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Abstract: In this paper, the active front-end (AFE) converter topology for the total harmonic distortion
(THD) reduction in a wind energy system (WES) is used. A higher THD results in serious pulsations
in the wind turbine (WT) output power and several power losses at the WES. The AFE converter
topology improves the capability, efficiency, and reliability in the energy conversion devices; by
modifying a conventional back-to-back converter, from using a single voltage source converter (VSC)
to use pVSC connected in parallel, the AFE converter is generated. The THD reduction is achieved
by applying a different phase shift angle at the carrier of digital sinusoidal pulse width modulation
(DSPWM) switching signals of each VSC. To verify the functionality of the proposed methodology,
the WES simulation in Matlab-Simulink® (Matlab r2015b, Mathworks, Natick, MA, USA) is analyzed,
and the experimental laboratory tests using the concept of rapid control prototyping (RCP) and the
real-time simulator Opal-RT Technologies® (Montreal, QC, Canada) is achieved. The obtained results
show a type-4 WT with a total output power of 6 MVA, generating a THD reduction up to 5.5 times
of the total WES current output by Fourier series expansion.

Keywords: active front-end converter; back-to-back converter; permanent magnet synchronous
generator (PMSG); THD; type-4 wind turbine; wind energy system; Opal-RT Technologies®

1. Introduction

Nowadays, the number of wind energy systems (WES) has increased dramatically, as evidence
of this; in 2013, WES were installed in more than 80 countries, generating a power of 240 GW [1],
in 2014, the generation reached a capacity of 369.9 GW [2], in 2015, a production of 432.883 GW was
generated [3]. By the end of 2016 a global generation of 487 GW was installed [4], and in 2021 the
installed capacity is expected to exceed 800 GW [5]. Within the types of variable speed wind turbines
(WT) there are three types: Type-2 (squirrel-cage induction generator (SCIG)), type-3 (double-fed
induction generator (DFIG)) and type-4 (squirrel-cage induction generator (SCIG)/permanent magnet
synchronous generator (PMSG) with full-scale back-to-back converter); in which, type-2 has a 10%
variability in the rotor, type-3 has a 30% variability, and type-4 has 60% in the variability of the
rotor speed [6]. The type-3 (DFIG) wind turbine schemes constitute the majority of variable speed
commerce applications; however, the type-4 WT with a PMSG (WT-PMSG,) is an attractive and the best
option since this is not directly connected to the grid, presenting advantages such as: High efficiency,
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increased reliability, major variable speed operation, and low cost in maintenance and installation,
due the absence of gearboxes [7]. In the type-4 WI-PMSG installation the important aspects to prevent
are associated problems with the wind-nature fluctuations. For example: The flicker generation is
mainly caused by load flow changes, due to its continuous operation [8]; a power factor not unity,
this characteristic happens as the modulation index of the back-to-back converter is not high [9].
Voltage sags occur by the sudden changes in the rotor speed of the type-4 WT-PMSG and cause a
decrement in the transferred power from the dc-link to the grid [10]. A higher total harmonic distortion
(THD) is mainly produced by the power converters switching, this results in serious pulsations in the
type-4 WI-PMSG output power and in several power losses at the WES [11,12]. All these problems can
be mitigated through the full-scale back-to-back converter in the type-4 WT-PMSG scheme, and this
generates the following advantages [13-16]: (i) Bidirectional power flow; (ii) adjustable dc-link voltage;
(iii) a sinusoidal grid-side current with an exchange of active and reactive power. These advantages
are possible because the generated whole power by the type-4 WT-PMSG on the AC grid is supplied
through the back-to-back converter.

However, its implementation is very difficult, since this must handle very high powers of up
to 6 MVA. Notwithstanding, the Active Front-End (AFE) converter topology provides a viable and
efficient solution to improve the power transfer capacity and reliability of the WES quality; the AFE
converter is generated by modifying a conventional back-to-back converter, from using a single voltage
source converter (VSC) to use pVCS connected in parallel, as shown in Figure 1. As evidence, in [3]
the authors describe the principal WT manufacturers, those in low voltage and medium voltage
technologies are classified, generating power ratings of >3 MVA and <3 MVA, respectively. In the open
literature there exists some research works that address the AFE converter topology applied to WES;
for example, in [17] the authors analytically and experimentally present the control method for the
current balance in an AFE power converter of 600 kVA, this is a very important topic in the parallel
connection of power converters, however, the authors make the AFE converter analysis connecting
only two VSCs in parallel, generating: A THD of 4.32% (three times higher than in our research work
with THD of 1.23%); in addition, they use the space vector modulation for the switching of VSCs,
which generates a more complex control if pVSC in parallel are connected.
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Figure 1. Type-4 wind turbine (WT) connected at wind energy system (WES) through the active
front-end (AFE) converter parallel topology.

The main goal of this work is the AFE converter topology application for the THD reduction in a
WES and the increase of power transfer between the WT and the AC grid; generating greater capability,
efficiency, and reliability in the energy conversion at the WES.

Contributions from this Work
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In this paper, the AFE converter topology applied in the THD reduction at WES is made. Through
the AFE converter parallel topology the following advantages were possible:

(i) Increased the converter power capacity.

(ii) Minimized size of each VSC unit, which manages a portion of the total nominal power.

(iii) A reduced ripple on the injected current, which improves the voltage quality at the Point of
Common Coupling (PCC).

(iv) Anincreased equivalent switching frequency, generating a smaller passive filter on the AC-side.

(v) The possibility of THD Reduction at the WES, modifying the Digital sinusoidal pulse width
modulation (DSPWM) switching signals in each VSC.

To verify the functionality and robustness of the proposed methodology, an AFE converter formed
with three VSCs connected in parallel is incorporated, as shown in Figure 1. The WES simulation in
Matlab-Simulink® is analyzed, and the experimental laboratory tests using the concept of rapid control
prototyping (RCP) and the real-time simulator Opal-RT® is achieved. The obtained results show a
WES prototyping that incorporates a type-4 wind turbine with a total output power of 6 MVA and a
THD reduction of up to 5.5 times.

This paper is organized as follows: Section 2 details the modeling of the Type-4 WT-PMSG;
first, the modeling power transfer control between the WT-PMSG and AFE converter is generated;
subsequently, the modeling of the machine-side VSC control, DC-link control and the grid-side
VSC control of the AFE converter is analyzed, and finally, the design of the AFE converter system
parameters is presented. Section 3 presents the modeling of the DSPWM Technique Applied in the
THD Reduction. Section 4 shows the simulated results of a study case for WES. Section 5 presents the
real-time simulation results of a study case for WES using Opal-RT Technologies®. Finally, in Section 6,
the conclusions are presented.

2. Modeling of the Type-4 WI-PMSG

The AFE converter structure consists in two power electronics converters: A machine-side VSC
(MSC) to provide power conversion between medium AC voltage and low DC voltage levels, and a
grid-side VSC (GSC) to generate the voltages required by the consumers [18], for which, the next
sections describe the control modeling of MSC and GSC and these are shown in Figure 2.
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Figure 2. Modeling control of WES.
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2.1. Modeling of the Machine-Side VSC Control at AFE Converter

The MSC provides the rotor flux frequency control, thus enabling the rotor shaft frequency to
optimally track wind speed [19]. The time-domain relationship of the VSC AC-side is given by:

[d (i}zixxsc(t» /dt] =- (R?\ASC/L?\ASC> [i?wsc(t)] + (1/L51\ASC> [UI;VISC(t)} - (1/L?\45c) [U?fvﬁpmsc(t)] )

where & is the MSC three-phase vector (a,b,¢), Lysc is the PMSG armature inductance, Ryssc is the
PMSG stator phase resistance, vp1sc and ipgsc are the MSC voltage and current, respectively, vwrpymsG
is the generated WT-PMSG voltage.

Then, the dq reference frame model derived from the AC-side of the MSC, including the
inductances cross-coupling, is described as:

= - (s ) [iuscoy] + (22t ) i (] + [ gelt] - [Hmopuscl] )

MSC MSC MSC MSC

[d(iﬁASC(t))
dt

(s ( R} . pmsG LY . " ., st
{ (Mgtc( ))} _ 7<L/}\I\jsc> [Z?\ASC(t)] _ (‘”PﬂzquG MSC) [Z‘;MSC(t)] _ {(A PMSLGq)(w PMSG):| + {UZZ{ISC()

SC MSC MSC MSC

_ [Ugvrigmsc(t)] (zb)

MSC

where w,ppsc is the PMSG rotor angular velocity; A,,ppsc is the maximum flux linkage generated by
the PMSG rotor magnets and transferred to the stator windings.
The generated MSC voltage is given by:

{vﬁ/jsc(t)} = (1/2) [m%sc(t) * VDC(t)} 3)

where g is the dq components reference frame vector of the MSC, VDC is the DC-link voltage, mﬁ/ISC is
the modulated index vector.

Making Lysc = L%/ISC = L?\/ISC' the presence of w,ppscLmsc in (2) indicates the coupled dynamics
between i?\/{SC and i?\ASC. To decouple these dynamics, the iZASC vector signals are changed, based in
the dq reference frame, i.e.,

{mi\l/lsc(t)} = (2/Vpc(t)) [?wsc(f) - ((wrPMSG'LMSC)i?\/[SC(t)> + U%\/Tfpmsc(t)} (4a)

[m?v;sc(f)] = (2/Vpc(t)) [%sc(t) + ((wrPMSC'LMSC)iﬁAsc(t)) + AupMsGWrpMsG + U?N'[LPMSG(t)} (4b)

where E4,-(t) and EY, . (t) are two additional control inputs.
The MSC plant is obtained by substituting (4) into (3), subsequently, (3) is substituting into (2)
generating a first order lineal system that, in Equation (5) is described.

E\/Jsc(t)} = Lumsc {di%sc(t)/dt} + Rumsc {ijgv[sc(f)} 5)

Equation (5) in the time domain is represented; its representation in the frequency domain is
shown in (6); which describes a decoupled and first-order linear system, controlled through EfASC(s).

{?\/{SC (5)} = (sLmsc + Rumsc) {ijgwsc (S)} (6)

Rewriting equation (6), the transfer function representing the MSC plant is given, i.e.,

[i}g\/jsc (5)} = [}g\/[sc (5)} (sLmsc + RMSC)_1 (7)
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With the purpose of tracking the i‘jgwsc(s) reference commands in the loop, the
proportional-integral (PI) compensators are used, obtaining;:

{ﬁ,{sc(s)} ~ [k(?\/lsc(s)} _ [(“MSCS PMZ;:ASCZCMSC IMSC)] _ l(a]\,;sc) ((s pMij\ASC ZMSC)>] ®

where kpjg\/Isc and ki‘}g\/ISC are the proportional and integral gains, respectively, apisc=2.2/Tpsc is the
MSC bandwidth of the closed loop control and Tjssc is compensator response time.

Substituting Equation (8) into (7), the closed-loop transfer function {lj"’wsc(s)} is formed:

~ [ ; krbysc (9)+Hidsc (5)
[[?)VISC(S)] ~ [1§/rfesfc(5) _l?\/{sc(s)} = {(W%) (S pMSC;MsclMSC s )(sLMSC(s)}#RMSC(s)>:| ©)

If in open loop the expression (9) tends to be co when s = jw — 0, this guarantees that, in closed
loop the system will not have a phase shift delay.

Based on (9), the relation between the plant pole and the PI compensator zero is obtained through
(10), generating the kp§,s- and kif ;- control gains.

[kpﬁ/Jsc} = [amscLmsc] = [(22/tmsc) Lmsc] (10a)

{ki;gwsc} = [amscRusc] = [(2.2/ tmsc) Rmsc] (10b)

Compensator response time, Tysc, in the range from 5 to 0.5 ms is selected, in this case a
Tpmsc = 2.2 ms is designated.

2.2. Modeling Power Transfer Control between the WI-PMSG and AFE Converter

In the WT-PMSG power transfer modeling the following power-speed characteristics are
considered [20]: (i) The base angular velocity of the WT is determined by the base rotor angular
velocity of the PMSG, wwry = wyppmscy; (ii) the WES base power is determined by the WT-PMSG
nominal power, Pwrs, = Pwr-ppmsce; 1ii) the output base power of the AFE converter is determined by
the base WES power, Parr, = Pwesy; this power is transferred from WT to PMSG through the electric
torque, this is represented by:

[Tepmsc] = (3/2) [((Lﬁ/fsc - L%sc)i%sci?\asc) + (/\mPMSGi?wsc)] (11)

where T,ppsc is the PMSG electrical torque, LL}VJSC and L?\/ISC are the dg reference frame components of
the PMSG armature inductance.

However, considering that the rotor has a cylindrical geometry, then it is established that,
L%/ISC = L?\/ISC [21], generating (12):

[Termsc] = ((3/2)Ampmsc) [i?\/fsc] (12)

Then, to realize the WI-PMSG variable speed control, it is necessary to generate the plant model
that represents it. Therefore, in (13) the dynamic characteristics are shown as a time function so that it
represents:

[d (wrpmsG)

1
dt } - E[TmWT — TepmsG — Dwrpmsc(t)] (13)

where D is the PMSG viscous damping, H is the inertia constant (s), Ty,wr is the WT mechanical torque.
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Equation (13) analyzes the WI-PMSG in the time domain; however, the WI-PMSG plant
representation requires a transfer function to design the w,ppysc control. By using Laplace
transformation, the WT-PMSG plant in the frequency domain is represented, i.e.,

[wypmsc(s)] = {(TmWT — Tepmsc) (2Hs + D)il} (14)

Equation (14) shows a multiple inputs single output system (MISO); however, because in steady
state it is valid that T,,wr ~ T.pmsc, then, in the control design it is considered that T,y = 0; generating
a single input single output system (SISO), as shown in (15).

wrpmsG(s) ] _ 1
e = o 5

With the purpose of tracking the w;pp1sG reference commands in the closed-loop transfer function,

the proportional-integral (PI) compensators are used. The feedback loop {LZP MSG (s)} is:

" kp! kil
A5 (6)] = [@7fhasc®) — wrmmso(s)] = | (oease) (Sgetionsa) ) (11| (16)

where kpfp Mmsc and kiZP msc are the proportional and integral gains, respectively.
From (16), the relation between the plant pole and PI compensator zero is obtained and the control
gains using the next expression are generated:

[kPZPMSG} = [2Hapmsc] = [(2.2/tpmsc)2H] (17a)

{kinMSG] = [epmscD] = [(22/tpmsc) D] (17b)

where the subscript Tppsc is the response time by the closed loop of the WI-PMSG first-order transfer
function. This is selected according to the WI-PMSG transferred power and this must be at least ten
times higher than Tsc.

2.3. Modeling of the Grid-Side VSC Control of the AFE Converter

The GSC is used to keep the DC-link constant, transferring the generated power between the
WT-PMSG and AC grid. The time-domain relationship of the VSC AC-side is given by:

[d (ilcsc(t))/dt] = —(RIGSC/LESC> [ilc;sc(t)} + (1/L£35c) [Ulcsc(f)} - (1/Llcsc> {vlwzes(t)} (18)

where [ is the VSC three-phase vector (a,b,c ), Lgsc and Rgsc are the RL filter parameters through which
the AFE converter is connected to the grid, vgsc and igsc are the GSC voltage and current, respectively;
UwEs is the generated WES voltage.

Then, from (18) the derived dg model is described as:

Lgsc (di‘ésc(f)/dt) = (wo-Lgsc) [i%sc(t)} — (Rgsc) [i?;sc(t)} + {U‘ésc(t)} - {U%Es(t)} (19a)

Lesc (diq(;sc/dt) = —(wo-Lgsc) [iésc(t)} — (Resc) [iqcsc(t)} + {U[Z;sc(t)} - [vivgs(t)} (19b)
where wy is the WES angular frequency; the generated GSC voltages are given by:

vbsc(t) = (Voe/2) [mlse ()] (20)

where k is the dq components reference frame vector of the grid-side VSC, mkG sc is the modulated
index vector.
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Making Lgse = Lésc = LqGSC, the presence of wyLgsc in (19) indicates the coupled dynamics
between i‘é sc and iz; sc- Decoupling these dynamics changes m‘ésc and m?;so based in the dq reference
frame, i.e.,

[msc()] = @/Voe(®) [Esc(t) = ((wo- Lose)ifsc (1)) +vives(8)] (1a)

{mzsc(t)} = (2/Vpc(t)) [?;sc(f) + ((wo : Lcsc)i'(i;sc(f)) + U?NES(t)} (21b)

where E& ¢ (t) and El ¢ (t) are two additional control inputs.
The GSC plant is obtained by substituting (21) into (20), subsequently, (20) is substituting into (19)
generating a first order lineal system, this in Equation (22) is described as:

Lesc [dilésc(t)/dt} = {Ic{;sc(t)} — Resc {ilésc(t)} (22)

The frequency domain of the Equation (22) is shown in (23); which describes a decoupled,
first-order, linear system, controlled through E’(‘;SC(S). Also, Equation (23) represents the grid-side
VSC plant.

[ilésc(s)} = [kcsc(s)} (sLgsc + Rgsc) ™" (23)

With the purpose of tracking the i’ésc(s) reference commands in the closed loop, the
proportional-integral (PI) compensators are used, obtaining;:

k Tk [ (agscskplge +agsckitoc) | | ragse [ (skphsc + kikse)
[Gsc(s)} ~ [kcsc(s)] = [ tescs = ( . ) P (24)

where kplésc and ki’é sc are the proportional and integral gains, respectively.
The feedback loop (K¢ (s) is:

[tkcsc(s)}=[i’é’§£<s>—i’ésc<s)}:l(“GSC)CSkP ES“M%SC))( : )] (25)

S XGsC sLgsc + Rgsc

The relation between the plant pole and the PI compensator zero is obtained in (26), generating
the kplésc and kikG sc control gains and agsc=2.2/7gsc is the GSC bandwidth of the closed-loop control.

[kpl&sc} = lagscLgsc] = [(2.2/7¢sc)Lgsc] (26a)

[kilésc} = lagscResc] = [(2.2/16sc)Rasc] (26b)

where Tggc is selected from 5 to 0.5 ms based on the transferred power.

2.4. The DC-Side Control of the AFE Converter

GSC improves the DC-link control. The time-domain relationship of the DC-link of the AFE
converter is given by:

[dVpc(t)/dt] = [Ipc(t)/Cpc] — [Vbce(t)/ (Cpc-Rpe)] (27)

The sum of currents entering the capacitor is:

Toc(()] = 53 mese(®) fosc(0)] 28)
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The functionality of the AFE converter requires that:

Vbe > |2(vwest—1)| (29)

The DC-link control is calculated through the stored energy in the capacitor, that is,

[Upc(s)] = (Cpe/2)[VBc(s)] (30)

where Upc is the stored energy in the capacitor and Cpc is the DC-link capacitance.
Considering that Upc(s) ~ Pgscre(s), and using the d reference frame component of grid-side
VSC plant described in (22) the DC-link control is made, generating the active power control, that is:

[PGSCref(S)} = (Cpc/2) {V%Cref(s) - Vz%c(s)} [Edcsc(s)} (31)

The reactive power control is made with the g reference frame component of the GSC plant
described in (22), that is,

[QGSCref(S)] = {QWESref(S) - QWES(S)} [ésc(s)] (32)

where Qs is the presented reactive power at the WES.
It is important to consider that, the subscript Tgs presented in (32) must be at least ten times
higher than 7gsc.

2.5. System Parameters Design of the AFE Converter

The correct operation of the type-4 WT control depends on the precise design of the AFE
converter parameters; thus, the element’s values of the MSC are obtained from the WT-PMSG
nominal power, Pyr.pmsc, that is: the current is iyse = (2/3)(Pwrpmsc/Umsc); the machine-side
impedance is Zyisct = vpmsc/imsc, thus, the MSC works with 15% of the total WT-PMSG impedance,
ie., Zpsc = (0.15)Zpiscy; from the WT-PMSG characteristics the following parameters are taken: Lyssc,
Ruysc, D, H. The element’s values of the GSC are obtained from the WES nominal power, but to
achieve Pywes = Pwr-pmsc icsc is generated using iysc = (2/3)(Pwes/vgsc); the grid-side impedance
is Zgscr=vgsc/icsc the GSC works with 15% of the total WES impedance, i.e.,: Zgsc = (0.15)Zgsct;
therefore, Lisc is calculated with Lgsc = Zgsc/wy, the Rgsc value varies according to the transferred
power, in a range from 0.1 QO to 0.5 (); the base WES capacitance Cyrs is calculated with
Cwes = 1/(Zgscwp). Then, a better time response in the WES feedback is achieved, since the Lysc
and Ry sc values are used in (10), H and D values are used in (17), Lgsc and Rggc values are used in
(26), to obtain the system feedback gains. It is important to establish that from the generated active
power by the GSC, vy is kept constant in the presence of any perturbation; for which, it is essential
to calculate the correct capacitance value that maintains the DC-link compensation. This is determined
from the base DC-link capacitance, i.e., Cpc = (3/8)CyEs, determining the store energy in Equation (30).

3. Modeling of the DSPWM Technique Applied in the THD Reduction

Digital modulation techniques are the most generalized framework in the control of modern
power electronics converters applications. Digital sinusoidal pulse width modulation (DSPWM) is a
modulation technique created by the internal generation of the modulated and carrier signals using a
digital controller [22].

THD reduction is achieved by modifying the DSPWM switching signals in each VSC. This is
carried out by applying a different phase shift angle in each carrier signal of each VSC; the modulated
signal angle is not changed. Then, the output signals (voltage or current) of each VSC are added.
In this paper, the AFE converter is built with three VSC connected in parallel. Figure 3 shows the
comparison between the modulated (without phase shift angle) and carrier (with phase shift angle)
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signals, generating the DSPWM signal (phase a) corresponding to each VSC connected in parallel.
The correct phase shift angle between each carrier signal is established putting up different values of

total phase shift angle at the WES, see Figure 2. The analysis is shown in Table 1.

»
-

:H{Z'T"

P
' 4

>

[LLLLLI]

DSPWM !}

T

il

fory

T

Figure 3. Digital sinusoidal pulse width modulation (DSPWM) signal applied to each voltage source
converter (VSC) connected in parallel (phase a).

In Table 1 it is observed that the angle that generates a lower THD is 37t/2; hence, this angle
divides the number of VSCs placed in parallel, i.e.,

6, = (37/2)/p (33)

where p is the number of VSC connected in parallel and 6, is the carrier signal phase shift angle of
each VSC.

Table 1. Analysis of different phase shift at the carrier signal.

Carrier Phase Shift in Each VSC

Total Phase Shift (6,) % Total Harmonic Distortion (THD)
0; ) 03

0 0 0 0 6.8%
/6 0 /18 /9 4.33%
/3 0 /9 27t/9 1.99%
/2 0 /6 /3 2.054%
21t/3 0 27/9 47t/9 1.271%
51t/6 0 5m/18 57t/9 1.608%
d 0 /3 21t/3 4.616%
7m/6 0 7mt/18 71/9 5.635%
41t/3 0 47t/9 871t/9 2.864%
37/2 0 /2 e 1.239%
51/3 0 51t/9 107t/9 1.36%
117t/6 0 117t/18 117t/9 1.867%
27 0 27/3 47t/3 2.756%
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The n-harmonics content is calculated through the Fourier series expansion, i.e.,

F(t) = CO + Z (Clr\lASC,GSC COS(nwot + 0')) (34)
n=1
where n is the harmonic number, Cjsc ssc = \/(a"MSC,GSC)z + (bnMsc,Gsc)zf

o =tan"! (bisc csc/ Tysc,gsc) and Co = ap/2.
The magnitude of each harmonic is calculated by,

n = —2 </T/2 F(t) ( t)d t> (35)
a COs(nw w
MSC,GSC T T/2 0 0
n = —2 /T/2 F(t) i ( t)d t (36)
Sin( 1w, w
MSC,GSC T < T/2 0 0 )

To calculate the THD in the AFE converter, the individually equivalent circuit of each three-phase
VSC is analyzed.
A three-phase VSC equivalent circuit is shown in Figure 4.

1 it ! i
,‘1-'! l'ﬂl.' _-;'.rl:'i.m'_-'.a:t "‘I:r.w .g..'u'-‘ MR e "1 =|l.*|le' HRE l‘l\l'.\'-l: SR

Yy ' '

‘M .LI'.'.' [SUALE VH{

—
—

) inc

M s gucV pe

Vivr-pysG wes

hd

Figure 4. Three-phase VSC equivalent circuit.

The three-phase VSC is represented by the next equation,

2Z%i%) —(Zxi’) —(Zxi) v? — ot v — P
—(Zxi%) 2(Zxit) —(Z*i = ot —o° —| oo (37)
_ . _ .b . _ _

(Z * 1“) (Z i ) Z(Z * lc) MSC,GSC vt -t MSC,GSC vt -t WT—-PMSG,WES

Using Kirchhoff’s current law (KCL), the currents flowing towards the MSC or/and GSC node
must be equal to the currents leaving the MSC or/and GSC node, i.e.,

:C _ .0 :b
IMsC,GSC = — (lMSC,GSC + lMSC,GSC) (38)
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Replacing equation (38) in (37) gives line-to-line current of the MSC or/and GSC, i.e.,

ab a b a b

léVISC,GSC 1 Ub — 0 Ub — 0

oc I C _ _ mC

IMsc,gsc | = 3z v - vr-v (39)
jca MSC,GSC T Lk

IMsc,Gsc U =Y 1 wr—pMsG,WES U =Y 1 Msc,gsc

where vwr.pysG represents the WT-PMSG voltage, vygs exemplifies the WES voltage, vpisc,gsc is
the VSC AC-side output voltage of MSC or/and GSC, and Z?\}IZSC,GSC is the AC-side filter of MSC
or/and GSC.

The vp15¢ Gsc value depends on M}Ji/f'lsc,c sc signal modulation. The modulated and carrier signals
implement the DSPWM technique of Figure 3; these have modulation frequencies of 60Hz (wp) and
7kHz (fw), respectively.

The carrier signal is composed by an up-slope and a down-slope, calculated as,

Chp =1— ((4/fw)(wots — 0y)) (40)

Chyp = ((4/ fw)(woty — (fw/2) —6,)) — 1 (41)

where Cy p, is the composed carrier signal, 8, is phase shift angle of each VSC, fw is switching
frequency of the carrier signal, 1 is the time for the up-slope, t; is the time for the down-slope.
Time t; for up-slope is:
bp <t < ((fw/2) +6)) (42)

Time t, for down-slope is:
(fw/2)+6,) <t < (fw+6)) (43)
Modulated signals in each VSC are described by the carrier signal time, that is:

Mﬁ’lp = cos(t; + ¢)

MZ; = cos(tr + ¢)

(44)

where /1] = a,b,c the VSC phases in MSC and GSC, respectively, and ¢ is the corresponding angle of
each phase in the modulated signal.

The comparison between modulated and carrier signals defines the DSPWM signal,
its representation is:

hl _ h,l
DSPWM}, = M} < Cyyp s
DSPWM} = M} < Ciyy

Multiplying the DSPWM signal and DC voltage amplitude generates the VSCs output voltage for
each phase value in MSC and GSC, i.e.,

Il _ hl
Upsc,csc = Ve ¥ DSPWMse csc (46)

The WT-PMSG voltage U?NT— pMmsG is generated by,

v’leTipMSG = PMSG(cos(wrpmsctt + Orpmsc))

(47)
U’éwpmsc = PMSG(cos(w,pmscta + 0rpmsc))

where PMSG is the WT-PMSG amplitude voltage and ¢ is the corresponding angle of each phase in
the three-phase WI-PMSG.
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And the WES voltage U%NE ¢ is produced by,

Uf‘lWES = WES(cos(wot1 + ¢pwes))

(48)
vi‘zWES = WES(cos(wot2 + ¢wes))

where WES is the AC grid amplitude voltage and ¢wrs is the corresponding angle of each phase in the
three-phase WES grid.
The output current in each VSC is calculated as,

h,l _ hl Il

lyMmsccsc| = (1/(8Zmsccsc)) U WT-PMSGWES | — |Vt MSC,GSC (49)
l-h,l o (1/(32 ) ) Uh,l _ vh,l

tHMSC,GSC| — MSC,GSC tWT—PMSG,WES tpMSC,GSC

The harmonic content spectrum to obtain the THD is required. By using (35), (36), and (49) the
spectrum is calculated as,

(fw/2)+0p (.1, fw+, 0,
Tpsc,Gsc = (%) [(.fe,{w S+ <ZZZMSC,GSC COS(nw0t1)>dw0t1) + (.f(%/zgw;, (lZ[MSC,GSC cos(nw0t2)>dw0t2)} (50)

(fw/2)+6p (.1, . 40 0, .
bluscsc = (%) [(fepfw ! (Zlfllz\asc,GSCSZH(nwofl)>dwofl) + (f(ffi;/z;w,, (Zllez\Asc,Gsc51”(nwofz))dwofz)] (51)

For the harmonic content of the output current signal, the magnitude of the individual harmonics
is calculated for each VSC connected in parallel to the MSC and GSC and these are added, i.e.,

nl n2 np

apsc,gsc T amsc,gsc T+ T ayvsc cse (52)
nl n2 np

busc,gsc + Umsc,gsc + -+ -+ byiscgsc (53)

where p is the number of VSCs placed in parallel and 7 is the number of harmonics.
The THD in the AFE converter output current is,

1

il _
THDiyisc csc =

0 2
\/ )3 (Cﬁsc,csc) * 100 (54)
n=2

1p
CMSC,GSC

where Czlvlfsc csc is the fundamental harmonic magnitude and C;zvfsc csc is the n'" harmonic magnitude.
Finally, the lower THD content in the output current of the AFE converter is generated when the
output current signals of each VSC are added, i.e.,
h,l _ hl h,l h,l
IMsc,csc = 'msci,csct T Imsca,gsca T -+ - T Imscp,gscp (55)
Figure 5 shows the flow diagram that describes the generated method for a lower harmonic
content, represented from Equations (33) to (55).
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Figure 5. Flow diagram for the lower total harmonic distortion (THD) generation.

4. Simulation Results: Study Case for WES

In this paper, Matlab-Simulink® (Matlab r2015b, Mathworks, Natick, MA, USA) and Opal-RT
Technologies® module (OP-5600) (Montreal, QC, Canada) are the main elements in the WES real-time
simulation, since the OP-5600 module uses the rapid control prototyping (RCP) concept, which allows
testing of the control law without the need for any programming code.

In Figure 2, the simulated WES is shown. It contains a WI-PMSG to supply the MSC, the AFE
parallel converter and the infinite bus (considered as an ideal voltage source) to supply the GSC. The
MSC and GSC are connected to WT-PMSG and the AC grid through RL filters, both converters are
formed by three VSCs connected in parallel and each one is designed to possess a power and voltage
of 2 MVA and 2.5 kV, respectively. The characteristics of the WI-PMSG are described in Table 2.
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Table 2. Wind turbine-permanent magnet synchronous generator (WT-PMSG) characteristics.

Wind Turbine (WT)

Nominal output power 2 MW Base wind speed 12m/s
Pitch angle 45 deg base generator speed 12 pu
Permanent Magnet Synchronous Generator (PMSG)
Mechanical input —8.49 x 10° N.m. Stator resistance 82 x 10740
Armature inductance 1.6 x 1073 H Flux linkage 5.82
Viscous damping 4.04 x 103 N.m.s Inertia 2.7 x 100 kg.m?
Pole pairs 4 Rotor type Round

To verify the correct WES operation in Figure 2, in Figure 6 the behavior of the WT mechanical
torque and the PMSG electric torque are analyzed.

(a)

o
'S

(28]
r2

Wind
Fluctuations (m/s)

11.8 ' : ' : ; 4
0 5 10 15 20 25 30
Time (s)
% 10° (b)
~ -1.02 } Mechanical (TmWT)
QO g s [ |ectric (TePMSG)
2=z
= o
A2 -1.04
g
s
-1.06 t { i i i i
0 5 10 15 20 25 30
Time (s)

Figure 6. The behavior of the WT mechanical torque and the permanent magnet synchronous generator
(PMSG) electric torque in the presence of wind fluctuations. (a) Wind fluctuations; (b) mechanical and
electric torque.

Figure 6a details the wind fluctuations applied to the WT, which are generated in
Matlab-Simulink® by a rotor wind model developed by RISOE National Laboratory based on Kaimal
spectra. Figure 6b shows the behavior of the WT mechanical torque and the PMSG electric torque in the
presence of wind fluctuations. It is possible to observe that the electric torque follows the mechanical
torque behavior, due to the effective structure of the MSC closed-loop control.

Figure 7 shows the generated current by the WT-PMSG, which is controlled through the MSC of
the AFE parallel converter. Because the MSC is formed using the parallel connection of three VSCs,
each VSC can handle one third of the total current generated by the WT; Figure 7a—c illustrates the
current in the (1), (2), and (3) VSCs, respectively, and in Figure 7d the MSC total current is shown.
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Figure 7. Current present in machine-side VSC (MSC) of Active Front-End (AFE) parallel converter.
(a) (1) VSC; (b) (2) VSC; (c) (3) VSC; (d) total current.

While, the main MSC function is the rotor flux frequency control, generating the power conversion
between medium AC voltage and low DC voltage levels, the most important GSC function is to keep
the DC-link constant, transferring the generated power between the WT-PMSG and AC grid in the
voltages required by the consumers.

Figure 8a shows that the DC-link remains constant at 5kV, because, when the MSC requires a
reactive power exchange, due to the wind fluctuations of Figure 6a, the GSC restores the DC-Link,
and at the same time injects the needed reactive power, as shown in Figure 8b.

6000 _ @
—
‘E — L
3 24000 [ o=
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0 0 . 20 30
Time (s)
;
L )
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o >
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B
O 2 ‘ '
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Figure 8. DC-Link and Reactive Power controlled by the grid-side VSC (GSC). (a) DC-link voltage;
(b) exchange of reactive power in WES.

Figures 9-11 detail the applied DSPWM to each of the VSCs connected in parallel for the correct
operation of the GSC, at the stability time from 4.5 to 4.509 ms. In Figure 9, it can be seen that both the
carrier signal of Figure 9a and the modulated signal of Figure 9b start at the same time, i.e., the carrier
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signal does not present any phase shift, generating the DSPWM signal in Figure 9c, this is applied to
the first VSC connected in parallel in the GSC. In Figure 10, the DSPWM generation applied to the
second VSC connected in parallel to the GSC is shown; in Figure 10a, a phase shift of 7t/2 (rad/s) in
the carrier signal is observed. This is compared with the modulated signal of Figure 10b, originating
the DSPWM with the phase shift of Figure 10c. Finally, in Figure 11, the DSPWM signal applied to the
third VSC connected in parallel of the GSC is presented; in Figure 11a the carrier is observed with a
phase shift of 7 (rad/s) with respect to the modulated signal of Figure 11b, generating the DSPWM of

Figure 11c.

(a)

16 of 23
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Figure 9. DSPWM signal applied to the control of the first VSC connected in parallel in GSC. (a) Carrier
signal; (b) modulated signal; (¢) DSPWM.
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Figure 10. DSPWM signal applied to the control of the second VSC connected in parallel in GSC.
(a) Carrier signal; (b) modulated signal; (¢) DSPWM.
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Figure 11. DSPWM signal applied to the control of the third VSC connected in parallel in GSC.
(a) Carrier signal; (b) modulated signal; (¢) DSPWM.

Figure 12 shows the electrical variables present at the GSC when the corresponding phase shift in
the carriers of each VSC connected in parallel is performed, according to Equation (33). Figure 12a
shows the (1) VSC current generated due to the phase shift at the carrier of Figure 9a; in which, a zoom
in time is made from 9.9 to 10.1 s, observing the current magnitude and behavior in the presence of the
reactive power exchange at Figure 8b. Figure 12b shows the (2) VSC current generated due the phase
shift at the carrier of Figure 10a; Figure 12c shows the (3) VSC current generated due the phase shift
at the carrier of Figure 11a; in Figure 12a—c, each current magnitude is 330 A, generating a total GSC
current of 990 A, as seen in Figure 12d; Figure 12e details a zoom in time from 9.9 to 10.1 s, observing
the generated voltage at the GSC, the magnitude of which corresponds to 2500 V.
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Figure 12. Electrical variables generated by the GSC. (a) Zoom of the handled current at the (1) VSC;
(b) the handled current at the (2) VSC; (c) the handled current at the (3) VSC; (d) total current; (e) zoom
at the magnitude voltage.
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Finally, the current THD is shown in Figure 13; Figure 13a contents the THD without any phase
shift between carriers of each VSC of the AFE converter, which corresponds to 6.8%. Please observe
that, in Figure 13b, when the corresponding phase shift is performed in the carriers, the current THD
is reduced to 1.239%, as specified in Table 1. The Figure 13 shows the harmonics magnitude reduction
or even their elimination, once the phase shift between carriers has been made. The THD was reduced
by approximately 5.5 times.

100 100
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&0

50

Amplitude
Amplitude

a0

20

20
20
10 |I
10 ° A

0 5 " 15 " 5 i 15
Fregquency {(kHz)

(@) (b)

Figure 13. THD present at the WES. (a) Without phase shift between carriers of each VSC; (b) with
phase shift between carriers of each VSC.

5. Real Time Simulation Results: Study Case for WES using Opal-RT Technologies®

To verify the robustness of the applied control in the AFE converter and the THD reduction at the
WES, the grid of Figure 2 in real time using the Opal-RT Technologies® is simulated; generating an
RCP concept that tests the WES dynamics without the need for any programming code. Specifically,
the VSC of the AFE converter is composed by the insulated gate bipolar transistor (IGBTs), these use
a switching frequency of 7 kHz. Figure 14a shows the wind fluctuations generated by a rotor wind
model developed by RISOE National Laboratory based on Kaimal spectra. Figure 14b contains the
mechanical torque behavior generated by the wind turbine, and in response to the applied control at
the MSC, the PMSG electric torque is able to follow the same behavior.
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Figure 14. Behavior of the WT mechanical torque and the PMSG electric torque in the presence of
wind fluctuations simulated in the Opal-RT Technologies®. (a) Wind fluctuations; (b) Mechanical and
Electric torque.
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Figure 15 presents the main electrical variables of the WES simulated in real time by OPAL-RT®.
Figure 15a contains the current portion that handles the first VSC connected in parallel; as can be
seen, as only three VSCs are connected in parallel, each one handles only a third of the total current
generated by the MSC. The total current is presented in Figure 15b, and this is transferred by the
WT-PMSG to the AC grid through the AFE converter. In Figure 15¢, the generated voltage by the
MSC is observed. It is important to mention that the main objective of the GSC is to support the
constant DC-link in the presence of any disturbance (such as voltage/current variations due to wind
fluctuations or reactive power exchanges by the behavior of the WT). This is evidenced in Figure 15d
and is possible due to the applied control robustness. Figure 15e shows the GSC ability to exchange
reactive power, that is, the ability of the injection/absorption of 6 MVA into the AC grid. Figure 15f
contains the handled current portion by the first VSC connected in parallel at the GSC; similarly, as
only three VSCs are connected in parallel, each one handles only a third of the total current generated
by the GSC; the total current is presented in Figure 15g. Finally, in Figure 15h, the handled voltage
by the GSC is observed, this is taken from the PCC attached to the AC grid. The THD of the handled
total current by the GSC is generated through the OPAL-RT®. The generated THD without phase shift
between the carriers of each VSC connected in parallel corresponds to 8.85%. The produced THD
once the phase shift between the carriers of each VSC is made corresponds to 2.18%, and the phase
shift from equation (33) is calculated; therefore, it is demonstrated that making the WES real-time
simulation and applying the phase shift between the carriers of each VSC, the THD can be reduced up
to four times.
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Figure 15. Electrical variables generated at the WES simulated in the Opal-RT Technologies®. (a) The
handled current by the (1) VSC of MSC; (b) total current handled by the MSC; (c) voltage present at
the MSC; (d) DC-Link voltage controlled by the GSC; (e) reactive Power controlled by the GSC; (f) the
handled current by the (1) VSC of GSC; (g) total current handled by the GSC; (h) voltage present at
the GSC.
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Finally, it is important to mention that, the block —written to file— produces the results of Figures 14
and 15 in the MATLAB-Simulink® interface; this allows plotting the variables in MATLAB windows
in order to have a better presentation.

6. Conclusions

In this paper, the AFE converter topology has been analyzed for the THD reduction in a WES.
The WES has been formed by a WI-PMSG connected to the AC grid through an AFE converter.
The AFE converter topology has been made from the use of a single VSC to use pVCS connected
in parallel.

The effective THD reduction has been made through the variation in the DSPWM technique
applied to each VSC, that is, applying a different phase shift angle at the carrier signals of each VSC
connected in parallel, while the modulated signal angle has been kept constant.

To verify the robustness to the applied control, the WES control law has been simulated in real
time using the Opal-RT Technologies®, generating an RCP concept, which tests the WES dynamics
without the need for any programming code.

The obtained results have shown a type-4 WT with total output power of 6MVA generates a THD
reduction up to 5.5 times of the total WES current output by Fourier series expansion.
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Nomenclature

XGscC GSC bandwidth of the closed-loop control
aMSC MSC bandwidth of the closed-loop control
@ Modulated signal angle

¢ WT-PMSG three-phase angle

PwEs WES three-phase angle

AmPMSG PMSG maximum flux linkage

0y Phase shift angle of each VSC

TGsC GSC compensator response time

TMSC MSC compensator response time

TPMSG PMSG compensator response time
WrPMSG PMSG rotor angular velocity

Wy PMSGh PMSG base rotor angular velocity

WWTP WT base angular velocity

Wo WES angular frequency

AFE Active Front-End

Ci,r2p Composed carrier signal

Cpc DC-link capacitance

Cwes WES capacitance

D PMSG viscous damping

DFIG Double-fed induction generator

DSPWM Digital sinusoidal pulse width modulation
DSPWMgsc Modulated index vector at GSC
DSPWMpmsc  Modulated index vector at MSC

Ecsc GSC control input



Energies 2018, 11, 2458

Epmsc
fw
GSC

H

iGsc
ipMsC

i PMSG
Ipc
kicsc
kipsc
kiyppsc
kpgsc
kpmsc
kp:pmsc
Lgsc
Lyisc
MSC

p
PCC

PGscref
PMSG
Pwesp
Pwr.pmscy
PArEp
Qcscref
Qwes ref
Qwes
RCP
Rpc
Rgsc

Rpsc
S

SCIG
Superscript d
Superscript g
Superscript h
Superscript k
Superscript |
Superscript n
Superscript q
Superscript ref
ty

t

Termsa
THD

Twr

Upc

vGsc

UWES
UWESL-L
Umsc

UWT

PMSC control input

Switching frequency

Grid-side VSC

Inertia constant

GSC current

MSC current

PMSG rotor current

DC-link current

GSC integral compensator gain
MSC integral compensator gain
PMSG integral compensator gain
GSC proportional compensator gain
MSC proportional compensator gain
PMSG proportional compensator gain
GSC inductance

WT-PMSG armature inductance
Machine-side VSC

Number of VSC in parallel

Point of Common Coupling

GSC active power reference

Permanent magnet synchronous generator

WES base power

WT-PMSG base power

AFE converter base power
GSC reactive power reference
WES reactive power reference
WES reactive power

Rapid control prototyping
DC-link resistance

GSC resistance

MSC resistance

Laplace operator
squirrel-cage induction generator
d axis of dq reference frame
MSC dq components vector
MSC three-phase vector

VSC dq components vector
VSC three-phase vector
Harmonic number

q axis of dq reference frame
Corresponding Reference value
up-slope time

down-slope time

PMSG electrical torque

Total Harmonic Distortion
WT mechanical torque
Energy capacitor

GSC voltage

WES voltage

WES line to line voltage
WT-PMSG voltage

Wind turbine voltage

21 0f23
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VWT-PMSG Generated WI-PMSG voltage
Vbe DC-link voltage

VDcref DC-link voltage reference
VSsC voltage source converter
WES Wind Energy System

WT Wind Turbine

ZGsct GSC impedance

Zgsc Total WES impedance

Zymsc Total WT-PMSG impedance
ZMsct MSC impedance
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