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CLAMPED CONVERTER IN WIND TURBINE SYSTEM WITH DUAL
THREE-PHASE PERMANENT MAGNET SYNCHRONOUS GENERATOR
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This paper presents a predictive direct power control (DPC) of a three-phase neutral-point-clamped (NPC) converter in a wind
power system based on a dual three-phase (DTP) permanent-magnet synchronous generator (PMSG). As the power in wind
turbine systems increases, using a three-level NPC converter offers several advantages, including higher output power, reduced
stress on semiconductor devices, and lower harmonic distortion in the output waveform, when compared to a conventional two-
level converter. In the production system, a DTP PMSG is used. This generator is coupled with two three-phase, two-level
voltage source converters, arranged in series to create a cascaded DC link. For interfacing with the electrical grid, the system
utilizes a three-phase NPC converter. The proposed control technique uses two decoupled control loops: a field-oriented control
FOC to achieve maximum power point tracking MPPT on the machine-side converters, and a finite control-set model predictive
direct power control (FCS-MPC-DPC) for the NPC converter. The objectives include the tracking of active power, reactive

power, and voltage balancing. The system's performance is evaluated through MATLAB/Simulink simulations.

1. INTRODUCTION

As the world grapples with the growing threat of climate
change, renewable energy has emerged as a leading
solution to mitigate its effects. Consequently, countries
around the world are expanding their use. By 2030,
renewable energy sources are predicted to generate three
times as much electricity as current levels, with an expected
output of 11000 GW [1]. Out of all renewable energy
sources, wind power has seen the most rapid and impactful
growth in recent years, with systems scaling up
dramatically in size and power capacity. In the 1980s, wind
turbines typically had blades of around 20 meters in
diameter and capacities between 20-60 kW. Today,
diameters approach or exceed 200 meters. Furthermore, the
rated capacity of offshore wind power installations has
already achieved maximum values ranging from 14 MW to
16 MW [2].

Wind turbines predominantly utilize two categories of
electrical generators: the permanent magnet synchronous
generator (PMSG) and the doubly fed induction generator
(DFIG). The PMSG offers several key advantages over the
DFIG [3]. Notably, the PMSG can be implemented as a
direct-drive  system without requiring a gearbox.
Eliminating the gearbox significantly reduces the weight,
mechanical losses, and maintenance needs. Thanks to these
beneficial properties, the PMSG has become the
predominant generator technology used in wind turbines
[4]. In the past few decades, there has been an increased
emphasis on research related to multi-phase machines.
Multi-phase motors are finding applications in high-power
electric drive systems such as electric vehicles, more
electric aircraft, and ship propulsion [5-7]. These types of
machines, which capable of operating in degraded mode
[8], have aroused great interest due to their potential
benefits for powering large-scale -electric propulsion
systems across various transportation sectors. Despite the
existing research, multi-phase machines continue to be a
compelling area of study, especially when it comes to their
potential use in wind power generation applications.

Wind turbines operating at variable speeds and equipped
with multiphase generators necessitate the use of three-
phase power converters, which can be connected either in
parallel or in series. While the parallel connection of
converters enhances fault tolerance and increases
robustness of the variable speed wind energy system, this
configuration can lead to current imbalances between the
different three-phase sets, causing additional voltages and
harmful vibrations [9,10]. Moreover, if one three-phase set
has no current, the currents related to switching harmonics
increase in the other sets, leading to asymmetrical operation
of the machine [11]. To avoid these imbalances and
asymmetries, a more complex control scheme with multiple
separate PI controllers for each three-phase set is required,
adding complexity to the overall system [12].

Furthermore, the cross-coupling magnetic effects
between the d and q axes, as well as the mutual leakage
inductances between the three-phase windings, must be
taken into account in the modeling and control. The series
connection of the DTP machine-side converters requires
only half of the total required DC-link voltage for each
individual converter. The (dv/dt) of the common-mode
voltage (CMV), recognized as a major cause of leakage
currents in high-power applications, is consequently also
divided by two. This, in turn, leads to a significant decrease
in leakage currents, which is particularly beneficial in high-
power applications where these currents can cause various
issues, such as electromagnetic interference (EMI) and
reduced efficiency [13]. However, there are still
technological challenges around improving the reliability,
efficiency and cost-effectiveness of wind energy systems.
An area attracting growing research attention has been
multi-phase PMSG connected to the grid via multi-level
converters for large-scale wind turbines [14,15]. NPC
converters are ideal for wind systems using DTP PMSG
generators [16, 17]. Due to their low harmonic distortion,
low electromagnetic interference, and high efficiency, they
are suitable for medium and high-power applications
requiring better power quality. Unlike two-level topologies,
the elimination of low-frequency harmonics helps reduce
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Fig. 1 - DTP PMSG connected to the grid through two-series three-phase
converters and an NPC converter.

A multilevel converter-fed power conversion system is
highly nonlinear, for three-level NPC converters when
considering neutral point voltage balancing [19]. From a
conceptual point of view, the analysis and control of such a
system can be simplified by making it linear through the
use of a modulator. This can limit the performance of the
system [20]. In order to address the challenges associated
with controlling multilevel converters such as three-level
NPC, which are inherently nonlinear systems, the finite
control set model predictive control (FCS-MPC) is a novel
approach [21]. The principle of (FCS-MPC) is to explicitly
consider the discrete states of the converter and evaluate
each potential state in a cost function tailored to the desired
control objectives. The optimal state that minimizes this
cost function is then applied.

The main points of this paper are organized as follows. In
section 2, description and modeling of the studied system,
include the turbine power, the principle of maximum power
point tracking (MPPT) and the DTP PMSG. Vector control
of a DTP PMSG has been discussed in section 3. Section 4,
direct power control (DPC) using a finite control-set model
predictive control (FCS-MPC) for three-level NPC
converter is presented. Section 5, this section elaborates on
the discussion of the simulation results, and finally, this
paper is concluded by Section 6.

2. MODELING OF THE WIND SYSTEM

The variable speed wind energy conversion system
shown in Fig. 1 is composed of a wind turbine driving a
DTP PMSG connected to the grid through back-to-back
power converter. Two series connected three-phase
converters at the generator side, and a single three-level
NPC converter on the grid side. Both converters utilize the
same DC-link for power exchange.

2.1 WIND TURBINE MODEL

A wind energy conversion system essentially consists of

a wind turbine and an electrical generator. The wind turbine
captures the kinetic energy of the wind through its blades
and transmits this mechanical power to the rotor of the
generator, which then converts it into electricity. Wind
energy's power, expressed as the rate of kinetic energy
transfer, is calculated using the following equation:

1

P, = 3 pAV3. (1

where, P, is the potentially available power in the wind, it
can be observed that the wind power increases with the
cube of the wind speed V., implying that a modest increase
in wind speed leads to a substantial increase in wind power,

p is the air density, 4 is the swept area of the wind turbine
rotor (4 = zR?, R is the length of the blade).

The link between the wind speed and power captured by
turbine blade to convert into mechanical energy can be
described as follows [22].

1
Ptur = E CP (/1' .B)pAVa)S (2)

The speed ratio 4, which indicates the ratio between the
turbine rotational speed Q and the wind speed V., is given
by the following expression:

RQ

A=—
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A3)
C, is the power coefficient; it depends on the speed ratio

A and the blade pitch angle f. Can be approximated as
follows [23]:
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The aerodynamic torque Trw- of the wind turbine is given
by the ratio of the power captured by turbine Pur, to the
turbine's rotational speed €, according to the following
expression:

Peur 1 R3
Ttur= ;1 =E,07TTCp(/1,ﬁ)V(3

(6)

2.2 MPPT CONTROL

Maximum Power Point Tracking (MPPT) optimizes
energy extraction in wind turbine systems. The objective of
MPPT is to operate the turbine at the optimal tip speed ratio
hopt and blade pitch angle that yields the maximum
attainable power coefficient (Cp_max). The block diagram
of the MPPT algorithm is shown in Fig. 2. The rotational
speed control uses a PI controller as defined by:

Tem rer = (Kp +2) (Brer — ). ™

11 2 w
B .[ 0.5176 (T,6-0.4[3-5)e?x +0.0068A Jj E <

Fig. 2— MPPT Strategy with speed controller.

2.3 DTP PMSG MODEL

The asymmetric DTP permanent magnet synchronous
generator has two groups of three-phase windings, with
each group spatially displaced by /6 electrical degrees, and
each group having its own isolated neutral point. The basic
stator voltage and flux linkage can be written as:

. d
{vs = Rl +Z¢s

Yy = Lgis + l:bfs ’ ®

with,
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2m 4
cos(@) cos (9 — ?) cos (9 — ?)
cos (6 - E) cos (9 - S—H) cos (9 - 3—ﬂ)
6 6 2
where, vs, is, Rs, s and wpy are the stator voltage, current,
resistance, linkage, permanent magnet flux linkage,
respectively. This section presents the mathematical model
of a DTP PMSG in natural coordinates, expressed as
equation (8), by applying the space vector decoupling
theory VSD [24]. The fundamental principle consists of
decomposing the DTP PMSG system, initially represented
in a six-dimensional space, into a vector space composed of
three mutually orthogonal subspaces.

e Electromechanical conversion subspace (a-f): this
subspace directly controls the conversion between
electrical energy and mechanical torque.

e Air gap subspace (z;-z2): This subspace has no
influence on the motor's torque generation

e (01-02) subspace: Due to the isolated neutral
points, this subspace equals zero.

The VSD transformation matrix is expressed as:

Yrs = Ypu . (9

a 11 BB

ﬁ 1 _2 2 2 2 0
V3 V3 1 1

A 7 7o oz T
11 1 1 V3 3
V3 3 1 1

ol 7 = oz 3

1 1 1 0 0 0

%l o 0 1 1 1

Only the (a-P) subspace requires a rotational coordinate

transformation, while the (z;-z2) subspace remains
unchanged. The rotation transformation matrix is:
cos(@) sin(@) 0 0
_|—sin(@) cos(8) 0 0
[Taql,, = 0 o 1 ol (11)
0 0 0 1

The voltage equation can be expressed in the new

reference frame as:
d

o1 . .
Eld = E (—Rsld + w Lgig + Vd)
d.
't
d
dt
d. 1 .
Elzz = L_ (_Rslzz + sz)

1
where, (Ld, Lq ) are direct and quadrature inductance, Ll is
the stator leakage inductance.

The electromagnetic torque generated by the component
of the (d-q) subspace is represented by the following
expression:

Tom = V3P(igpu + (Lg — Lg)ialy) -
where, P is the number of pole pairs.

1 . .
T (—Rslq — wp(Lgiq +V3¢py) + Vq)
q
‘ (12)
izl = L_l (_Rsizl + Vzl)

(13)

3. VECTOR CONTROL OF THE DTP PMSG

The overall control structure of the DTP PMSG is
realized through the field-oriented control (FOC) technique
adapted for multiphase machine drives [25]. Utilizing two
nested loops. The outer loop regulates the rotational speed
of the wind turbine, while the inner loop controls the
quadrature axis current. PI controllers are used, with zero

reference values for the direct and homopolar axes Fig. 3.
However, for a DTP PMSG with non-salient poles
(Ld=Lq); electromagnetic torque will solely depend on the
quadrature current iq as expressed bellow.

Tom = V3P (ig¥pn) = Kij,.

(14)

Fig. 3— Control diagram of DTP PMSG.

4. PREDICTIVE CONTROL FCS-MPC-DPC OF THE
THREE-LEVEL NPC CONVERTER

The line voltage and current of the three-level NPC
converter are measured and transformed into (o-f) static
coordinates. The instantaneous active and reactive powers
can then be expressed as [26]:

P = Ual:a + vﬁlﬁ . (15)
Q = 'UBL.“ bl Vaiﬂ. (16)

Using a PI controller, the reference value of active power
is generated by comparing the DC-link voltage to a desired
reference value. To achieve a unity power factor, the
reference value for reactive power is set to zero. Since this
converter is a first-order system, it is possible to predict the
values of active and reactive powers using the Forward

Euler approach, as follows:
dP _P(k+1)—P(k)

- = : 17
dt T a7
d k+1)—Q(k
dQ _Q(k+1) - Q). %)
dt T
By substituting (15) and (16) into (17) and (18):
P(k+1)—P(k)
— =4, (19)
T
k+1)—Q(k
Qk+D-0M _ 0
Ts
where,
dUa dia dUB dlﬁ
=2 +—= —2 i, +—= 21
A ddtla+g.tva+ddtlﬁ+c‘lifvﬁ’ (e2)
_,  Ga, e, A 22
B=grlat gV~ gt % " Ve )

These derivations ((Z—i:‘,%) could be replaced with the
system elements as follows:
d ia _1 Va ia Va
at [i/?] B Z([Vﬁ] R [iﬁ] B [Vﬁ])' 23)
where (Vo Vp) are the average AC side voltages of the

three-level NPC converter into (a-f) static coordinates.
Assuming the line voltage is a balanced and pure sine wave
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therefore implies that: Table 1
dv - Parameters of the proposed system
dt = W, (24) Parameter Unit
dvﬁ Rated power 2 MW
E = WV,. (25) Number of pole pairs, P 26 -
By substituting eq. (23), (24) and (25) into (21) and (22); ~ ¢ @xis inductance, Ly >.14 mH
1 . . 1 q axis inductance, L, 5.14 mH
A=v, (Z (Vg — Vo — Rig) + a)lﬁ) + Vg (Z (vﬁ - VB - Parameter Unit
R iﬁ) +w ia)' (26) Stator leakage .ind‘uctanc-e ,Li 2.3146 mH
Stator phase winding resistance, R 11.6528e-3 Ohm
. 1 . 1 DC-link voltage 5300 A\
B=v, (wla -z (v —Vp — Rlﬁ)) + v (z We — Vo — Ce1,Cez 1768.5¢-5 F
) , Rated phase voltage, ve (rms) 1732.1 \Y
Rig) + wlﬁ)' @7n Rated current, ig (rms) 577.4 A

The variation of active and reactive powers over the next
sampling interval 7 is obtained as follows:

P(k+1) = T,A+ P(k), (28) £
Q(k + 1) = T,B + Q(k). (29) g
The following equations represent the voltage of each K ) - Sm WT‘Mé“> :l ” B
capacitor C of the DC-link over a sampling period 75 [27]: e . & _ nee rol e

1, E
Vac1(k + 1) = v4e, (k) + cle (k)T (30) E;

Vaca(k + 1) = v40,(k) + Elcz(k)Ts- (€2)) 24l ]

z o : TR —

NPC Time (s)

Fig. 6 — Mechanical rotation speed (Q and Q).

—~ abc ; > abc Time (s)
Sabe ap ap Fig. 7 — Electromagnetic torque (Tem and Tem_ref).
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Fig. 4- Block diagram of the FCS-MPC-DPC of three-level NPC
converter.

Fig. 8 — Machine-side converter output line to line voltage (Vav).

Figure 4 presents a diagram summarizing the
implemented control strategy. The future values of the
active power P(k+1), reactive power Q(k+1) and voltages in
the capacitors (vac:(k+1) and vac2(k+1)) are predicted for the
27 switching states generated by the converter. The cost
function for a three-level NPC converter to achieve control

/6

x

i (A)and i (A)

Generator currents
a

JR—

targets, including active and reactive power references and e
neutral point voltage balancing, can be designed as: Fig. 9 — Generator currents (i, and iy).
Gopt = |Pres — P(k + D] + |Qrey — Q(k + 1)| + =i ]
Adclvdcl(k + 1) - vdcz(k + 1)' (32) 502
5. SIMULATION RESULTS s
The efficiency of the proposed wind energy production ° )} © time o %
system based on FCS-MPC-DPC control is studied using Fig. 10 — Active power transmitted to the grid (P and Pr).

Matlab/Simulink software, to evaluate its performance
considering the wind speed distribution shown in Fig. 5. The
parameters for the proposed system are listed in Table 1.
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Fig. 12 — Output voltage of the three-level NPC converter (V.s).
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Fig. 13 — DC-link voltage and voltage of each capacitor ( Vi, vac: and vic2).
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Fig. 14 — Grid voltage and grid current (ve/3 and isg).
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Fig. 15 — FFT of grid current iy

Figures 6 to 9 present the speed control of the DTP
PMSG wusing field-oriented control (FOC), where the
reference speed is generated by a PI regulator based on
MPPT. The figures illustrate the variation of
electromagnetic torque with wind speed, the line-to-line
output voltage of the machine-side converter, and the phase
currents, showing a /6 phase shift between the two sets of
stator windings.

Figures 10 to 15 show the simulation results of the FCS-
MPC-DPC strategy applied to the three-level NPC converter.
The active and reactive powers track their references
accurately, the DC-link voltage is well-regulated at 5300 V, and
the capacitor voltages are maintained at 2650 V. The output
voltage, grid voltage, and injected phase current confirm near-
unity power factor operation. A low total harmonic distortion
(THD) of 1.36% indicates a nearly sinusoidal current
waveform. Table 2 compares several control techniques applied
to different generators, considering their THD and the types of
converters used. The THD proposed method stands out with the
lowest THD (1.36%) and superior performance.

6. CONCLUSION

In this paper, a predictive direct power control DPC has
been developed for a three-phase NPC converter in a 2MW
DTP PMSG wind energy conversion system. The MPPT
control applied to the wind turbine and the vector control
FOC applied to the DTP PMSG demonstrate an excellent
ability to maintain and control electrical and mechanical
parameters with minimal variations that are entirely
satisfactory given the high power of the studied system.
The application of direct power control DPC using finite
control set model predictive control (FCS-MPC-DPC) to
the three-level NPC converter has demonstrated promising
results. This approach has achieved optimal grid
connection, thus meeting the main objectives set by the cost
function. Notably, the system excelled in accurately
tracking active and reactive powers references, ensuring
efficient management of the produced energy as well as the
quality of the three-phase electrical current waveforms
injected into the grid, and operation with a power factor
close to unity. Furthermore, the neutral point voltage
balancing was maintained satisfactorily, contributing to the
overall stability and reliability of the system. These results
highlight the effectiveness of the FCS-MPC-DPC method
in improving the performance of the studied wind energy
conversion system.
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