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Back-to-Back Power Converter PMSG Wind Turbine
Systems With Revised Predictions

Zhenbin Zhang
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Abstract—A direct-drive permanent magnet synchronous gen-
erator (PMSG) with a three-level neutral-point-clamped back-to-
back power converter is an attractive configuration for high-power
wind energy conversion systems. For such a topology, finite-control-
set model-predictive control (FCS-MPC) has emerged as a promis-
ing alternative. However, due to its fully model-based concept,
variation of system parameters (in particular, the stator and grid
filter inductance and rotor permanent-flux linkage) will (seriously)
affect the system control performances when using the classical
FCS-MPC. In this work, a robust FCS-MPC method with revised
predictions is proposed and validated for such a system. With the
proposed solution, not only the system robustness against parame-
ter variations is improved, but also the control variable ripples are
evidently reduced. The proposed method has been implemented
with a fully field-programmable-gate-array-based real-time hard-
ware. Its performance improvements in comparison with the con-
ventional solutions are validated with experimental data.

Index Terms—Field-programmable gate array (FPGA), finite-
control-set predictive torque and power control, nonlinear
direct control, robust control, three-level neutral-point-clamped
(3L-NPC) back-to-back converter, wind energy system with per-
manent magnet synchronous generator (PMSG).

I. INTRODUCTION

IND energy, in particular high-power wind energy in-
; w stallation, has steadily increased over the last years.

Currently, 7.5-MW systems are available in the market, and nu-
merous research activities aim at 10—12-MW level for offshore
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applications [1]-[4]. Such a trend requires converter/inverter
topologies with more than two voltage levels to handle high
power ratings and to meet grid codes with low total harmonic
distortions (THDs).

A three-level neutral-point (diode) clamped (3L-NPC)
back-to-back converter allows for more than two voltage
levels, but the required amount of components is drastically
less than, e.g., for five-level topologies. A permanent magnet
synchronous generator (PMSG) with a direct-drive structure
shows attractive properties [1], [5] (e.g., higher energy density,
heavy gear box elimination, and reduced maintenance). There-
fore, a direct-drive PMSG wind turbine system with a 3L-NPC
back-to-back power converter is a promising configuration for
high-power wind energy applications [S5]-[7]. Fig. 1 shows a
simplified structure of such a system.

Control schemes to deal with such systems, both for the grid-
side converter (GSC) and machine-side converter (MSC), can be
divided into two classes when considering whether a modulator
is required or not (see, e.g., [8]): 1) modulator-based linear con-
trol methods and 2) nonlinear direct control techniques without a
modulator [4], [7], [9]-[11]. Finite-control-set model-predictive
control (FCS-MPC), which is one of the well-known nonlinear
direct control methods [12], takes the nonlinear and “switching”
nature of the power converter into account and combines the
control objective optimization and switching state decision pro-
cesses into one step. A timed-average-based modulation stage
is not required therein. Such a technique is capable of dealing
with nonlinear dynamics with multiple control objectives and
constraints, by using a flexible customer designed cost function.
It has important advantages, such as straightforward concept,
flexible to design, and fast control dynamics. Recently, it has
been emerged as a promising alternative for power electronics
and drives [12]. However, high computational requirement (in
particular for multilevel/multiphase [13], [14] or longer predic-
tion horizon [15] cases) is regarded as one of its drawbacks.
Advanced modern digital controllers [e.g., field-programmable
gate arrays (FPGAs)] have provided a viable solution for its
real-time realization [7], [15].

However, similar to other model-based control techniques,
control performances using FCS-MPC highly depend on the
accuracy of the system model and its parameters [16]. In prac-
tice, unmeasurable (e.g., flux linkage) and time-varying param-
eters (e.g., resistance and inductance) will inevitably introduce

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. Simplified electrical circuit of a PMSG wind turbine system with a 3L-NPC back-to-back power converter and an RL filter [4], where egb" =
(e;, eg, eg YT [V]? is the grid voltage vector, v%°¢ = (v2 , vb , v&, )T [VP and v be — (v;, v‘g, 'uf])T [V]? are the output voltage vectors of the generator
and GSCs, and 42°¢ = (i¢ , it , i, )T [A]® and i;l'“ = (i, if], i‘f]')T [A]? are the generator and grid-side current vectors. w, (t) = Npwy, (¢) [rad/s] is the

electrical frequency of the rotor (rotating with w,, [rad/s]), N, [1] is the pole pair number; ¥, [Wb] is the permanent magnet flux linkage, and 6, [Wb] is the
electrical position of the rotor flux. Ry, R, [Q] and L, L, [V.s/A] are the filter and generator stator resistance and inductance, respectively.

mismatch between the actual parameter values and their nom-
inal values used in the controller, which causes performance
degradations (e.g., steady-state tracking bias [17] and increased
control variable ripples [18]). Particularly, for the system un-
der consideration, i.e., the grid-tied wind turbine system with
PMSG, deviations of both the inductance (in the generator
stator/grid-side filter) and permanent magnet flux linkage (of
the generator rotor) will considerably affect the system con-
trol performances [18]. In the literature, many research efforts,
targeting to improve the system robustness against parameter
variations, for both the grid- and machine-side control, have
been reported. For example, in [19], a Luenberger-observer—
sliding-mode-observer-based parameter adaptation method was
presented to improve the control robustness against machine
stator inductance mismatch. In [20], an online magnet flux link-
age estimation approach by using measured speed harmonics
was reported to estimate the magnet flux in real time. In [21],
an online parameter estimation method using current injection
solution was proposed with the same target. In [22], a posi-
tion offset-based parameter estimation solution for permanent
magnet synchronous machines (PMSMs) under variable speed
control is proposed. In [23], a grid-side filter inductance estima-
tion method based on the well-known least-squares estimation
philosophy was used to improve the system robustness to grid-
side inductance variations. In [24], the wavelets were used to
analyze transients associated with small disturbances imposed
by power converters, and then, the grid impedance was ob-
served using these transients. In general, these aforementioned
research studies achieved considerable system performance im-
provements. However, these methods applied, in general, the
“first-estimation-then-correction” concept. Hence, an extra state
or parameter estimation procedure is inevitably required, which
usually requires fast and accurate measurements and will com-
plicate the system control structure. It, hence, increases the sys-
tem realization efforts and may also reduce its reliability [3],
[25]. In [4], the theoretical background and realizations of

classical DMPC and switching-table-based direct control strate-
gies of the underlying systems have been comprehensively
stated. Their control performances were systematically com-
pared with experimental results. However, robustness-improved
approaches were not touched.

In this work, we propose and validate a robust FCS-MPC
control method with revised state predictions for controlling 3L-
NPC back-to-back power converters in the direct-drive PMSG
wind turbine system. The proposed solution shows robust prop-
erties against the system inductance and rotor permanent magnet
flux linkage variations/uncertainties, with a simple structure and
straightforward realizations. It does not require extra fast sam-
pling devices or parameter estimation techniques. Meanwhile,
the controller variable ripples are evidently reduced, at both
the conditions with and without parameter variations. To con-
quer the computational efforts required by the proposed robust
FCS-MPC solution, a fully FPGA-based real-time platform is
adopted. The FPGA design process is also detailed. The con-
trol performances are thoroughly validated and compared with
the classical FCS-MPC scheme, with experimental data, at a
lab-constructed test bench.

This paper is structured as follows. Section II presents the
system modeling and description. In Section III, the control
methods of both the classical and the proposed robust FCS-
MPC solution are presented. Section IV introduces the FPGA
design detail. Section V illustrates the results and their analysis.
Finally, Section VI concludes this paper.

II. SYSTEM DESCRIPTION AND MODELING

As depicted in Fig. 1, the GSC and the MSC share a com-
monly connected dc link of a grid-tied 3L-NPC voltage-source
back-to-back power converter. The MSC is the power electronic
interface for the machine-side control and the GSC is for the
grid-side and dc-link control. The turbine is directly mounted
to the generator shaft without a gear box. In the following, such
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a system is modeled and described in brief. Note that all quan-
tities 2*” in the a3 coordinate and quantities ¢ in the dq
coordinate are derived using the corresponding quantities a**°
in the abc coordinate, invoking (power invariable) Clarke and
Park transformation, i.e., for angle ¢ € R [rad],

1 _1

waﬂ _ \/5 2 2
V3|8

2 2

T ¢ (Clarke transformation)

abe
y

4 | cos (¢) sin(¢) B
v [_sin(a;) cos(a;)]w ' )

Tp (¢) (Park transformation)

All models are eventually derived in a discrete}-time format
applying the forward Euler method of 4z (t) ~ % to
ease the reading of the following controller design sections.

A. Turbine Power, Aerodynamic Torque [4]

The mechanical power extracted by the wind turbine from the
wind is governed by (see, e.g., [4] and [7])

Vk Z 0: B[k] = 05pA (vu,(k))g Cp[k]

R\’
=0.5pA - Cp[k] <)\> X w (k] >0 (2
(¥]
where p[kg/m?] is the air density, A [m?] is the rotor area,
R; [m] is the blade radius, A; = R'w'" [1] is the tip speed
ratio—depending on the wind speed vy [m/s], the rotor ra-
dius R [m], and the generator/machine speed w,, [rad/s|—
C, < Cp ez = 16/27 ~ 0.59 is the power coefficient of the
wind turbine and is a function of the speed tip ratio A; and
the pitch angle 5 [°]. For simplicity, it is assumed that the tur-
bine power is transformed without losses to mechanical power
into the generator. More detailed discussions can be found in,
g., [4]. Depending on the wind speed, operation range of a
wind turbine system can be divided into five stages [7], [26].
During wind speed stage 11, i.e., the wind speed between the
cut-in speed and the rated speed, the maximum power can be
produced only when the turbine operates at a maximum C,,, i.e.,
at COPt which depends on an optimum tip speed ratio of )»Opt
(Bis kept at zero). A proper “maximum power point tracking”
(MPPT) control is required to decide the optimal torque refer-
ence T*[ 4 Or speed reference w;, command for the inner loop to
track. The inner loop of the MSC shall follow either an optimal
torque reference Tg‘[ ] OF speed reference w;, command with fast
dynamics [4], [7], [26] [27]. In this work, the MPPT control is
not the major focus,! and we assume that a speed reference w;,
fulfilling the MPPT requirement is known for both simulation
and experimental verifications.

Interested readers may refer to [26] and [27] for the detailed topics of MPPT
control.
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B. Generator and Grid-Side State-Space Modeling
Taking the dg-frame stator current i%7 (k) = (i%, (k), 44, (k)"

[A]? of a surface mounted permanent magnet generator
(SPMSG)? and the grid-side power® S(k) = (P(k),Q(k))"
[VA]? as the generator and grid-side system states, the dis-
crete state-space model for both the MSC and GSC sides can be
expressed as [7]
xy(k+1)=Ay -z, (k) + By (k) -u, (k) + Hy (k) (3)
where y € {m, g}, representing the variables for the machine
(m) and grid (g) sides, respectively. u,, (k) = v44 (k) = (v4,
(k). v ()T IV and uy(k) = v7 (k) = (vg (k), v (k)"
[V]? are the input for machine and grid sides, respectively, which
are described in Section II-C. A, B, and H,, are the system,

input, and feed-through matrices. They are given as follows:

g [T Tsweu@)] [ o]
m —Tswe (k) 1— T}lilj‘ m 0 fz
4)
Ts’ m T
H, () = (0,220, (k) )
l—T‘sLﬂ —Tswy
A, = ! (6)
! Tswy 1_%
By~ =T [4®) e§<k>] 0
! Ly |el(k) —e(k)
T T
H, (k) = 7= (llef " (0)]I*.0) ®)
g

where 9, [V-s] is the permanent magnet flux linkage, T [s]
is the sampling interval, and w, [rad/s] is the grid-side source
voltage frequency.

C. 3L NPC Back-to-Back Power Converter

Fory € {m, g}, x € {a,b,c}, and ¢ € {1, 2}, the gate signal
for the upper insulated-gate bipolar transistors (IGBTs) (see
Fig. 1) is introduced as ij” and the inverse gate signal for the
lower IGBTs as G (complementary to G’ see Fig. 1). We
define the switching state u; as

P, if Gl =1AG =1
ul = G(GT) =4 0, G =0AGE =1 (9)
N, if Gl =0AGI>=0

2For which, the equivalent inductance in the dg-axis are equal, i.e., L’f =
LY = Ly and setting the d-axis zd *:= 0 [A] will lead to maximum torque per
ampere control [3].

3That is, the power measured from the point of coupling, which
is 3] S(k) = (e ") (k) 4" (k), (ef DO ;%k)) . where
i (k) = (ig (k), iy (k)%)T [A]? and eg'” (k) = (e (k), eg (k)T [V]? are
the grid-side current and source voltage vectors, respectively.
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for phase x. The switching state vector has, therefore, the fol-
lowing form [3]:
ul u ) €Uy :={NNN,NNO,.

y oy Ty

.,PPO,PPP}

(10)
of 27 admissible switching states [28]. Hence, for dc-link ca-
pacitor voltages V., and V., (see Fig. 1), the converter phase
voltage vgbc can be obtained as [29]

u, = (u;

vy 2 -1
v = vy | =(Va+Vee) o| -1 2 1
o 611 -1 2
Y
=Tsw

(1)

where |ug"| = (Jug| |uf||ug|)T. The corresponding voltage
vectors in af (i.e., v;‘ﬂ) and dq (i.e., vjq) frames can be ob-
tained invoking the Clark T'¢ and Park T'p transmissions given
in (1).

The dc-link voltage V; (k), when considering the current flow
of the converter (see Fig. 1), can be modeled as follows:

& (1) - 1)

where I, (k) = 82" (k) - g (k) and I, (k) =0 (k) - ugle"
(k) are the dc-link components of the grid- and load-side cur-
rents, respectively. Known from Fig. 1, the capacitor voltage
difference V,, := V.; — V., depends on the charging state of the
two dc-link capacitors C; and Cs (both = C') and will change
only when the current ;) is drawn from it, i.e., when u, con-
tains the “O” element [see (9)]. For a given phase current vector
zzb‘ = (ZZ, ig, y) , applying the forward Euler approximation
yields the discrete-time equation of the dc-link capacitor voltage
difference as (see, e.g., [7])

ul’ 4+ (Vor — Via) - Tsw - Jul”|

y

Valk+1) = Vy(k) + (12)

T‘s abe -abc
& (g Wl (k)

— sl (Rl T (k) ).

Vo(k+1) = V,(k) +

13)

III. CLASSICAL AND PROPOSED CONTROL ALGORITHMS
A. Model-Predictive Control and System Requirements

Model-predictive control schemes evaluate a cost function
of [3]

J(ui ;)

FN-1 / m
=3 (L -

k) ()]
h=k \ i=1

=:Jrg

n

+ Z 7es; [CSjas
j=1

- CS?[k+1](uj)| ) (14

=:Jcs

which represents the control objectives, comprising of gen-
eral two parts: Jps, and Jcs., (with weighting factors ~ps, and
Ycs; » respectively). Jrs; and Jcs, represent subcosts for the ith
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(1 € {1,...,m}) element of the Target Set TS (such as track-
ing of current, voltage, torque, or power with their reference
TSY) and the jth (5 € {1, ...,n}) element of the Constraint Set
CS (such as current/torque or power limitations, switching fre-
quency regulations, and neutral point voltage balancing, etc.,
with their reference CS’;), respectively. Mrs, and Mcs, are ab-
breviations for the prediction model for the ith Target TS; and
the prediction model for the jth Constraint CS;, respectively.
In this work, a one-step prediction (h = 1) is used for the sake
of simplicity to demonstrate the effectiveness of the proposed
solution.

Back to the system under consideration (depicted in Fig. 1),
from the power converter point of view, the control objectives
for MSC and GSC are (see, e.g., [3], [7]).

(coy) Torque/current control: The underlying torque/current
controller must be fast and accurate to assure MPPT of
the wind turbine system or nominal torque generation
for wind speeds above nominal speed. Low torque rip-
ples and low THDs must be guaranteed to reduce stress
on the mechanical components.

Power control: The GSC assures grid-side power control
with fast dynamics, hence, to reduce dc-link fluctuations
caused by the changing input wind power. Moreover, a
good power quality to fulfill grid codes shall be met.
Voltage balancing: At least one side of the back-to-
back power converter needs to assure voltage balancing
in upper and lower dc-link capacitors (see Fig. 1), i.e.,

(coz)

(co3)

Va=Vie>0 = Vy=Va+Va>0 (I5)

is essential (and sufficient) to maintain a constant dc-
link voltage and to allow for low-voltage ride-through
capabilities [30].

Switching frequency regulation: For high-power wind
energy applications, low switching frequency so to in-
crease the efficiency and ease the heat-sink design is
desirable.

Therefore, to fulfill these control objectives (of coj 23 4),
the cost functions for the generator (for y = m) and grid-side
(for y = g) control within the FCS-MPC framework can be
designed as

(coy)

Jy(uy) =Ty llz; — a, (k+ D* + 75 Ay,
Ve *
+, (VO fVo(k+1)) , y€{m,g} (16)
where y € {m, g}, T'n = [%07” w% l. Ty =[] and ~, [1],

i [1], 7, [1] and fy;f, [1] are weighting factors. For (16), A,
is responsible for the switching frequency regulation and is
defined as

By = 3 (1 0+ 1) =y ()]

i=a,b,c

7)

Note that, due to the limited scope, the dc-link and speed
control loops (we use the same methods as presented in [7])
are not repeated here. In the following, based on the same cost
function, both the aspects for the classical and newly proposed
robust FCS-MPC methods are discussed.
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Fig. 2. Structures of (a) the classical and (b) the proposed robust FCS-MPC

for 3L-NPC back-to-back power converter PMSG wind turbine systems.

B. Classical FCS-MPC

For classical FCS-MPC, the predicted currents, power, and
neutral point voltage difference are given by (3) and (13), re-
spectively, i.e., using the original system prediction equations.
Evaluating and minimizing cost function (16) for um , Uy € Uog
will yield the optimal gate vectors of G7 := G~ ' (u; ), which
will be assigned to the GSC and the MSC respectlvely The
overall control structure is shown in Fig. 2(a).

Remark I11.1 (Discussion on parameter robustness): Easy
to understand, when the system parameters used in the
controller mismatch the actual values of the plant, wrong
predictions will happen, which will lead to unoptimal switching
sequence selections, thereby deteriorating the system control
performances. To illustrate such a phenomenon, experimental
assessments of using the classical control algorithm were
carried out at the lab-constructed test bench, with parameter
(resistance, inductance, permanent magnet flux linkage)
variation ranges of 50-200% of their nominal values. The
parameters are collected in Table II. Results are shown in
Figs. 7-9.

As can be clearly seen from Figs. 7-9, with parameter vari-
ations, considerable performance degradations are seen: in-
creased system state ripples [see, e.g., Figs. 8(d) and 9(b)] and
big tracking bias [see, e.g., Figs. 8(d) and 9(d)] of the control
variables.

In the following, we present a new method using revised state
predictions with a simple structure to improve system robustness
against such parameter variations.

C. Proposed Robust FCS-MPC With Revised Predictions

As aforementioned, with the classical FCS-MPC, both the
inductance and permanent magnet flux linkage variations will
affect the system performances considerably. However, their

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

“roles” are different within the system dynamics [see (3)]; the
inductance, for both the MSC and GSC sides, is presented in the
system and control matrices A, and B, while the permanent
magnet flux linkage exists only in the feed-through matrix H,.
Therefore, we will introduce solutions to improve the robustness
against the variations of inductance and permanent magnet flux
linkage, separately, taking their different roles into account.

1) Robustness FCS-MPC Solution Against Inductance Vari-
ations: The inductance used in the controller is marked as
L, (y € {m, g}), while the actual value is L,, with a modified
system state of

2 (k) = (1—2.)

where ! stands for “predicted” and ;" for “measured” values
of the system state, A is a tuning factor (more discussion is
presented in Remark II1.2). Assuming that a properly working
controller exists, the future “predicted” value will approach its
“reference,” i.e., ) (k + 1) ~ @, (k + 1). Therefore, invoking
(3) and (18), the transfer function in the discrete format between
the measurement and the reference becomes

wy (k) + -z (k), Ae€(0,1] (18)

According to the “bounded-input bounded-output (BIBO)"*
stability criteria (see, e.g., [31, Ch. 13]), tl}e system is stable, if
and only if all toots of F'(z) =z — 1+ Aé”
circle, i.e.,

are inside the unit

L
2| = (1—L—y)x <1l <
y

L, 1
0< 2L <1+, where,0<A<1.
L, A

(20)

‘=Kmax 22

Therefore, the safety/stability range of the inductance value
f/y in the controller is enlarged from the original/conventional
solution® (0,2L,) to (0, fmax - Ly)-

Remark I11.2 (Discussion on A): The tunable parameter of A
will add a“weighted average” process to the measured and pre-
dicted values of the system. Therefore, the modified state of

“The stability of a sampled closed-loop system, with the discrete-time format
c G(z
of 7 = oy
in the z-plane, which are the roots of the characteristic equation 1 + GH (z) =
0, as follows [31]:
1)  System will be stable, if the closed-loop poles or the roots of the charac-
teristic equation will lie within the unit circle of |z| = 1 in the z-plane.

can be determined by the location of its closed-loop poles

2)  System will be marginally stable, if a pole or a pair of complex conjugate
poles lie(s) on the circle of |z| = 1.

3)  System will be unstable, in other cases.

SIn the original/conventional solution (i.e., the classical FCS- MPC solution),

A = 1. So, the characteristic function becomes F(z)=2-1 + . Therefore,

the BIBO stable requirement is 0 < " < 2.
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x,°V (k), which takes the advantages of this (“weighted aver-
age” process), will also add a smoothing and filtering effect
to the system states, for which noises from the measurement
channels and sampling delay are inevitable, whenever with or
without parameter variations. Therefore, improved control vari-
able quality is expected. The selection of this parameter depends
on the quality of analog-to-digital conversion channel quality
of the system. In this work, it is obtained in a trail-and-error
manner.
So far, the system prediction model has been modified as

2 (k + 1) = A, (k) - 2 (k) + By (k) - w, (k) + H, (k).
2D
To further reduce the steady-state tracking bias,® an integra-
tion of the state tracking error (between the previously predicted
and the currently measured states) can be added into the revised
state prediction model. Considering the drawbacks of a pure
integration’ in practice, the compensation term is processed via
a low-pass filter (the parameter «; is tuned in a trial-and-error
manner) and is expressed as

25O (k) i(.@; (k) — ' (b))

1o oz 1 (22)

where x; (k) is the reference value of x, (k). The revised pre-
dicted system state [to be evaluated within the cost function
(16)], for both the grid and machine sides is therefore

2l (k4 1) = & (k + 1) + 27 (k).

(23)

2) Robust FCS-MPC Solution Against Permanent Magnet
Flux Linkage Variations: Defining the differences between
the controller used and actual flux and inductance values as
Aty = 1/}pm — Ypm and AL, = ﬁs — L, respectively, tak-
ing (3) into account, yields the relationship between the mea-
sured g-axis current 2" and the predicted one 72”7 as
I (R) = T () + S T (= 1) (6 = 1)

+ LiTswe(k — 1) Aty 24)

In the steady state, for the SPMSG, the d-axis current zdm (k—
1) =0 and ¢ (k) =i (k —1). Therefore, the (undesired)
difference between the predicted and the measured g¢-axis
current is

_Tiwe(k—1)

jderror (.
a5 () -

= i (k) = 157 (k) At

(25)
i.e., the flux linkage mismatch A, proportionally links the
current mismatch 72:°"*°" at a given speed. Inspired by this, we

introduce a solution that adaptively compensates the flux linkage
used in the g-axis current prediction equation, taking the current

©It can be caused by both the model uncertainty and the sampling/calculation
delays.
7Pure integration will be very sensitive to noises and initial dc bias.
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(Tuning) Parameters

idr /T

Fig. 3. FPGA design overview and timing information of the proposed robust
FCS-MPC scheme. Different colors in this figure represent different execution
times.

mismatch as the input signal, as follows:

(k) = Ppm (k) + - > (ILN(R))(26)

=tpm " (k)

where the parameter « is tuned in a trial-and-error manner.
With such a solution, the flux used in the current prediction, i.e.,

pm » Will be adaptively updated until the current mismatch of
149" is eventually eliminated, i.e., the control performance
will become immune gamma globulin to flux mismatch.

So far, the proposed robust FCS-MPC solution, to deal with
the inductance (of both the machine and grid sides) and flux link-
age (of the machine side) variations, is introduced. The overview
of the proposed control method is depicted in Fig. 2(b).

For power electronics and electric drive systems, real-time
realization and experimental verifications of the underlying con-
trol methods are important due to the existing nonmodeled is-
sues. Therefore, in the following, the real-time realization using
an FPGA and experimental verification of the proposed solution
will be demonstrated.

IV. FPGA DESIGN

FPGAs have become popular for digital controller realiza-
tions in the field of power electronics and drives [25]. In this
work, both the classical and the proposed robust FCS-MPC
strategies are implemented on a fully FPGA-based platform
(NI-cRIO 9082 system). The strategies have been first verified
in Labview-PC environment based on floating point data type
and then are modified into fixed point data (all in 18-bit length).
After an optimization step using the “single-cycle-timed-loop
technique” [7] (to reduce the FPGA hardware resource cost and
to improve the execution efficiency), the codes are compiled
into “bitfile,” which is downloaded into the FPGA-based real-
time controller within the same environment. Due to the limited
space, only the overview of the FPGA design process for the
proposed robust FCS-MPC scheme is shown in Fig. 3. The com-
parison data of the calculation times and also the resource usage
of each method during the FPGA design process are collected
in Table I: the proposed robust FCS-MPC solution costs slightly
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TABLE I
FPGA DESIGN COMPARISON

8

Calculation time Resource usage’

58%
61%

Classical FCS-MPC:
Proposed robustF CS-MPC:

273 ticks
296 ticks

Fig. 4. Lab-constructed test bench for experimental implementation and val-
idation. A: PMSG, B: turbine emulator (ac drive), C: self-constructed 3L-NPC
back-to-back power converter, D: NI-CRIO FPGA-based real-time controller,
E: real-time chassis for FPGA-based signal-level hardware-in-the-loop test (not
used in this work), F: protection devices, G: RL filter, H: variac, and I: PC for
software development and data logging.

higher FPGA resource usage and longer calculation time than
the classical solution, due to the revised prediction model.

V. EXPERIMENTAL RESULTS AND ANALYSIS

In this section, to validate and compare the control perfor-
mances of both the proposed robust (in the following, it is re-
ferred to as Robust FCS-MPC) and the classical FCS-MPC
solutions, a grid-tied 3L-NPC back-to-back power converter
PMSG prototype was constructed in the laboratory, which is
shown in Fig. 4. The differences between the test bench and
the topology depicted in Fig. 1 are that a three-phase variac
is added between the power line and the grid-side filter to re-
duce the grid-side phase voltage for safety concerns, and the
turbine is emulated using a commercial ac motor drive. The
parameters for experiments are collected in Table II. In the
following, the effectiveness of the proposed robust FCS-MPC
method will be verified. Its experimental performance compar-
ison with the classical FCS-MPC at different testing scenarios,
both with and without parameter variations, will be presented.
Results are shown in Figs. 5-9. Corresponding analysis is given
in the following sections.

8The top clock is 40 MHz; therefore, 1 tick = 1/40000000s = 25 ns.

9These data show the FPGA resource usage (solely for the inner control
loops). The resource cost for commutation interfaces, data acquisitions, signal
saving blocks, etc., was not taken into account. Primary code optimizations
are considered to save some resources, for both solutions, during their FPGA
realizations.
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TABLE II
SYSTEM CONFIGURATION

Parameters Values

PMSG inductance L¢ = LI[H]| 8 x 1073
PMSG resistance R (2] 1.3

PM flux v,y [Wb] 0.41

DC capacitance C'| = Cy [F] 1100 x 1076
Grid voltage e;bc [V] 120

Grid frequency w,, [rad/s] 1007
Filter resistance R, [£2] 1.56e — 3
Filter inductance L, [H] 16e — 3
Torque/current 7" /I, [N-m/A] 8.5/6.3
Rated speed n [r/min] 3000
PMSG pole pairs N [1] 3
Sampling time T [xs] 50
Weights ¥4 u , Ve ) 0.4, 1,5%, 2%

Parameters a1 o, A [1] 0.02, 0.0043, 0.61
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Fig. 5. Experimental data. Overall control performance/effectiveness valida-
tion of the proposed robust FCS-MPC method for grid-tied 3L-NPC back-to-
back power converter PMSG wind turbine systems. From up to down are the
generator speed, stator currents in the dg frame, dc-link and capacitor voltages,
grid-side currents, active and reactive power and their references, and average
switching frequency (Sf3") of the grid (x = g) and machine (x = m) sides,
respectively.

A. Overall Assessment of the Proposed Robust FCS-MPC

To validate the effectiveness of a control algorithm under test,
the overall assessment at wide operation points is very impor-
tant. In this section, our test scenario is as follows: we assume
that the “MPPT speed reference” changes abruptly (with a very
steep slope, see top rows in Fig. 5), while the load side torque
remains at its 100% of its rated (maximum) value to test the
most harsh conditions. The dc-link voltage reference V' is set
to 300 V, and the reactive power reference is set to be 0 var to
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Experimental data. Control performances comparison at no parameter variation condition: (Right) Classical FCS-MPC. (Left) Proposed robust FCS-MPC

solution. For both figures (a) and (b), from up to down are the electromagnetic torque (base value of 8.5 N-m), stator currents (base value of 6.3 A), and current
spectrum, while for figures (c) and (d) from up to down are the grid-side active and reactive power (base value of 700 VA), grid filter current (base value of 3.55 A),

and the current spectrum, respectively.

achieve a unity power factor control. The overall control perfor-
mances for both methods are illustrated in Fig. 5. As can be seen,
globally stable, good steady, and transient phase performances
are achieved. In detail, smooth speed and current tracking for
the machine side and good active and reactive power tracking
for the grid side are seen; the dc-link capacitor voltages are well
balanced (during both steady and transient phases). However,
caused by its inherent characteristic, switching frequency (in
particular for the grid side) is not fixed and varies along the
operating points.

B. Performance Comparison Between the Classical and
Proposed Robust FCS-MPC

To better emphasize and demonstrate the control performance
improvement of the proposed solution, in this section, the con-
trol performance comparison between the proposed robust and
classical FCS-MPC solutions, for both the grid and machine
sides, is carried out at our laboratory-constructed test bench.
Testing conditions are classified into three groups: 1) normal
condition (i.e., without parameter variations); at conditions of

2) gird and machine stator inductance variations and 3) per-
manent magnet flux linkage variations. Under each condition,
identical test scenarios for both control methods are config-
ured for fair assessments, e.g., both schemes use the same outer
(speed and dc-link voltage) control loops and under the same
condition for each testing scenario, etc. Note that the THD val-
ues of a current are computed according to the IEEE Standard
1459-2010 [32, Sec. 3.1.2.1]

1) Under Normal Condition: In this test, both the machine-
and grid-side controllers use the nominal parameter values (of
the inductance, the permanent magnet flux linkage, etc.). The
results are shown in Fig. 6: smaller torque and power ripples
are observed with the proposed solution; when switching to the
classical FCS-MPC method under the same condition, the cur-
rent quality in terms of THD values has increased from 3.21%
to 3.67% and 3.4% to 5.7% for machine and grid sides, respec-
tively.

2) At Permanent Magnet Flux Linkage Variations: Perma-
nent magnet flux linkage will vary due to operation condi-
tion changes and also age increase of the machine. Robust-
ness against the variation of this parameter is practically very
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Fig. 7. Experimental data. Performances of the proposed and classical FCS-
MPC methods at 50% [subfigures (a) and (b)] and 200% [subfigures (c) and (d)]
of the nominal permanent magnetic flux conditions (¢, ). For all subfigures,
from up to down are the generator speed (base value of 1000 r/min), stator
currents (base value of 6.3 A) in the dg frame, and the electromagnetic torque
(base value of 8.5 N-m).

desirable. In this section, we tested both methods under the
permanent magnet flux linkage variations of 50% to 200% of
its nominal values.!? The results are shown in Fig. 7: at 50%
of the nominal permanent magnet flux linkage, although both
methods work still stably, increased tracking bias and control
variable ripples are seen with the classical solution. However,
at 200% of the nominal permanent magnet flux linkage, the
classical solution runs into instability, while slightly increased
tracking bias is seen with the proposed solution.

3) At Grid and Machine Stator Inductance Variations: The
inductance values for the generator and grid-side filter used
inside both controllers are varied (to 50% and 200% of its mea-
sured values) under same conditions (with same outer loops and
during rated turbine torque) to investigate their robustness to
inductance variations. Results are collected in Figs. 8 and 9. As
can be seen, in both cases, the proposed robust FCS-MPC so-
lution outperforms the classical FCS-MPC method in terms of
(much) smaller ripples, tracking biases, and also current THDs.

101 practice, the value of both grid and PMSM stator inductance will change
in a small range, e.g., 10-20%. However, the permanent flux, due to long
operation time span and rigid operation conditions, might change in a larger
range, e.g., 30-40% or even more. To validate the effectiveness of the proposed
solution for all the considered parameter changes (including the permanent flux),
we choose a wider range of 50% and more so as to more sufficiently draw our
conclusion that the proposed solution is effective.
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Fig. 9. Experimental data. Performances of the proposed [subfigures (a) and
(c)] and classical [subfigures (b) and (d)] FCS-MPC methods at 200% of the
nominal stator and filter inductance condition. For subfigures (a) and (b), from
up to down are the stator currents (base value of 6.3 A) in dq and ab(c) frames
and the current spectrum, respectively, while for (¢) and (d) from up to down are
the grid-side active and reactive power, filter currents, and the current spectrum,
respectively.
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VI. CONCLUSION

Wind energy applications, in particular wind energy ap-
plication system with high-power rating configuration, have
drawn increasingly much attention, which makes the 3L-NPC
back-to-back converter with a direct-drive PMSG configura-
tion an interesting choice. For such a topology, FCS-MPC
has emerged as a promising alternative, due to its straight-
forward concept and flexible design process. However, pa-
rameter variations will lead to performance degradations for
such fully model-based techniques. To conquer some of these
problems, in this work, we have proposed a robust FCS-
MPC solution with revised state predictions. Both the classi-
cal and the proposed solution have been realized and tested
at a fully FPGA-based platform. The proposed robust FCS-
MPC method is characterized by the following features and
advantages.

1) It has a simple structure and is easy to implement.

2) Itoutperforms the classical FCS-MPC solution at different

scenarios both with and without parameter variations, as
shown by experimental measurements.

3) Only a slightly higher FPGA resource usage is required.
4) Additionally, the proposed solution can be easily extended

to other FCS-MPC alternatives (e.g., speed, flux, current
control, etc.) with few modifications.

Future work will focus on the extension of the proposed so-
lution to other topologies and systems.
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