-Side Converter

Figure 6 shows the equivalent circuit of a PMSG in a wye connection. The stator
currents, i; x, and the rotor flux linkages, ¢r, X, are considered to be sinusoidal and
symmetrical. The considered PMSG in this paper has salient poles; then, the self, LX,
and mutual, MX inductances vary sinusoidally with the rotor position, which is twice the
electric angle, 6, (i.e., two pairs of poles) [22].

La=L;s—L,,cos(26,)
Lp=L;s—L,,cos (293—47”) ©9)

Le=Lj,—Lycos (zee+%’f)

where Ly, is the leakage inductance and Ly, is the magnetizing inductance. Then, the mutual
inductance expressions are

Mag=L;s—Lcos (20— 2F)
Mpc=Ljs—Ly,c08(20,+27T) (10)
Mca=L;s—Licos (20.+2F)
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d®r.c
iS,C Rs LC(ee) dt
<o

VtC n

—

Figure 6. Equivalent circuit of the generator stator.

The terminal phase voltage equations are obtained by Kirchhoff’s voltage law:

vtA,N RS 0 0 iS,A d §05,A
vtB,N =—10 RS 0 is,B +E Ps,B (11)
vtC,N 0 0 RS is,C (PS,C

As the stator windings are wound with the same number of turns, so the stator
resistances are all equal, R;, and the stator flux linkage (¢; x) equations are

Ps,A Ly Map Mayc]| |isa PrA
@sp|=—|Map Lp Mpc| |isB|— |PrB (12)
Ps,c Mca Mpc Lc | [isc PrC

@rx is the rotor flux linkage. The generator model is assumed linear, which is a fairly
approximation without saturation.

3.3. Torque Control

The torque-control method regulates the electromagnetic torque through instantaneous
current control, and then it adjusts the shaft speed with rapid dynamics, improving the
system dynamic stiffness against torque disturbance [4]. To achieve torque control, the
following requirements must be met at every instant of time: (i) the constant value of the
field flux; (ii) independent control of the armature current; and (iii) orthogonal spatial angle
orientation between the armature magnetomotive force and the field flux (so that both
variables are decoupled).

3.3.1. abc-Frame Considerations for PMSG Control

For a PMSG, according to the generator convention [24], Figure 7 shows the syn-
chronous dg-frame vector diagram with the induced armature voltage (blue), E, ; the
permanent magnet field flux (green), &,,; and the stator current (red), Is, decoupled into
its direct, I;, and quadrature, Ijs, terms.
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Figure 7. Vector diagram of a PMSG on synchronous reference frame.

The electromagnetic torque can be calculated as a function of the angle between the
induced voltage and the stator current, « [4]:

E, A
Te:gNPP af S+(Ld—Lq)I§cos(oc)sin(zx) (13)
e

where p, is the number of pairs of poles, and L; and L, are the direct and quadrature
inductances, respectively. The electromagnetic torque is composed of the reaction torque
and the reluctance torque. The reluctance-torque component vanishes if « is regulated to 0°
(i.e., motor convention) or 180° (i.e., generator convention), and the torque magnitude is
controlled through the stator current magnitude. It corresponds to split the stator current
into direct (i;) and quadrature (i;) components, making the d-component zero, while the
g-component is the reference value required to provide the appropriate electromagnetic
torque. So, in a steady state, the stator current has only the g-component, i.e., the stator
current is I; In terms of speed regulation in the natural abc-frame, the same field orientation
is achieved by synchronizing the stator current with the induced armature voltage. It can
be implanted by measuring the shaft mechanical angular frequency via an encoder or by
tracking the electric angular frequency using a sensorless estimation method, as developed
in [18,25]. Herein, the latter method was chosen, i.e., the estimation of the machine electrical
angle ¢,.

3.3.2. Torque and Power Equations in the abc-Frame

By definition, torque is change in energy per angle variation, and assuming that the
magnetic system is linear, the coenergy is [24]:

) (1. .
Wm(ls,ee)=Npplz<2les+q’r> (14)

Such bold variables represent three-phase vectors. The torque produced by the ma-

chine is Wi (is B0)
_ m\1s,Ue
T.= a6, (15)

which results in (16):

g(1dLs, d
Te=N,,pst<2d(£zs+ d§:> (16)
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The previous equation can be expanded in three separated terms: Tj, T, and T3,

as follows:
Te=T1+T2+T3 (17)
Each one is shown in (18)—(20) [26].
_Npp . 2 dLA . 2 dLb . 2 dLC
Tl—T (1s,A TBeHS,B T&+ls’c do, (18)
. . dM . dM . . dM
T>=Np, (ls,Als,B WABHS,BIS,CWBC +i5,cls A deCA> (19)
e e e
. d(IJrA . d(PrB . d(PrC>
T3=N,,| i S 4 = 4+ 4 20
3=Npp < sA g0, B g0, tC g, (20)

The terms T7 and T, result from the self and mutual inductances, respectively. The
sum of both terms represents the reluctance torque. The last torque term, named reaction
torque, is due to the back-EMF and the stator phase currents, and it corresponds to the
major contribution of Te. By trigonometric relations, it is possible to prove that [26] if the
stator currents are symmetrical and in-phase with the back-EMF (also symmetrical), the
terms of T1 and T2 become zero, and then the reaction torque, T3, corresponds to the

electromagnetic torque:

3
Te= 5 NppDpmls (21)

where [; is the peak value of the stator currents and @, is the peak value of the permanent
magnet flux linkage. Then, multiplying the torque by the mechanical angular frequency
results in power.

3.4. Generator-Side Control Loop

The complete model to design the generator-side controllers is shown in Figure 8. An
outer loop regulates the mechanical speed through a proportional-integral (PI) controller.
The mechanical speed reference, wy,, is provided by an MPPT algorithm (6) as discussed
in Section 2. Then, the PI controller, C,,, generates the stator peak current reference

1 v ). Subsequently, it is multiplied by a symmetrical three-phase set of signals with unit

* *

-
amplitude, s;, = |55,/ 54, sz‘dc} . Such a signal could be generated through the estimated

machine electrical angle ,, but it is not very accurate, causing steady-state error and not

guaranteeing orthogonal spatial angle orientation during transient. Therefore, a closed-loop

control, Cg, must be added in order to provide to SZ such desired features. The control-loop

principle is that the induced armature electromotive force in each phase is orthogonal to the

permanent-magnet field-flux variation that induces itself. Thus, if each phase of the stator

currents is exactly in-phase with its corresponding phase of the armature electromotive
—

force, the dot product of i, ~s: , must result in zero. Let us define the variable dp as this

o= s
scalar product, dp = is-s., , because it is used later to evaluate the proposed control torque
capacity for decoupling the flux and torque in both steady-state and transient.

. e * = . P o .
Finally, the multiplication of I} ¥ 5o, results in a vector i¥ = iz, i¥,, i%] thatis the
phase-stator current reference to the inner current control loop, Cj;. This control loop is

based on two PI controllers, which, combined with (8), provide the three-phase modulation
. —
Slgnal, Myect = [mrect,zr Myecty,, mrectc] , to the PWM.
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Figure 8. Closed-loop control model diagram for the generator-side converter. PI controllers were
considered for all control loops.

3.4.1. Inner Stator Current Controller
The open-loop transfer function used to calculate the stator current controller, Cjs(s):

Gis

is(s) 1 1
oL! B\ _c. (s)—2v, ——K; 2
{is(s)} 1s( )Cpk dc sL.+R, is ( )

where Cpy is the PWM carrier peak value, V. is the DC-link voltage nominal value, and Kjg
is the gain of the stator current sensor.

3.4.2. Mechanical Speed Controller

The open-loop transfer function is used to calculate the PI controller, Cy,(s):

Gw

o{ oy Jcoor (15 <s1tg1+B> Ko )

such that the parameter K, is the mechanical speed sensor gain. The other variables were
previous defined.

3.4.3. Orthogonal Spatial Angle Orientation Control Loop

The open-loop transfer function is used to calculate the PI controller, Cy(s):

Tis
dp(s) _ vk 1 We,i —s74
OL{ dp* (S) =Cop (S)IS Ki,s S+W; e KI,S (24)

such that w,; is the cut-off angular frequency defined with regard to the stator current
closed-loop and I/ ¥ is the nominal peak value of the stator current.

3.5. Grid-Side Control Loop

The complete model to design the grid-side controllers is shown in Figure 9. An
external DC voltage-control loop regulates the DC-link voltage using a PI controller, C,.
Then, the output of this PI controller is a conductance signal that multiplies a synthetized

signal SUZCC = [So,,pccs Sopecs Soc,pec] generated through a PLL algorithm [27] tracking
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the grid voltage. sy pcc is used to provide a sinusoidal shape to the current reference
%

ig that corresponds to the active current terms required to ensure the power balance

N

between the DC and AC sides. A second part of the current reference, iz, is added
3 —

to ig, resulting in the grid current reference, i*. To have a current controller capable

of tracking an AC signal into the main harmonic orders, proportional multi-resonant
controllers are designed, as described hereafter, and combined with (8), they provide the

_>
modulation signal My, = [M4 iny, MBiny, M iny) to the PWM. Finally, the compensating
—

current if,,, corresponds to the undesired current terms that the grid-side converter must
compensate, such as an active power filter. These current terms are generated herein using
the current decomposition of CPT [28], which may provide selective compensation of
electrical disturbances (i.e., reactive, imbalance, and harmonics) [16].

—> ?*
6“"’“_’ MT - Innercontrolloop o
ﬁlw[—!i;'?*‘hgj'i, ,ﬂ’ﬁﬁ;]’r Tiilﬂ/;&f
j ’—)(-\f/ )|{+_>—)‘ C,(5£L }&WMJ%fcorL 7G 7) WEV G/( S) FT >
Lo ko] |
[

Figure 9. Closed-loop control model diagram for the grid-side converter.

3.5.1. Inner Inductor Current Controller

The open-loop transfer function used to calculate the multi-resonant current controller, C;(s):

Gi
i) .oy Loy, L K,
OL{i*(s) }—Cl(s) CkaVdC sLery K; (25)

where K; is the gain of the current sensor.

3.5.2. Outer DC-Link Voltage Controller

The open-loop transfer function used to calculate the PI voltage controller, Cy(s):

Gv
UdC(S) k1 1 3Vac
L{ 222 A= Ky acVhe
o = Co(s)Ky,ac K SCVdC\[ v,dc
Udc (S)

(26)

where Ky, and Ky are the AC and DC voltage-sensor gains, and Ve, Vapck, and V,, are the
nominal value of rms voltage, peak voltage, and DC-link voltage, respectively.

The parameters are shown in Table 1. The controllers were designed in the basis of
frequency methods: the desired crossover angular frequency of the magnitude of the open
loop transfer function is equal to one, and its phase is equal to the desired phase margin
(PM) [29,30]. Then, the chosen phase margin and chosen crossover frequency are shown
in Table 2. All those controllers are PI, except (s), which is a proportional multi-resonant
controller (27).

PR(s)=k,+

(1,5,7,11,13,19} [ k.
i hWpS }
- (27)

: 242wy s+wy,?

where k;, is the proportional gain; k; j, are the integral gains for each selected frequency, i.e.,
1,5,7,11, 13, and 19° frequency components; and wjy, and wj, are the bandwidth of the
resonant controller.
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Table 1. Parameters of the system.

AC Grid Parameters
Vae =127V, f = 60 Hz, Lg = 500 pH, rg = 0.05 O

Generator parameters

S=3KkVA, V; =220V, L; = 5.1 mH, Rs = 1.6 Q, PF = 0.8, Npp = 4, ¢pu= 0.48 Wb,
Mpom = 1800 rpm, "J1g =5.64 X 107% kg-m?, B=2.07 X 103N -m-s

Converter Parameters

V4. =500V, C4. = 3.06 mF, Ly =4mH, 7 =0.16 Q, fs =12 kHz, fs, = 12 kHz (simulation),
fsw = 6 kHz (experimental)

Sensor Gain Parameters

Ki = 1/35, K = 1/35, Kvac = 1/311, K+ 40 = 1/500, K, =1

Turbine + generator.

Table 2. Parameters of the controllers.

Controller fc PM Kp Ki
Cis(s) 1kHz 60° 1.9 76910
Cw(s) 40 Hz 60° 0.08 12.26
Co(s) 90 Hz 90° 0.01 50
1° 5° 7° 11° 13° 19° wb
Ci(s) 1.2 kHz 60° 1.8
94.8 89.1 83.4 66.3 549 9.3 6.28 rad
Cv(s) 10 Hz 60° 7.63 276.7

It is worth mentioning that the simulation system was developed on the basis of an
experimental set-up in which the synchronous generator possesses few poles (i.e., four
poles). A typical PMSG for WECS application generally has many poles in order to run with
low mechanical speed. So, the experiment and simulation are considered a gear relation
between the turbine and the generator axes of 1/4.25.

4. Simulation Results

The behavior of the proposed control scheme for the PMSG system is evaluated
through Matlab/Simulink simulation. The considered circuit is shown in Figure 1, with the
sized controllers as discussed in Section 3. This section evaluates the torque control and the
compensation capability under distorted and asymmetrical grid-voltage conditions.

4.1. Wind Speed Variation

Figure 10 shows the mechanical speed at the generator shaft while the wind speed
varies, in order to test the MPPT algorithm and the mechanical speed control loop. The
wind speed varies from 0.5 pu to 1 pu in a ramp up of 40 ms, and then it returns to its
initial value in a ramp-down starting at 0.31 s. Note that the mechanical speed curve scale
in Figure 10 is reduced by a factor of 0.5. From the top graphic, one can see the dynamics
of the system, and from the bottom graphic one can see its dynamic stiffness against
speed variation. This result evaluates whether the proposed control strategy for PMSG is
effectual in cancelling the reluctance torque (13) during speed variation, which guarantees
the control of torque magnitude directly through the stator current magnitude (21). It can

be seen by the orthogonal characteristic of Z and s, . » and the zeroing average value of the
dp variable (green curve in the bottom graphic), as explained in Section 3.4, if the average
value of dp is zero; this means that flux and torque in the generator-side are orthogonal to
each other.
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Figure 10. System behavior under wind-speed variation.

4.2. Asymmetrical and Distorted Grid Voltage

This result considers the wind system in its nominal set point, and Figure 11 is split
into two instants. Firstly, the PMSG injects only active power into the grid, and secondly,
it generates active power and simultaneously compensates for reactive power, harmonic
current, and the imbalance of the local load (i.e., the non-active current term), as shown
in Figure 1. The phase-voltage magnitudes and their THD values are 171 V (9.1%), 135 V
(11.1%), and 153 V (0.9%) for phases 4, b, and ¢, and the THD values of the load currents
are 103.7, 11.5, and 57.8 % for phases a, b, and c, respectively. Before 0.4 s, the grid
currents are highly distorted with THD of 46% (phase a) and 31.5% (phase c), while phase
b shows 5.6%. The power factor value at the PCC is about 0.80. After 0.4 s, the converter
compensates for the non-active term of the load current, and then it enhances the grid
current quality, reducing the THD values to 7 (phases a and c¢) and 5% for phase b. Note
that the grid current imbalance is also improved, as well as the power factor value that
achieves 0.99. The bottom graphic of Figure 11 shows the DC-link voltage, and during
the compensation, it shows negligible oscillation. Such DC voltage oscillation is expected
because of the instantaneous active power oscillation at the converter terminals, which is a
matter of the engineering sizing of the DC capacitor value. However, if properly sized, the
multifunctional capabilities of the grid-side converter may have a minimal impact on the
generator-side one.
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Figure 11. Active power injection and non-active current compensation.

5. Experimental Results

The experimental results validate the devised control scheme in the abc-frame and the
designed controllers. This section tests the torque control and the active and reactive power
injection into the grid.

5.1. Experimental Prototype

The laboratory-scale prototype, shown in Figure 12, has the same parameters as the
simulation circuit. Its main components are a three-phase, three-leg voltage source rectifier
and inverter, assembling a total of six SK30GB128 Semikron IGBT modules. The digital
control scheme was devised in a floating-point digital signal processor (TMS320F28335).
Both the generator- and grid-side converters are driven by PWM technique with a sampling
frequency of 12 kHz and a switching frequency of 6 kHz.
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Figure 12. Test bench of the back-to-back converter.
5.2. Grid-Side Control

Figure 13 validates the DC-link voltage control, and the current control from the
grid-side converter. Figure 13a highlights the controlled DC-link voltage, and the minimum
required active power to ensure the power balance between AC and DC sides (i.e., supply
the inherent power losses of converter). Figure 13b,c show the active and reactive power
injection into the grid. The waveforms of Figure 13b show the power factor close to one,
and the THD of currents approximately to 4%; the PCC voltage magnitude is 125V, and
THD, is about 2%. Figure 13c shows the injection of the capacitive reactive power, with a
power factor of 0.82 and THD; close to 4%. One can see that the PCC voltage magnitude
increases to 127 V, and the THDy, is about 2%. The current magnitudes can be seen in
Figure 13 itself.

MEASLURE

CHA
fean
s00Yy

Trig‘d M Pog: =100,0,us

Figure 13. Cont.
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Figure 13. (a) DC-link voltage control, (b) active power injection, and (c) reactive power injection.
Current waveform [CH1, CH2, CH3-5 A/div], DC-link voltage waveform [CH4-250 V/div], and AC
voltage waveform [CH4-50 V/div].

5.3. Generator-Side Control

To validate the generator-side control loop that guarantees the orthogonal spatial angle
orientation during transient, which is a major requirement for accurate torque control, the
synchronous generator runs under speed variation (i.e., torque disturbance). In order to test
and evaluate the stator current tracking and the decoupling between the flux and torque,
the control scheme without orthogonal spatial angle orientation control is first considered,
and then it is considered with the proper angle control loop. Figure 14 shows, from top to
bottom, the shaft speed; the peak value of the stator current; and the instantaneous (blue
curve) and average (red curve) values of the dot product, dp, that evaluates the capacity for
cancelling the reluctance torque (13).
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Figure 14. Evaluation of the orthogonal spatial angle orientation control during wind speed variation.
(a) Without angle control loop; (b) with angle control loop.

So, Figure 14a represents the first condition, and it shows that the average dot product
time-variation depends on the wind speed. Even with the stator peak current tracking its
reference, and being constant between 12 and 25 s, the torque control is not effective because
the reluctance torque is not cancelled (T7 and T, from (18) and (19)). It can be observed
from the average value of dp that is not zero, even in steady-state, which indicates phase
displacement related to the back-EMF. On the other hand, Figure 14b shows the proper
torque-control operation with the orthogonal spatial angle orientation control loop of
Figure 8, in which the average value of the dot product, dp, is kept at zero. This guarantees
the torque control by regulating the stator current, which ensures proper dynamic stiffness
against the rejection of external torque disturbances. The stator current reference is reduced
after the instant of 7 s, the stator current follows it correctly, and the average value of dp
remains zero. The result of Figure 14b is a zoom-in-view for the detailed visualization of
the transients.

6. Conclusions

This paper proposed the control scheme conceived in a natural abc-frame for wind-
power system based on a permanent magnet synchronous generator. For the grid-side
converter, the multifunctionality of compensating the electrical disturbances of load current
under distorted and asymmetrical grid voltage was considered. Moreover, experimental
results of DC-link voltage regulation and active/reactive power injection were shown. For
the generator-side converter, the torque control was tested under wind speed variation
through simulation and experimental results.

The proposed control in the abc-frame of Figure 1 can be interpreted in terms of
the basic torque control requirements: (1) the constant field flux; (2) the independently
controlled stator current; and (3) the orthogonal spatial angle between the flux axis and
the magnetomotive force. The first requirement is met due to the permanent magnet
poles of a PMSG that produces constant field flux. The stator current closed-loop control
imposes the amplitude of the phase stator currents, matching the requirement (2). The
third requirement, the orthogonal spatial angle orientation control, imposes the required

field orientation. This is achieved by regulating the instantaneous dot-product of Se , and
—

is to a zero mean value. So, one concludes that the generator-side control is developed
over these three basic requirements for proper torque control.
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