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The paper aims to develop an improved control system to enhance the
dynamics of a permanent magnet synchronous generator (PMSG)
operating at varying speeds. The generator dynamics are evaluated based
on lowing current, power, and torque ripples to validate the effectiveness
of the proposed control system. The adopted controllers include the
model predictive power control (MPPC), model predictive torque control
(MPTC), and the designed predictive voltage control (PVVC). MPPC seeks
to regulate the active and reactive power, while MPTC regulates the
torque and flux. MPPC and MPTC have several drawbacks, like high
ripple, high load commutation, and using a weighting factor in their cost
functions. The methodology of designed predictive voltage comes to
eliminate these drawbacks by managing the direct voltage by utilizing the
deadbeat and finite control set FCS principle, which uses a simple cost
function without needing any weighting factor for equilibrium error
issues. The results demonstrate several advantages of the proposed PVC
technique, including faster dynamic response, simplified control structure,
reduced ripples, lower current harmonics, and decreased computational
requirements when compared to the MPPC and MPTC methods.
Additionally, the study considers the integration of blade pitch angle and
maximum power point tracking (MPPT) controls, which limit wind
energy utilization when the generator speed exceeds its rated speed and
maximize wind energy extraction during wind scarcity. In summary, the
proposed PVC enhanced control system exhibits superior performance in
terms of dynamic response, control simplicity, current quality, and
computational efficiency when compared to alternative methods.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Solar, wind, hydro, geothermal, tidal, and wave energy applications have emerged as new
models for achieving our civilization's energy requirements [1][2]. Renewable energy sources,
unlike fossil fuels, are clean, abundant, naturally replenished, accessible to everyone, and have little
or no effect on the environment, so renewable energy production has grown rapidly in recent
decades. In terms of the various types of renewable energy resources, wind energy is considered the
type that has grown as a result of technological developments, cost reductions, and public demand
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for clean energy [3][4]. It competes not only with other renewable energy sources but also with
traditional fossil fuel-based power generation units, which cause a lot of damage to the environment,
such as higher Carbone dioxide emissions which are considered the main factor in changing the
climate [5][6][7], environmental pollutions, so all factors contribute to the selection of wind energy
as a renewable energy application [8].

Wind turbines are designed to operate at fixed or variable speeds. Fixed-speed wind turbines
(FSWT) use asynchronous generators with a directly coupled three-phase grid to convert the wind
energy to electrical energy, which makes it simpler and less costly due to avoiding using power
converters. However, FSWT has several disadvantages, such as higher mechanical stress and less
efficiency [9] due to producing output turbine power (Py,) is less, which is referred to as decreasing

power coefficient as increasing A; at a constant speed of rotor speed according to the equation of tip
speed ratio (TSR) [10]. Variable-speed wind turbines (VSWT) usually use synchronous generators
with indirect coupling with the grid through using a power converter, leading to a higher initial cost
than (FSWT) [11]. However, the high energy production of VSWTs makes up for their high initial
cost. VSWT has many advantages, for example, if the Wind turbine may speed up or slow down. As
a result, the tower, gearbox, and other drive train parts will see reduced wear and stress.
Additionally, variable-speed devices can boost energy production, which as a result, generates
higher power due to the turbine always running at an optimal TSR ratio. Consequently, the power
coefficient C,, value is kept at maximum value, and Py, always has a cubic relationship with wind
speed in comparison with that of fixed speed type. Accordingly, blade angle and MPPT controls
should usually be considered with wind-driven generators. And also lessen power injection
fluctuation into the grid [12]. All these elements contribute to choosing the variable speed wind
turbine.

Asynchronous and synchronous generators are generally used with wind generation systems
[13]. An asynchronous type like squirrel cage induction generator (SCIG) is considered the first type
used due to its directed connection to the grid and operating at an almost fixed speed [14]. However,
its needing a capacitor bank to feed it with reactive power is the main challenge. Another type of
asynchronous is the doubly-fed induction generator (DFIG) which has several advantages over
squirrel cage induction generator (SCIG), such as handling high-power rating [15], DFIG can be
controlled from the stator side or rotor side, but the controlling of DFIG from the rotor side is
preferred owing to using low scale converter consequently saving in cost [16][17][18]. Because of
the drawbacks of DFIG generators, such as low efficiency, low power factors, needing to slip rings
which is the main factor in increasing maintenance processes, and the need for excitation current for
the rotor [19][20], so synchronous generators become widely used in wind turbines, especially
permanent-magnet synchronous generators (PMSG). The PMSG has many features, like self-
excitation, so it operates at a high-power factor, and its efficiency will increase; furthermore, PMSG
doesn’t use brushes or slip rings for the rotor, which saves maintenance costs. Additionally, the
PMSG can couple to the turbine via a gearbox or directly without a gearbox which reduces the
weight of the nacelle and also lower operating noise due to using permanent magnets in the rotors
[21][22][23].

Many types of control methods can be applied for generators, but choosing the most
appropriate control is one of the most challenging points in the generation system. Field-oriented
control (FOC) and direct torque control (DTC) are considered the most commonly used strategies
for the control of PMSMs owing to simple implementation [24][25]. FOC independently manages
active and reactive or torque and flux by utilizing two separate inner current loops (PI), which
proved its ability to control nonlinearities in the generator model, reducing ripples and having a
smooth dynamic response. On the other hand, the complexity due to using the coordination
transformation, delay response, and its dependence on the machine parameters as the result of using
the Pl is still significant defects of using FOC. An attempt to avoid the shortcomings of FOC is DTC
which replaced the PI controls with hysteresis comparators. DTC has several advantages such as
simple implementation and no need to coordinate transformation, fast dynamic response, and less
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computation effort compared with the FOC [26], but it suffers from high current and torque ripple
due to using the hysteresis compactors compared to DTC. Another approach that follows the same
principle of DTC is direct Power Control (DPC) which controls active and reactive powers [27][28].
Due to the existing relationship between the active power and developed torque, so controlling the
active power results in controlling on developed torque, while controlling reactive power results in
controlling the flux. Consequently, DPC is considered a transformation of the DTC strategy
[29][30].

Recently, many advanced control strategies appeared to eliminate the shortcomings of FOC,
DTC, and DPC especially significant sensitivity as a result of the presence of torque ripples and the
dependence on generator parameters. It is generally known that nonlinear controls are less sensitive
to system parameters. For this reason, Numerous studies examined these techniques, such as sliding
mode control (SMC) and Model predictive control (MPC). Sliding mode control is a nonlinear
control, so it is a more suitable technique for dealing with disturbances. SMC has several features
such as good dynamic response, high robustness against parameters variations compared to FOC,
low ripple compared to DTC and DPC, and simple implementation in addition to the ability to deal
with any existing disturbance or unmolded dynamics [31][32][33]. However, some drawbacks
appear as the chattering phenomena and reaching phase stability problems [34].

Another attempt to deal with nonlinearities is Model predictive control (MPC) to address the
flaws of FOC, DTC, and DPC, which predicts the plant's future behavior and implements the
optimal control actions according to the predefined control objectives. MPC has several advantages.
For instance, simple to apply to a multivariable system and give a fast dynamic response in addition
to the ability to include control loops in one loop. Furthermore, it makes it simple to add
nonlinearities and limitations to the control rule [35]. Nowadays, MPC is becoming one of the
popular techniques that are classified into two topologies [15]. The first type is MPC with a
modulator such as that predictive control that replaced the PI regulator with a cost function and used
a modulator, whatever its type, PWM or SVPWM, to generate the signal to the converter control. As
a result, this type has a constant frequency switching operation. However, due to using the
modulator and depending on system models so this type becomes very sensitive to uncertainties.
The second type is MPC without modulation, such as finite set control (FSC-MPC), which doesn’t
need to use any modulator or PI regulator. This makes the switching frequency variable, in addition
to choosing the most appropriate voltage from a set of eight vectors [36][37]. The FSC-MPC needs
to predict the reference value from instant k to k + 1 sampling instant and the predictive module to
get the predictive value and, finally, cost function to evaluate the prediction and provide the signals
because of the flexibility that appeared in using the cost function in FSC-MPC, which offers more
flexible criteria for choosing optimal switching signals and the ability to include multi-objective
control requirements (such as system nonlinearities and limits), and fast dynamic response. These
factors lead to the usage of the FSC principle with various predictive controllers for the PMSG, such
as FSC-MPPC and FSC-MPTC. The above information can be clarified by looking at the design of
the FCS-MPC techniques that are being employed, in which the look-up tables and hysteresis
regulators disappear as in MP DTC, or the PI current and power regulators are eliminated as in MP
PC by using an only cost function. All of this has effectively reduced system complexity, which has
sped up system dynamics.

In [38], MPPC employed the same concept as traditional DPC, but instead of using hysteresis
and a lookup table, it used a cost function to decrease the errors between active and reactive powers.
In [39], MPPC replaced the using multiple PI regulators and modulators in SVOC by using the cost
function to achieve simplicity. MPPC has several merits, such as good dynamic response, Simple
implementation. On the other hand, Big control variable ripples are characterized by one switching
vector per control interval is still the main problem in addition to using the weighting factor (Wr)to
fulfill the balance between its absolute errors variable due to its nature being different for example in
[17], the cost function is the absolute errors between the reference and estimated values of real and
reactive powers. Both active and reactive powers have different orders of magnitude, so their errors
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aren’t equaled, and accordingly, the weighting factor is an important factor in achieving the balance
between the active and reactive powers. To determine this value, a trial-and-error concept is
considered. In the same manner, MPTC is considered an attempt to maintain the simplicity and
reduce the ripple in traditional DTC by replacing or eliminating the hysteresis and look-up table with
a more flexible cost function that includes the errors between the torque and flux and multiplied by a
weighting factor (Wy). The MPTC has several demerits such that the calculation burden is increased
due to the need to estimate and predict values of the torque and flux in the cost function,
consequently, needing a high microprocessor is very necessary for this defect [40]. This means long
sampling intervals and low switching frequency, leading to an increase in the torque ripple and
reducing the quality of the generated stator currents and using the weighting factor. In [41], by
forecasting the torque and stator flux magnitude on the stationary reference frame instead of the
synchronously rotating reference frame, it is intended to prevent using a weighting factor. A new
cost function based on the reactive torque and active torque components is also created to reduce the
capacity of calculations [42][43]. Due to the equal size of the reactive and active torques, the
weighting element necessary in the traditional MPTC system is removed. However, the
computational burden is still affected. Another attempt to eliminate using a weighting factor in the
cost function is the MPCC approach which makes it simpler than SVOC and MPTC, in addition to
the reduction of the ripple in torque and flux as in both MP TC and MPPC strategies. MPCC is
considered a transport of FOC. In MPCC, we replace the Pl current in FOC with a simple cost
function that combines the errors between the direct and quadrature stator current without using any
weighting factor (W) [44]. However, the drawback of the MPCC is the cost function needs
estimating and prediction values, so any change in machine parameters will affect the performance,
MPCC achieved simpler constructor and faster dynamics repose than FOC [45].

Many recent researchers have looked to formulate a new cost function in which there is no
requirement to use a weighting factor or estimating parameters. Up to this detailed review, we aim to
design an effective control for fulfilling these needs and avoiding the drawbacks of traditional
MPPC and MPTC approaches, so the present study aims to formulate a predictive control technique
that utilizes a unique cost function without using a weighting value and which also doesn't require
high computation regime which results in limiting the commutation losses and producing better
performance such as fast dynamic response compared to sliding mode control and low ripple
compared to model predictive Torque and model predictive power controllers, robust against the
parameters variation compared to DTC, FOC, and other classic predictive controllers.

The formulated cost function will consist of the absolute errors between the actual and
reference d-q components of stator voltages. The reference voltage signals will be derived
systematically depending on the deadbeat control principle; meanwhile, the actual voltage terms are
obtained using the finite control set (FSC) principle.

In summary, the paper's contributions are discussed as follows.

e The research develops an efficient predictive voltage control (PVC) strategy that fixes the flaws
in earlier PMSG control techniques.

e The paper includes an extensive evaluation of the performance of the PMSG utilizing the
developed PVC system and other control methods.

e The paper presents a flow chart of three predictive controls.

e The paper provides a thorough explanation of each of the control strategies that are discussed to
illustrate the basic concept behind each approach as well as the advantages and disadvantages.

e The results ensure and prove that the designed PVC outperforms alternative control schemes in
terms of quick dynamic response, simplicity, reduced ripples, less computational load, and
robustness against the parameters’ variation.
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The present study in this article is structured such that in Sec. I, the detailed modeling of all
system components is described and the description of wind turbine control. In Sec. 111, methods that
adopted predictive controllers with the generator side converters and the control of the grid side
converter. In Sec. 1V, the results obtained using different control algorithms are analyzed, and a
detailed comparative study is carried out. Finally, Sec. \VV provides the conclusion and outcomes of
the study.

2. Modeling of System Components

Fig. 1 shows that the system under study consists of a variable wind speed turbine connecting
directly with a Permanent synchronous generator, a three-phase rectifier | (MSC), and a three-phase
inverter (GSC) linked together through a dc link capacitor and also before connecting the permanent
magnet synchronous generator to the grid the filter has been used. For this system, we evaluated the
dynamics performance generator under study by using different control strategies to identify the
most operating one, which is claimed to be the proposed predictive voltage. To approve these
claims, a detailed mathematical model for each system unit must be presented.

Machine J_ Grid side
| converter inverter

unRegulated
electrical
power

Regulated
electrical
power

Wind power Py, Wind turbine power Py,

Y

\4

A 4

Fig. 1. Block schematic of a component system for converting wind kinetic energy into electricity.

2.1. Mathematical Model of PMSG

A permanent magnet synchronous generator requires an electromagnetic field with a flexible
structure, which results in high standards of operation and manufacturing besides the cost of
inverters; however, it is popularly used in variable wind speed turbines due to the advantages we
have mentioned before [29]. The top one of that is it doesn’t need an excitation circuit in the rotor,
so it doesn’t need slip rings. Fig. 2 depicts the steady-state PMSG model [51][10]. Where uq, usq,
lsay sqr Lar Lqs Asar Asqr Apm» We, Wy, and P are the direct stator voltage, the quadrature stator
voltage, direct stator current, quadrature stator current, direct stator inductance, quadrature stator
inductance, direct stator flux, quadrature stator flux, the permanent magnet flux, electrical angular
speed, mechanical angular speed and the number of pair pole of PMSG generator in the synchronous
rotating d-q reference frame [52].

The dynamic model of PMSG seen in Fig. 2 can be represented at instant KT, by using
sampling time T as in (1) and (2).

d ! .
I st = E(uSd'(k) — Rslsa () + We, (i) Asq (k) 1)
d . ! .
2t sat0 = 7 (g g = Rslsqa0 = We,00Asa,00) 2
q

From (1) and (2), where Agq () and Asq 1y are d and g stator flux in a synchronous reference frame
which is obtained by (3) and (4).
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Asa k) = Lalas,e) + Apm,k) 3)

Asq,k) = Lalqs iy 4)

L
RS Ld 'WeAsq R a Wehsd
— —
lds Usd Igs t1sa
d- Axis equivalent circuit q Axis equivalent circuit

Fig. 2. d — q axis PMSG model

As seen below, there exists a relationship between electrical and mechanical angular speeds given
by (5).

We,(k) = PWg,(k) ®)
By using (3), (4), and (5), the electric dynamics of PMSG can be described by (6) and (7).
d. ! . .
dr sat = - (Usq i) = Rslsa, o) + Lsq PWg i isq, ) (6)
d. ! . .
4t seto = E (Usq k) — Rslsq, (k) —La PWg,(ylsa () — ApmPWg, 1) ()
Alternatively, the mechanical dynamics of PMSG are represented by equation (8).
d 1
Vo0 =7 (Tego = T — FWw) ®)
eq

Where j,, is equivalent inertia moment of the turbine and generator, T 4, is Turbine torque, T )

is Electromagnetic torque, E. is Friction of the rotor. The permanent magnet flux linkage and stator
current components are used to express the electromagnetic torque of the PMSG, which can be
stated mathematically as (9).

Te,(k) = 1-513(/1z)misq,(k) + (Ld - Ld)isd,(k)isq,(k)) (9)

As the inductances on the d and g axis are the same (Ly = L), the electromagnetic torque (T, ()
can be expressed by (10).

Te (k) = 1.5 PApmlisq,k) (10)

2.2. Wind Turbine Aerodynamic Model

Wind turbines transfer wind energy to mechanical energy. The wind power is calculated as in
(11) [46].

Py, = 0.5pAVy (11)

Where p the air density [kg/m3] is, A = mr? is the swept area of the wind turbine V], is wind speed
[m/s] as it isn’t possible to catch all the power from the wind, so the turbine power is calculated by
(12) [13].

Py = CpPyp = 0.57IC1[,pr2V‘,V3 12)
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Where C,, the power coefficient that controls and regulates how much electricity comes from wind
energy. The power coefficient depends on bitch angle [£] and tip ratio speed [A;] to get C, for
given A, and . The following equations have been used for this aim. The power coefficient is
calculated by (13) [47][48].

—21

—0.48 —5)e % + +0.00681,) (13)

116
C,(Ae B) = 0.5176( -

l
Where A; is given by (14).
1 _ 1 0.035 14
A A, +0.088 1+p3 (14)
The characteristics of the power coefficient (C,) and the tip speed ratio (4;) for different values
of bitch angle (B) are shown in Fig. 3. It is vividly from Fig. 3 we can get the maximum power
coefficient when the tip speed ratio reaches the optimum value, and the pitch angle is zero [49][50].

Cpmax

A48

44}

32

28

24

power coellicient (Cp)
N

0 2 4 6 8 10 12 14 15 16 20
Tip speed mliol}.l)

Fig. 3. The relationship between power coefficient (Cp) and tip speed ratio (4,) for various values of 8

The tip speed ratio (4;), is obtained by (15) [51].

_Wo0"

A 15
== (15)
The mechanical torque or turbine Torque (T; = T,,,) is calculated in (16).
Py
Tp=T=— 16
m=Te = o (16)
The mechanically transmitted torque to the generator (generator torque) is evaluated by (17).
Ty
Te=Ty-g = (17)
g

Where n is the gearbox ratio and wy is the rotor speed. In this paper, PMSG is used without a
gearbox, so the gearbox ratio = 1, so the rotor speed, mechanical speed, and generator speed are the
same.

2.3. MPPTand Pitch Angle Control of Wind Turbine System

Extracting the maximum power from the wind turbine can be achieved by setting the tip ratio
speed at its optimum value and the remaining bitch angle at a constant value in the case of low speed

Rasha A. Mohamed (Performance Enhancement of a Variable Speed Permanent Magnet Synchronous Generator Used
for Renewable Energy Application)



International Journal of Robotics and Control Systems
Vol. 3, No. 3, 2023, pp. 530-560

ISSN 2775-2658 33

while limiting the machine to operate at the power exceeds its rated power is achieved by the pitch
angle control in case over rated speed. This can be accomplished systematically as follows.

a. MPPT Operation

It is obvious from Fig. 5 that the MPPT is operated at region (2) only when wind speed is less
than the rated value but greater than the cut-in value. The MPPT is a technique to catch maximum
power for any given wind. To get the maximum power in this approach, the bitch angle is set to zero
degrees, and the turbine works at the optimum speed ratio, 4,,;, so the power coefficient C,
becomes Cp,mqyx by replacing their optimum value in (12), the maximum power is obtained by (18).

Wa.a)"
Pnax = O-S,DCpmax T[TZ( —

)? (18)

opt
Where the wind speed can be redefined according to (15) as in (19).

_Wo)7

Vw = (19)

Aopt
The maximum power from a wind turbine can be then formulated by (20).

Brax = kopt (Wg,(K))3 (20)

Where k,,; is the coefficient of the wind turbine. The reference speed of a generator can be
calculated using the maximum power point tracking of a wind turbine and equation (21).

3 Pmax

Wo) = |% (21)
opt
Referring to (18), the power coefficient reaches its maximum value, Cppmqay, if the PMSG
velocity can always be regulated to keep the turbine operating under optimum different speed ratio
Aopt during variations in wind velocity. That's another way of indicating that the turbine system
achieves its maximum power, as shown in Fig. 4. It is remarkable from this figure that, for a given
wind speed, the turbine power (mechanical power) changes with generator speed and extracts its
maximum value all the time [50].

10

o o o
~ oo ©
T T T

<
o
T

mechanical power (PU)
o o o o
N w e (4]
T T T

o
T

A 2 3 4 5 .6 7 .8 9 1 11
generaor speed (PU)

Fig. 4. The relation between the mechanical power and generator speed for various values of wind speed
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Fig. 5. Operation region of wind turbine

b. Pitch Angle Control of Wind Turbine

The goal of utilizing pitch angle control is to keep the machine operating at rated output power
when wind speed is above its rated. Normally, the pitch angle is set to zero degrees at the MPPT
region and activated at the torque region, as in Fig. 5. As a result, the proportional-integral (PI)
controller generates § to limit generator output power to its rated value. C,, drops together with the
extracted wind power when the pitch angle increases (refer to (12)), and the generator power returns
to its rated value. The schematic of pitch angle control is presented in Fig. 6.

The methodology of using a Pitch angle controller is that the power signals are utilized as the
feedback of PI control and the difference between the rated power and the actual power (P, =
T, X W,) of the generator is fed to PI, which is responsible for generating maximum power for
available wind. While the wind signals for forward control are used (max) for ensuring the
activation of the p-angle control only in case the actual wind speed is higher than its rated value
[52].

Pl Bmax
Prated s Z - f
Bmin
B
P.
Vw »
Max kb
Vwrated ¥

Fig. 6. Pitch angle control

3. Methods

This section will represent three different control methods for the machine side converter
(MSC), which are MPPC, MPTC, and the proposed PVC scheme. Alternatively, the voltage-
oriented control (VOC) algorithm is utilized to manage the grid side converter (GSC) converter.
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3.1. Grid Side Converter (GSC)

The grid-side electrical circuit equations developed in the synchronous rotating d — g reference
frame can be expressed by (22) and (23).

dl
- gd
Uga = Relga + Ly — = = wlylgq + Vga (22)
dlyq ’3
Ugq = Rylag + Ly — =+ @Lylga + Vyq (23)

Where g4, 1yq, Vga, Vgq, Ugar Ugq are the grid currents, grid voltages, and voltage at grid side
converter output in d-q axis reference frame, respectively. Ry, Ly are the resistance and inductance
of the grid filter.

The main objective of using grid-side converter control is to keep the DC link voltage constant
[53] during controlling the active (P,;) and reactive (Q4;) power injected into the grid can be

expressed in (24) and (25) [54].
Pyi = 1.5(Vyalgq + Vgqlgq) (24)

Qgi = 1-5(1/;1g1gd - nglgq) (25)

According to the previous equations, in the power terms, the d-axis and g-axis components of grid
currents and voltages are cross-coupled, making active and reactive power difficult to control.

The VOC control is implemented in this case in the grid voltage synchronous reference frame
[13]. The rotating grid voltage space vector is aligned with the d-axis reference frame., and as a
result of that, the quadrature grid voltage equals zero. Using the voltage-oriented control technique,
the active and reactive power equations can be represented as the following expression. The
coupling issue is solved by using the voltage-oriented control method as the grid control, as shown
in (26) and (27).

Pgi = 1-5(nglgd) = VdCIdC (26)
Qgi = 1.5(=Vgalgq) (27)

These equations show that the d-axis and g-axis components of grid currents can control active and
reactive power independently.

According to the grid scheme in Fig. 7, the VOC needs an outer loop (dc voltage loop) to
generate a reference direct grid current for active power, referring to (23) by sending the errors
between the measured dc voltage and dc reference to Pl control. It also needs an inner current loop
to control the reactive power, in addition to removing the current cross-coupling between the d and g
components, which necessitates feed-forward compensation of some terms (wLglyq, wLslgq). For
the coordinate’s transformation, the Phase Locked Loop (PLL) calculates the grid voltage space
vector angle. As mentioned earlier, the d-axis of the reference frame is aligned with the grid voltage
space vector. The quadrature grid voltage accordingly equals zero. Then, to achieve a unity power
factor, the reference of the quadrature grid current is set to zero (I*4, = 0). Finally, the gate drive

pulses are obtained through a PWM.
3.2. Control of Machine Side Converter (MSC)

The machine-side converter is controlled by three different model predictive methods. The
controllers are MPPC and MPTC, and the proposed PVC, which are described in detail to approve
the validation of the proposed control.
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a. Model Predictive Power Control (MPPC)

MPPC is aimed to manage stator active and reactive powers directly without using coordinate
transformations, linear current controllers or modulators as in stator voltage-oriented control, or
torque and flux loops as in MPTC. The cost function (CF) is the main objective of the MPPC,
which tries to minimize the absolute errors between the reference and prediction values of stator
active and reactive power levels for sending the signal to voltage vector selection to choose the best
voltage vector out of a set of vectors (0...7) that achieves this minimization and apply it at the next
sample time [38]. The MPPC also uses a weighting value (w), to maintain equilibrium between
the controllable powers. The CF used by the MPPC is then expressed by (28).

(28)

. i
| * —0nP
r]k+1_ Qs'(k.,.l) Qs'(k+1)|

i
* _ 1% Y4
Ps ki1 PS,(k+1)| Twy

where PS,*(R +1)" Psfzk +1)" st(k +1)" and stzk +1) are reference stator active power, predictive stator
active power, reference stator reactive power, and predictive stator reactive power, respectively,
and the superscript i gives the sectors from 0 to 7.

The reference of active power is generated by multiplying the reference of electromagnetic
torque and the mechanical speed (wy ), which is obtained from MPPT, while the reference of the
reactive power (Qszk +1)=0) is set to zero to make the power factor equal to one. Furthermore, the
predicted values of active and reactive controlled power are expressed in (29) and (30).

Plsry = 15Uy vy lsacken) T Yog (ern)og (1)) (29)
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p _ p :P 14 D
Qs k+1) = 13 (Ugq (k1) bsa,(le+1) ~ Ysa, (k4 1) sq (k1)) (30)

As can be seen from these equations, the stator powers at the next sampling moment rely on the
stator direct and quadrature currents at that same instant. So, the prediction of the stator current of
d — g components is obtained by using the forward Euler method as (31) and (32).

ifd-(k+1) = lsa (k) + Ll_d (Usq iy = Rsisa, k) T Lq PWg i) isq0)Ts (31)

isq,(e+1) = sq.) + (é (Usq, ) ~ Rstsq,()~La PWg a0y isa k) — ApmPWg,00)Ts (32)
Similarly, the stator voltage components ufd'(k +1) and ”fq,(k +1) are obtained as (33) and (34).

ufd,(kﬂ) _ (usd,(k) :‘ ;isd,(kﬂ))Ts (33)

u —-Uu
p _ sq,(k) sq,(k+1)
usq,(k+1) - ( AT )Ts

(34)

Fig. 8 shows the schematic for the MPPC for the MSC. The flow chart is presented in Fig. 9 to
display the operation steps of the MPPC, which starts with estimating both the stator current and
voltage values and then sampling. After that, the values of the dq prediction stator current are
calculated according to (31) and (32) to compute the prediction values of the active and reactive
power through (29) and (30) and also the reference values are measured ending with cost function
determination to apply the voltage that gives the minimum value of it.
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Fig. 8. MPPC for the machine-side converter
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b. Model Predictive Torque Control (MPTC)

The MPTC is responsible for controlling the flux and torque of the PMSG. A cost function
reduces the absolute difference between the reference torque and its predictive value and the
absolute difference between of reference flux and its predictive value. The cost function also uses a
weighting value (w{) to fulfill the balance between the torque and flux because of their difference
in nature. The look-up tables and hysteresis controllers used in the traditional DTC technique have
been replaced with this cost function. In light of this, the cost function of the MPTC [55][56] can
be stated by (35).

L

Azr(kﬂ) - AE,(kﬂ) (35)

. i
Viesr = |Teksr) — Tez,J(k+1)| +wy

Where T, i1y, Tehyq As,gernyy and Agh, o

flux, and predictive stator flux, respectively.

are reference torque, predictive torque, reference stator

*

S (k+1) is obtained

The reference T, 41y is calculated from the wind control but the reference 4
from (36).

Ask+1) = \/(Apm + LdiSd'*(k+1))2 + (Lqisq'*(k_'_l))z (36)

The permanent magnet can be kept from demagnetizing in interior PMSGs if the d-axis current is
consistently kept at zero, according to (37).

lsq,(k+1) = 0 (37)
According to the previous consideration, the stator flux reference is calculated by (38).

Keany = J Rom)? + (Lgitg ger1))’ (39)

The reference g-axis current needed by (38) can be obtained by (39).
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Te(e+1)

lsq(k+1) = 15 pipm (39)

The predictive torque and flux in the rotating reference frame at sample time (k + 1) T's are given
by (40) and (41).

T krry = 15 PApmiq,, (40)

2 esry = \/(Apm + Laigl )2 + (Lqiq?, )2 (41)

Where g, .,y and il ., are calculated by using (31) and (32).

The schematic of MPTC for the machine side converter is illustrated in Fig. 10, while Fig. 11
presents a flow chart to display the operation steps of the MPTC, in which both stator voltages and
stator current are measured, then after that, all these variables are sampled, then the prediction
values of the dgq stator current are computed according to (31) and (32) to utilize them to determine
the prediction values of stator flux and the torque in the same time the reference values of the stator
flux and torque are calculated through (38). In the last step, the cost function minimizes the errors
in the reference and prediction values of the stator and torque accordion to (35) to apply the
voltage, which achieves this minimization.
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Fig. 10. MPTC for the machine-side converter
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c. The Proposed Predictive Control Approach

The developed PVC utilizes a cost function that combines the absolute errors of the references
and predicted quantities of d — q stator voltage. This cost function has the same units of their
variable, so it doesn’t require a weighting value. The cost function is expressed as (42).

i

(42)

i
A B * _ P
Oks1 = Usd,(k+1) usd,(k+1)| + Usq,(k+1) ~ Usq,(k+1)

Where ugg (41, U (k+1)" Usg,(k+1): and ufq +1) are reference stator d volage, predictive stator d
voltage, reference g stator voltage, and predictive stator q voltage, respectively.

Where ug; ;1) and ug, ., are generated by the switching state of the inverter; while

Ugd (k+1) aNd Ugq (k41) are the references of d — g stator voltage, which are evaluated by using the
deadbeat control principle. According to the Deadbeat principle, the reference d — q stator voltage
at the next sampling time is calculated as (43) and (44).

.k .p
i —i
" . D sd,(K+2) ~ ‘sd,(k+1) .p
Usa,k+1) = RsLalsq (eiq) T La ( T, ) — PWg,(k+1) Lglsq (k+1) (43)

.k .p
i —i
% _ ) 5q,(K+2)  “sq,(k+1) D
Usq,(ke+1) = Rslqlsq (k1) T Lg < T, ) + PWg,(k+ 1) Lalq (es1) T Pwg (1yApm

(44)

Rasha A. Mohamed (Performance Enhancement of a Variable Speed Permanent Magnet Synchronous Generator Used
for Renewable Energy Application)



International Journal of Robotics and Control Systems
Vol. 3, No. 3, 2023, pp. 530-560

ISSN 2775-2658 33

Where the predicted actual values of stator current in d — g reference frame are obtained by
(43). The reference currents in the sample (k+2) Ts can be calculated using Lagrange
extrapolation as the equation (45) and (46) [57].

ia,k+2) = 3lsa.k) — 3lsa,k-1) T sa,(k—2) (45)
isq,(ev2) = 3lsq.(0) ~ 3lsq,te-1) F Isq,(k-2) (46)

Where igq 4y is set to zero and ig,, is generated by MPPT, as mentioned earlier. The schematic of

the proposed PVC is shown in Fig. 12. The combination of using a deadbeat, which is used to
generate the reference of d — g stator voltage at the next sample time, and a finite control set
(FCS), which uses the cost function, in addition to the elimination of the modulator, makes the
proposed PVC simpler and faster in its dynamic response, reducing the ripple in the currents,
fluxes, and torque in comparison with their values as in MPPC and MPTC, and consequently is
considered the most effective approach to be used.

The flow chart is presented in Fig. 13 to display the operation steps of the MPPC. The control
begins measuring stator voltage and current and then sample them. After that determines, the
prediction values of dgq stator current according to (31), (32) for generating reference values of dq
stator voltages while the predictive value of the stator voltage is generated by the switching state of
the inverter. Finally, both the reference and prediction values of the stator voltage are fed to the
cost function according to (42).
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3.3. Abbreviations and Symbols

MPSG

SCIG

DFIG
MPPC
MPTC

PVC

FSC

TSR

FOC

DTC

DPC
SMC
MPPT

o
B
PWM

SVPWM

SvOoC

MSC
GSC
CF

Permanent magnet synchronous
generator
Squirrel cage induction
generator
Doubly fed induction generator
Model predictive power control
Model predictive Torque control
Predictive voltage control
Finite set control
Tip speed ratio
Field oriented control
Direct Torque control
Direct power control
Sliding mode control
Maximum power tracking
Power coefficient
Bitch angle
Pulse width modulation

Space vector Pulse width
modulation

Stator voltage-oriented control

Machine side converter
Grid side converter
Cost function
The weighting factor for

P

T &T, & T,

Uga & Ugq
lgq & Igq

Vga & Vgq

R &Ly

Pgi & Qgi
Vdc & Idc

* p
,(k+1) PS,(k+1)

Mechanical, turbine, and
electromagnetic torque
Equivalent inertia moment of (the
turbine and generator
Friction of rotor
Wind power
Turbine power (mechanical power)
Wind speed
Swept area of the wind turbine
Radius of blade
Air density
Tip ratio speed
Time Sampling
Generator torque
Gearbox ratio
Rotor speed (generator speed)

d — q voltage at grid side converter
d — q grid current

d — q grid voltage
Resistance and Inductance of grid
filter

Active and reactive grid power
DC link ed voltage and current

Reference and predictive stator active
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(MPPC) power
wt The weighting factor for Q. & QP Reference and predictive stator
v (MPTC) Set1) 7 TS (kD) reactive power
Ugy & Ugq d — q stator voltage i kr1) & loqr) d — q predictive stator current
lsq & sq d-stator current i’gd,(km & i’;q_(k +1) d — q reference stator current
usd (k+1) & -
Asa & Agq d — q stator flux ; d — q predictive stator voltage
usq,(k+1)
Ugq (ke 1) &
Apm Permanent magnet flux Y d — q reference stator voltage
usq,(k+1)
Le&L, d — q stator inductance T gy & Tl Reference and predictive

electromagnetic torque
W, & W, &  Electrical, Mechanical, and grid
w angular speed

P Number of pair poles Isq,(k+2) & Isq,k+2) d — q reference current at (k + 2)

A k1) & Asﬁ +1 Reference and predictive stator flux

4. Results and Discussion

The paper presents the results and discussion of a comparative study of three different
controllers for a wind turbine system: MPPC (Model Predictive Power Control), MPTC (Model
Predictive Torque Control), and the proposed PVC (Proposed Predictive Voltage Control). The
control strategies are evaluated based on various performance metrics such as FFT analysis,
commutation burden, the dependence of parameters, and the efficiency compared with each other,
whereas the grid-side converter was only controlled by the VOC approach. Fig. 14 depicts the wind
speed, which varies from 8m/s to 12m/s at the time (t = 5s). Fig. 15 depicts the synchronous
generator speed under each of the three control approaches. From Fig. 15, the value of synchronous
generator speed for all controllers at the time (¢ = 5s) begins to vary according to the variation in
wind speed due to the control dynamics of the wind turbine. There is a link between the applied
wind speed and the actual generator speed, and this has been explained in (19), where the turbine
speed and the generator speed are equal as a result of using the gearless type. Presenting the
proposed PVC control, the fastest dynamic response and the best smooth variation compared with
other predictive strategies. Fig. 16 shows the mechanical torque. Fig. 17 depicts the electromagnetic
torque for the three controllers, which begins to vary at instant t = 5s according to the variation of
wind speed. The proposed PVC algorithm gives the best dynamic response and the lowest ripple
oscillation among all predictive controllers. This is referred to as applying the voltage to the
machine directly from the output of the controller without any estimation and prediction as in MPPC
and MPTC, so any changes in machine parameters or mistakes don’t affect the control making the
PVC less ripple and less computation, burden and robustness. Another reason for low ripple and less
computation capacity is the eliminating weighting factor from the cost function of the proposed
PVC, on the contrary, MPPC and MPTC. Otherwise, the voltage is the first variable that faces the
windings making PVC the fastest dynamic response when compared with other predictive
controllers, according to the previous figure. Fig. 18 shows the zoomed shot view of electromagnetic
torque for three controllers. Fig. 19 depicts the generator's active and reactive powers, which
confirm that the proposed PVC has the lowest ripples and fastest dynamic response in comparison to
the other predictive control because the const function controls the voltage signal, which is the first
variable applied to the machine winding directly from the controller's output rather than the cost
function of MPPC needs estimate powers then apply the voltage or estimate torque and flux as in
MPTC this makes the proposed PVC faster dynamic response than the other predictive techniques.
As a result, any changes in the machine's parameters or errors won't have an impact on the control.
This leads to reducing PVC ripple and reducing the commutation load and robustness. The
suggested PVC, in contrast to MPPC and MPTC, does not include a weighting element in its cost
function, which is another reason for low ripple and reduced computing capacity. Furthermore, Fig.
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19 demonstrates the control systems' efficacy in achieving MPPT and pitch angle controls, as the
active power follows the wind variation from 8m/s to 12m/s at the same time the reactive power is
held constant at zero.

Fig. 20 depicts a zoomed-in view of the power variation to show the detailed power dynamics
under various controllers. The d — g components of the generator stator current, as shown in Fig.
21, vary with wind speed. Besides that, the d-axis component remains constant and follows the
reference value (54 x4+1) = 0) while the g-axis current follows the variation in wind speed and

varies in response to changes in power and mechanical torque. For this reason, we get the shape of g
current similar to the shape of torque and power. Fig. 22 shows a zoomed-in view of the d — g
current components to show the deviation from the reference currents under the three different
control systems. It is vividly that the PVC method guarantees the lowest average oscillation and
more robustness and stability in this figure as the result of eliminating the weighting factor from its
cost function and applying the voltage, which doesn’t require any estimation from machine
parameters on the contrary of MPPC and MPTC as mentioned before. Fig. 23 to Fig. 25 depict the
three-phase stator currents under MPPC, MPTC, and suggested PVC control. Based on these
figures, it can be demonstrated that the designed PVC strategy has the lowest current harmonics,
which is referred to the effects of applying voltage without dependence on machine parameters so
the oscillation of voltage becomes low. Consequently, the current becomes less harmonic distortion
as we get the current from the voltage, so power becomes the highest quality and the fastest dynamic
response when compared to machine-side controllers, thereby validating the PVC's effectiveness.
This was also explored using FFT analysis for the stator-generated currents, as will be shown later.
The grid current's d — g components are displayed in Fig. 26. Remarkably, the d-axis grid current is
held at zero tracking the reactive power for maintaining the power factor at the unity value. On the
contrary side, the change in active power is tracked by d axis grid current. Fig. 27 gives an in-depth
look at the dq grid current components which g grid current follows the reference I*;, = 0 to
achieve a unity power factor and proved that PVC has smooth dynamics response and low current
oscillation referring to the effect of applying the voltage and eliminating the weighting factor from
its cost function. Last but not least, Fig. 28 displays the DC link voltage for all controllers where the
PVC keeps the voltage at its reference with the fewest oscillations and the fastest dynamic response
in comparison to the other predictive algorithms. The reason behind this is the dc link voltage
changes; with wind variation to be held at constant value must, the power input from the generator
equals the out power to avoid the dc voltage varying with reference speed. Surely the stator power
under the proposed PVC is low ripple as a result of the dc link voltage of PVC having the lowest
ripple than the others.
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Fig. 14. Wind speed changes from 8m/s to 12m/s
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Table 1 displays the outcomes for all three control systems in terms of the number of
commutations. This variable is taken into account as an indicator of the amount of computational
help each controller can offer. To satisfy the requirements of microcontrollers that manage the
control process, it is strongly suggested to maintain a minimal burden. The results in the table
demonstrate that the PVC has the fewest commutations and efficiently assists in decreasing the
computation burden, which helps in limiting switching losses, which is regarded as one of the
greatest problems of predictive control strategies. Surely the reasons behind low commutations are
the eliminating weight factor from its cost function and applying the voltage without needing any
estimation, as mentioned earlier.

Table 1. Three model predictive controllers’ commutation numbers

Commutation number for MSC Controllers
Commutation’s number

Control Strategy

MPPC 5641
MPTC 6150
Proposed PVC 4770
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The FFT spectrum analysis for the stator currents is presented in graphical forms for the three
predictive controllers sequentially from Fig. 29 to Fig. 31 and in numerical form in Table 2. The
statistics confirm the effectiveness of the proposed PVC in achieving lower THD in generated
current signals in comparison with the other predictive techniques. The reason behind this result is
the mechanism cost function of Propped PVC depends on controlling variables (dg stator voltages)
and doesn’t depend on machine parameters leading to applying a reference voltage with low
oscillation and generating current with low harmonics. On the contrary, the cost function MPPC
generates reference voltage indirectly by managing the active and reactive power, which depends on
machine parameters or MPTC’s cost function, which manages the flux and torque. Another reason is
the elimination weighting factor which chooses an inaccurate value causing increasing the ripple and
number of commutations, as mentioned earlier. All of these helped effectively in ensuring high
power quality using the proposed PVC.

Table 2. FFT analysis of stator currents for the three predictive controllers with MSC

Tvoe of Control THD of Phases Current
yp Phase a Phase b Phase ¢
MPPC Fundamental: 0.510795  Fundamental: 0.45899 Fundamental: 0.47718
THD =54.69 % THD =33.71% THD =56.11 %
MPTC Fundamental: 0.342677 Fundamental: 0.256227 Fundamental:0.423012
THD = 48.28 % THD =44.84 % THD =39.01
Fundamental: 0.740161 Fundamental: 0.783106 Fundamental: 0.827769
Proposed PVC THD = 15.16 % THD = 21.31 % THD = 24.39 %
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5. Conclusion

The paper adopted three various control methods to offer a thorough dynamic performance
analysis of a variable speed wind-driven PMSG. These analyses are discussed which controls give
the fastest dynamic response, lowest ripple, lowest computation capacity, and independence of
machine parameters. The considered controllers are the model predictive power (MPPC), model
predictive torque (MPTC), and proposed predictive voltage (PVC) control schemes. In contrast to
the traditional predictive controllers, the proposed PVC approach has a simpler concept because of
using a simple cost function, not needing any PI regulator, and using the FCS principle for selecting
the optimum voltages, which led to eliminating to use of PWM, low ripple and low commutation as
the result of its cost function doesn’t need any weighting factor and the variables (the components of
the voltages) used in this cost function don’t need any estimation leading to robustness against
parameters variation and ensuring high quality of power due to reducing the ripple in addition to the
reducing torque ripple which is a vital requirement to reduce the shaft variation and prevent the
mechanical problem and also The fast response of the proposed control is an important need to deal
with the variation of the wind. The wind turbine control system is formulated with maximum power
point tracking and pitch angle control, which are very important control to extract the maximum
power in case the generator speed is under its rated speed by maintaining the cubic relationship
between the wind and power and limit wind energy utilization in case of strong wind by increasing
the bitch angle so power coefficient decreased. In addition, a detailed comparison was presented
between all machine-side controllers in terms of construct and THD currents. The outcomes
represent that the proposed PVC controller had the most effective dynamic performance and lowest
computation burdens in comparison with the other controllers, confirmed by its simple structure,
low ripples, and low current harmonics, more efficiency and robustness against the variation leading
to the achievement of the reliability of the system. In general, the designed predictive control can be
used with another generator type, like a double field induction generator and multiphase generator or
turbine wind, after considering the structure of each generator and turbine.

Author Contribution: All authors contributed equally to the main contributor to this paper. All authors read
and approved the final paper.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix

Table 1A. Data specifications for PMSG and turbine

Parameters Value
R; 0.006Q
Ly=Lg=Lg 0.51311H
Linkage flux (4,,,) 1.48Whb
Inertia 35000kg.m?
viscous damping 0.01 Nms
pole pairs 48
Rated apparent power 1.5e6VA
Rated power 1.35MW
DC capacitor voltage 1150V
Rated L-L voltage 575V
Sampling time 0.0001s
Rated Frequency 50Hz
Specific air density (p) ~ 1.12kg/m?
Turbine rotor radius 33.05m
Rated wind speed 12m/s

Rasha A. Mohamed (Performance Enhancement of a Variable Speed Permanent Magnet Synchronous Generator Used
for Renewable Energy Application)



International Journal of Robotics and Control Systems
ISSN 2775-2658 33
Vol. 3, No. 3, 2023, pp. 530-560

Table 2A. Parameters of current controllers for grid-side converter

Parameter Value
K, 0.83
K; 5
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