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Abstract- In the present study, the machine-side converter (MSC) for a wind turbine (WT) system is controlled using a novel
model predictive speed control (MPSC) technique. The proposed controller is employed to avoid the limitations associated with
the cascaded structure of linear controllers. This MPSC is applied to the permanent magnet synchronous generator (PMSG). The
novel MPSC is designed using a hybrid maximum power point tracking (MPPT) algorithm and this assists in capturing the
maximum possible wind power. The proposed control technique allows for controlling both electrical and mechanical variables
simultaneously within a single control loop. As a result, the conventional cascaded structure of proportional-integral (PI)
controllers is eliminated, which enhances the system dynamic response. As the suggested MPSC is a model-based control
strategy; therefore, its performance is evaluated under various PMSG parameters. In the grid-side converter (GSC), a model
predictive current control (MPCC) approach is employed in order to achieve active and reactive power control. This is
accomplished by controlling the grid currents in a decoupled manner. A complete model of the WT system with direct-driven
PMSG is conducted using MATLAB/Simulink. The proposed MPSC performance is investigated. Moreover, its performance is
compared with a classical Pl speed controller under various wind conditions. Based on the simulation results, it is indicated that
model predictive control (MPC) outperforms the PI controller in handling the system dynamics. The system efficiency using the
suggested MPSC is about 94.5 % at rated wind speed. The novel MPSC shows a good performance for several PMSG parameters.

Keywords PMSG; MPPT; Wind energy; Model predictive control (MPC); Speed Controller.

1. Introduction losses, (iii) gearless operation, (iv) less maintenance required
and high efficiency [12-14].

The integration of renewable sources of energy into the
electrical grid has gained more attention globally [1-4].
Among the different forms of renewables, wind energy is
observed to have a rapid growing rate in the electricity market
[5-7]. A substantial share of electricity in several countries is
provided by wind power. In 2020, a wind power capacity of
about 93 GW was installed globally [8]. Through the global
wind energy markets, several wind energy conversion systems
(WECS) have been formed and these can be classified into 4
types [9]. The conversion efficiency of Type 4 is the highest
among these types of WECS [10]. Type 4 wind energy system

Because of the stochastic nature of the wind, it is very
important to maximize the energy yield in variable-speed
WECS (VS-WECS). Maximum power point tracking (MPPT)
techniques are considered to be essential for ensuring the
maximum wind power extraction [15]. The most widely
utilized techniques for MPPT in wind turbine (WT) systems
are the optimal torque (OT) and the optimal tip speed ratio
(TSR) control methods, which offer the best trade-off between
the complexity and the performance during variable wind
speeds [12, 13, 16-20].

offers the advantage of achieving full variable-speed
operation; therefore, maximum available power at different
wind speeds can be obtained [11]. The permanent magnet
synchronous generator (PMSG) is considered as the most
recommended choice in the case of Type 4 WECS. This is due
to: (i) elimination of dc excitation system, (ii) lower rotor

In order to achieve the accurate control and the desired
operation of VS-WECS with PMSG, several strategies have
been implemented. The voltage-oriented control (VOC) and
field-oriented control (FOC) strategies are considered as the
most popular linear control methods for grid-side converters
(GSCs) and machine-side converters (MSCs), respectively.
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These control schemes use a structure of cascade control
loops, including PI controllers in the internal and external
control loops along with the pulse width modulation (PWM)
scheme in order to generate the required switching signals for
the power converters [20-27]. The FOC scheme combines a
slow outer speed control loop with fast inner current control
loops. In addition, the current control loops are implemented
in a synchronously rotating dgq frame for controlling the
generator currents in a decoupled manner, while the outer
speed loop is responsible for regulating the generator speed
for different reference values. The VOC scheme consists of an
outer control loop for DC-link voltage to maintain its
reference value. Furthermore, the inner current control loops
are implemented to inject the active power from the PMSG to
the grid at unity power factor (UPF) [28, 29]. However,
classical linear control methods have many drawbacks. For
example, the linear controller transient response strongly
depends on the tuning of many gain values in the PI cascaded
control structure. Control variables such as dg-axes generator
or grid currents exhibit noticeable coupling effects; therefore,
decoupling of dg components of the current requires
additional feed-forward terms with higher control complexity.
Steady-state performance depends on the nature of control
variables, where it is good only in the dg-axes reference frame.
Dynamic performance is moderate and others can be found in
[30-33]. Owing to the rapid evolution in microprocessors,
more advanced control techniques are now achievable to attain
optimal system performance.

Finite-control-set model predictive control (FCS-MPC) is
considered as one of the advanced control schemes that offers
several key features which enable it to be appropriate for
power converters control [30, 34-37]. For instance, it is a
simple control technique that can be implemented in various
systems and can disuse the modulation scheme. Further, it
features a rapid dynamic performance in contrast with the
linear controllers. Due to the fact that the number of power
converter switching states is finite, the FCS-MPC utilizes a
discrete-time (DT) model for predicting the behavior of the
variables under control for all switching states. Then,
evaluating a cost function using the predicted variables, and
consequently, the optimum switching signals which minimize
the cost function are determined. After that, the selected
switching signals are directly sent to the power converter
control unit [32, 35, 36]. In Type 4 WECS, the operating
principles of FOC scheme have been used by FCS-MPC to
design model predictive current control (MPCC) technique for
PMSG by only eliminating the inner PI current control loops,
which improves the dynamic response [13, 18, 38, 39].
However, it still employs cascaded control loops along with a
Pl speed regulator as well as the dynamic response of the
external speed controller can be enhanced. In [29], the outer
PI speed controller is replaced by a MPC scheme, while the
inner one is used for controlling the current through a classical
hysteresis controller. Using the suggested MPC, the overall
system efficiency is increased to 95.12 percent. However, the
cascaded control structure still exists in the MSC control
scheme. To design a straightforward control structure and

avoid the tedious process of tuning Pl controller parameters,
MPC allows to include different variables into a single multi-
term cost function without employing the cascaded control
structure or any external Pl speed control loop. In [35, 40-44],
a model predictive speed control (MPSC) technique is applied
on the permanent magnet synchronous motor, allowing for
simultaneous manipulation of the speed and currents in a
single objective function. In [45], a MPSC scheme for PMSG
in a WT system has been proposed. The dynamic response of
the rotor speed has been improved using the proposed speed
controller, with no overshoot in the mechanical speed and a
45.5 percent reduction in settling time. However, the control
method implementation has not taken into consideration the
wind energy system characteristics.

In this paper, a novel MPSC strategy with a cascade-free
control structure is proposed for PMSG in the VSWT system.
The proposed MPSC allows controlling the mechanical speed
and electrical variables in a single control loop. A hybrid
MPPT algorithm is employed to design a multi-objective
function for identifying the best switching state without using
any PWM stage. The suggested control technique is simple
and takes into account the characteristics of WT systems.
Furthermore, since the proposed MPSC is a model-based
control technique, its behavior is also assessed under
variations of PMSG parameters. To assess the efficacy of the
suggested MPSC approach, its performance under different
wind speeds is compared against the performance of the
selected controller. The selected controller combines an outer-
loop PI speed controller and an inner-loop MPCC. The PI
controller parameters are adjusted based on the rules described
in [21, 46]. The MPCC scheme is applied to the GSC to deliver
the real power into the grid at UPF. This paper presents the
following main contributions:

1. Designing a novel MPSC strategy with a cascade-
free control structure for the MSC by incorporating the
electrical and mechanical variables into a single control loop.

2. The novel MPSC strategy is designed using a hybrid
MPPT method to trace and capture the maximum power of the
VSWT system.

3. The behavior of the proposed MPSC is also
emphasized for various PMSG parameters.

4. Comparative assessment is carried out between the
proposed MPSC and the classical speed controller to show the
efficacy of the suggested strategy for wind speed change.

5. The MPCC has been applied to the GSC as a
replacement of the inner PI current control loop.

2. Wind Energy System Model

The entire configuration of the VSWT system with direct-
driven PMSG is depicted in Fig.1. The back-to-back (BTB)
power converters are realized by the MSC and GSC that are
linked by a DC-link. The generator output power and its
rotational speed are regulated using MSC. On the other hand,
the GSC is responsible for controlling the reactive power as
well as the DC-link voltage.
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Fig. 1. A schematic diagram for the WT System based on direct-driven PMSG.

2.1. Wind Turbine Model

In the WT systems, the mechanical power could be
expressed as follows [47, 48]:

1
Pn = 3 PAC, (4 BV, M

where A is area swept by the WT blades, Vy, is the wind speed,
p is the air density, C,, is the power coefficient of the WT that
is a function of the blade pitch angle () and the TSR (A). The
TSR is an essential parameter of the WT and can be
formulated by Eg. (2):
A= 2mR 2
=7 @)
where R is the length of the blade, wn is the rotational speed
of the turbine rotor.
In this paper, the C, value can be calculated from Egs. (3)
and (4) [49]:

—Cts

t2

C
Cy(A,B) = Cy <_/1‘ Ce3B — Ct4) et +Celd (3
13

1.0 1.0 0.035
N A+008xB 1+ (B)3

Fig. 2 illustrates the relation between Cyand TSR at zero
pitch angle. Continuous operation of the WT at Aqp, where C,
is maximum, ensures that the maximum power will be
captured at any wind speed [16].

The WT mechanical torque is defined by:

(4)

Th=— (%)

2.2. PMSG dynamic Model

The permanent magnet synchronous (PMS) machines
may operate into either motor or generator modes by simply
altering the sign of shaft mechanical torque Tr. In WECS, the
Tm has a negative sign and the PMS machine works as a
generator [30]. The three-phase PMSG mathematical model
could be expressed in dg-axes frame as follows [38]:

Cpmax=m===mmmmmm e e m o

Cp

0 2 4 6 hopt 10 12 14 16
TSR
Fig. 2. Cp versus TSR curve

. d . )
Vas = Rglgs + Ly Elds - erqlqs ®)
6

. d . .
Vgs = Rslgs + Lg g Las + W Lgigs + 0 Y,

where Lgand Lqare the dg-axes stator inductances, Rs denotes
the stator winding resistance, igs and iqs are the dg-axes stator
currents, o denotes the generator angular speed, v, denotes
the permanent magnet flux linkage.

The PMSG electromagnetic torque Teis:

3
T, = Epp [l/)riqs + (Ld - Lq)idsiqS] ()

where Py is the pole pairs number. For Lg= Lq = Ls, in the
surface mounted PMSG (SPMSG), the electromagnetic torque
in Eq. (7) may be rewritten as follows:

3 .
T, = 2 Pyrigs (®)
The equation of rotor speed dynamics can be expressed by:
d
]aa)m+me=Te—Tm %)

where J denotes the moment of inertia, wn is the mechanical
angular speed of the generator, and F denotes the friction
coefficient.

The following equation describes the relation between the
electrical and mechanical angular speed:
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Wy = Ppwm (10)

From Eq. (9), it is clear that the mechanical speed of the
generator may be controlled by the electromagnetic torque. In
addition, because of the constant value of .. of PMSG in Eq.
(8), the g-axis component of stator current can be used directly
to regulate the electromagnetic torque. Hence, the control of
the generator rotational speed is achieved by the g-axis stator
current component of PMSG. The d-axis stator current
component is set to zero to implement zero direct-axis current
(ZDC) technique in order to control the SPMSG [20, 22, 39].

3. Finite-Control-Set Model Predictive Control

The explicit use of the system models to predict the future
behavior of the variables under control is the main feature of
FCS-MPC. Since a power converter can only generate
switching states with a limited number, the discrete model is
employed to predict the future values of each controlled
variable for every switching state. The desired behavior of the
system is associated with minimizing the cost function. The
switching state that minimizes the cost function is determined
and applied to the converter without using a modulation
technique [35, 36]. In the present work, the FCS-MPC
approach is employed in order to design the novel MPSC
strategy at MSC. In addition, it is applied to control grid
currents instead of PI current controllers in the inner loop at
GSC, whereas the DC-link voltage is regulated using the outer
loop via a PI controller.

3.1. Proposed Model Predictive Speed Control for MSC

Fig. 3 illustrates the schematic representation of the novel
MPSC. To design the proposed MPSC scheme, the SPMSG
continuous-time (CT) model must be discretized in order to
obtain the predictive model of the system. This model is then
utilized for predicting the system variables’ behavior in the
next sampling instant. The stator current dynamics of SPMSG
in dg frame are acquired from Eq. (6) as follows:

| wr

l PMSG MSC
.1[:} T

Cost Function

A
Tmm(k+l)Iim(k+l)TTg(k+l) s rer

Prediction
Model

Hybrid MPPT

Fig. 3. Block diagram of novel MPSC for PMSG in VSWT
system.

d. R it

dt lgs = Ls las wrlqs Ls Vas (11)
d. Rs . oo 1 wripy
——lgs = ——1 —wld5+—vqs——
dt % L, ™ 77 Lg Ls

Using forward Euler (FE) approximation method, Egs. (9)
and (11) can be discretized to obtain the predicted generator
mechanical speed and the stator currents values as follows:

R T\
igs (K + 1) = 00, (k) Tyigs (K) + (1.0 - L—) i ()

+ 125 (K) (12)
. . R Ty .
igs (e + 1) = —a, () Tyigs (k) + (1.0 - L—) igs ()
S
s r(K)YrTs
P vgs (k) — 2T (13)

wnk +1) = %(Te(k +1) = T (k) + wp (k) (14)

where Ty is the sampling time.
T,(k + 1) in Eq. (14) can be expressed by:

T,(k+1) = ;Ppl,briqs(k +1) (15)

The proposed MPSC scheme directly controls the
electrical and mechanical variables in a single control loop.
Using the seven different possible switching states
combinations of 2L-VSC, seven different values for v, and
Vgs Can be obtained. These values are used by the predictive
models in Egs. (12), (13) and (14) to obtain seven different
values for igs (K + 1), igs (k + 1) as well as wm (k + 1). At the
final stage, using the predicted values, a cost function is
computed for the seven states, and the optimum switching
signals are sent to the MSC control unit. To design the
proposed cost function, it is very important to compute the
reference values of the generator mechanical speed w,,, . and
the electromagnetic torque Te rer. These values can be obtained
using a hybrid MPPT technique as depicted in Fig.3. The
Wmrer Can be computed using the optimal TSR MPPT
algorithm as in Eq. (16) while the Terr can be calculated
through the OT MPPT algorithm as given in Eq. (17) [16, 17].

ey = " (16)
T, er =~ pmRS B 2 =K ()2
eref — Zp Agpt m~HDopt ¥m (17)

The cost function of the novel MPSC is formulated as:

_ |“)m,ref_wm(k+1)| \ |ids.ref_ids(k+1)|
- T

Im

Wm,rated Is

[ererTe+n] | (18)

c

+

Terated

where:
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_ {00, if Jigs(k +1)% +igs(k +1)% > i,
9ec = .
0, otherwise

o, Lf wm(k + 1) > wm,rated
+ (19)

0, otherwise

The controlled variables in the designed multi-term cost
function have different physical natures. A well-known
solution for overcoming this issue is to normalize the error
terms in the cost function [33, 50, 51]. The speed term of g,,
is responsible for tracking mechanical reference speed
determined using the optimal TSR technique. The current term
is used to achieve the ZDC control technique for SPMSG by
setting igsrer €qual to zero. The torque term is responsible for
regulating the electromagnetic torque with its reference value
calculated using the OT method. Therefore, in steady-state, T
and Tm coincide well, and the final term is a constrained term
that equals zero in normal conditions and infinity when
exceeding the rated values of the stator current amplitude or
mechanical speed (i.e., i Or wm rated). The voltage vectors that
result in a quite high value of the objective function will not
be chosen. Fig. 4 describes the flowchart of the suggested
MPSC algorithm.

‘ Measure: Fy(k). @p(K). Tp(K), iy, (). Vege(k) }

!

[ Calculate: wyy, yef and Ty jrof using

Eq. (16) and (17)

‘ Initialize PSC algorithm: i =0, Gop=00 ]
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using Eq. (12), (13) and (14)

L

Minimize Cost function gy in Eq. (18) ’
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Select the optimal vector

itgy < op- then Jop = garand iop "‘gup
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Apply S[igpl(k)

Fig. 4. Flowchart for 2L-VSC proposed MPSC algorithm.

3.2. Model Predictive Current Control for GSC

The MPCC technique is applied for GSC to control the
power supplied to the electrical utility grid as illustrated in
Fig.5. The GSC voltages in dq frame are formulated by:

GSC

T 4[;1} i %
AM— T S
‘rl:-l— —\\N—TTT 7 &
r 3 i 'Yy

6, N
Cost Function abcidq [e— PLL |—#|abc/dg

(2 v

I R

g dge

Prediction
Model

Jil

1gg gz €gg Eqe

e— o,

Vbc et

Fig. 5. The MPCC schematic diagram.

d
=Ryigy +1Lg d wylLgiqg + €qg
d (20)
=Ryigqg + 97t ——lgg T WyLglag + €qq

where w, denotes the angular frequency of the grid, igy & g
represent the dq grid currents, L, & R, indicate the grid filter
inductance & resistance, eq; & eq, represent the dq grid
voltages. By applying the FE method to Eq. (20), the DT
model of grid currents is given by:

T\ .
iag(k + 1) = wyTsigy (k) + ( = >Ldg(k)
7 (21)
12 (vag(00) — eqg (k)
. _ R,T,
lgg(k +1) = —wyTsiqq (k) + (1 L, >ng(k)
(22)

T.
e (Vg (k) = eqg ()
The cost function designed for the GSC is formulated as:
9o = |idg,ref - idg (k + 1) | + | iqg,ref - iqg(k + 1)|

N {oo, if Jigg(k + D%+ igg(k + 12> iy 23)
0, otherwise

The cost function of the GSC aims at declining the
difference between the predicted and reference values of dg-
axes grid currents, with a constrained term that allows grid
current limitation by avoiding the voltage vectors that cause
the grid current to exceed its rated value (i.e., iy). The outer Pl
controller of the DC-link voltage generates the value of the
iagref, While the igqref i adjusted at zero in order to inject zero
reactive power into the grid.
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Similar to the steps applied for the MSC, the DT model in
Egs. (21) and (22) is utilized to predict the next values of the
igg (K + 1) & the iy, (k + 1) for all different switching state
combinations of 2L-VSC. The predicted grid currents are then
assessed via Eq. (23) to select the GSC optimum switching
signals, which leads to a reduction in the cost function.

4. Simulation Results

A MATLAB/SIMULINK model is constructed to study
and verify the proposed control scheme performance when
applied to a VSWT system with direct-driven PMSG. The
simulation is conducted based on the system parameters
specified in Tables 1 & 2. The simulation tests are carried out
under two case studies. The first case assumes variable wind
speeds, and the dynamic response of the suggested MPSC is
evaluated against the classical Pl speed controller for MSC
control. The second case assumes changing the PMSG
parameters in the software model, and the performance of the
MPSC is investigated under these variations.

4.1. Case (1): variable wind speed profile

Figs. 6 (a) & (b) illustrate the WT characteristics using
the proposed MPSC approach and classical Pl speed
controller, respectively, under varying wind speeds over 0.5s
time span. By comparing the simulation results at wind speed
transitions, the system dynamic response is improved using
the proposed MPSC. Furthermore, the mechanical power,
using the proposed MPSC, reaches its theoretical value at
rated wind speed approximately 4 ms faster than the P1 speed
controller.

Fig. 7 displays the ability of the speed controllers to track
PMSG mechanical speed reference value, which ensures
capturing the maximum power at various wind speeds. The
mechanical rotor speed exhibits no overshoot using the
proposed MPSC, while an overshoot of about 33.8 % exists in
the generator speed using the Pl speed controller when wind
speed changes to the rated value at 0.2s. Furthermore, using
the proposed MPSC, the settling time (5 percent tolerance
band) is 6.8 ms, whereas using a Pl speed controller, the
settling time is 11.2 ms. The electromagnetic torque Te tracks
the mechanical torque Tm. However, the dynamic response of
Te using the MPSC strategy outperforms the classical one with
wind speed variations. The corresponding change in PMSG
currents can be also observed. The phase-a stator current and
dg-axes current components track changes in wind speed.
Using the proposed MPSC technique, the magnitude and
frequency of phase-a stator current vary smoothly with the
PMSG mechanical speed. The d-axis current component is
kept constant at zero, whilst the g-axis stator current changes
linearly with the T.. Evidently, the dg-axes stator currents are
controlled in a decoupled pattern.

The results of the GSC control using the proposed overall
control scheme are represented in Fig.8. As can be observed,
the DC-link voltage is successfully maintained at its reference
value with a tiny overshoot and dip during the wind speed
variations. The system operates at UPF by injecting zero VAR
into the grid. Wind speed variations have a direct impact on
real power supplied to the electrical utility grid via the GSC.

The d-axis grid current tracks the injected real power, and the
g-axis current is usually forced to zero to supply zero VAR to
the electrical utility grid. The grid current and voltage are in-
phase, achieving UPF operation. The overall VSWT system
efficiency using the proposed strategy is about 94.5 % at rated
wind speed.

4.2. Case (2): Effect of PMSG parameter variations

Since the proposed MPSC is a model-based control
strategy, it is important to show how the novel MPSC behaves
in the presence of variations in the machine parameters. The
MPSC performance is examined for + 50% changes in the
stator inductance & resistance of the PMSG att = 0.5s & t =
1.5s, respectively. The simulation results are conducted under
parameter variability with an 18 m/s fixed wind speed. As
shown in Fig.9 (a), the suggested MPSC technique is to some
extent sensitive to stator inductance Ls variations. It is visible
that there are slightly higher ripples manifest in the
electromagnetic torque and dg-axes stator currents waveforms
due to the inductance variation at t = 0.5s. The response of the
generator mechanical speed is also still acceptable. Fig. 9 (b)
clarifies that there is no impact on the performance of the
suggested MPSC in the presence of variations in the stator
resistance.

Table 1. System parameters [52]

Parameter Symbol Value
Blade radius R 1.6m
Maximum power coefficient Cp 0.48
Optimal TSR Aopt 8.11
Rated wind speed Vi 20 m/s
WT coefficients Cry 0.5176
Cer 116
Cys 0.4
Cia 5
Cps 21
Cio 0.0068
PMSG RMS line voltage Vs 400 V
Stator inductance Ls 15 mH
Stator resistance Rs 02Q
Pole pairs number Pp 3
Permanent magnet flux linkage Wr 0.85 Wb
Moment of inertia J ]0.01 Kg.m?
Sampling time Ts 15 ps
Capacitor of the DC-link C 3mF
DC-link voltage Ve 700 V
Grid resistance Rg 0.16 Q
Grid inductance Ly 10 mH
Grid frequency f 50 Hz
Table 2. P1 speed controller parameters
Parameter Value
Ko 10.47
Ti 0.0029
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Fig. 6. The WT characteristics: (a) Proposed MPSC, and (b) PI speed controller.
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5. Conclusion

A novel MPSC strategy of the MSC in VSWT system
with direct-driven PMSG has been presented. The proposed
strategy adopted a cascade-free control structure; therefore,
the conventional cascaded structure of Pl controllers and the
PWM stage are no longer existed. The new control technique
employed a hybrid MPPT algorithm to maximize the power

yield in the WT system. Furthermore, a MPCC was used
instead of the PI current controller for the GSC in order to
control the injected power into the electrical utility grid.
MATLAB simulations have been performed to assess the
system performance under different wind speeds. A
comparative analysis has been conducted between the novel
MPSC strategy and the PI as speed controller. The results
showed that the novel MPSC has a smooth operation and fast
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dynamic response with no overshoot in the MSC control
results compared with conventional Pl controller under wind
speed variations. The overall efficiency using the suggested
speed controller is about 94.5% at rated wind speed. In
addition, the influence of PMSG parameters variations on the
steady-state behavior of the MPSC technique has been
investigated. The MPSC showed satisfactory results under
variations of the machine inductance and the effect of the
resistance variations can be ignored.
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