ISSN: 2633-4828 \Vol. 6 No.2, June, 2024

International Journal of Applied Engineering & Technology

MODEL PREDICTIVE CONTROL OF APERMANENT MAGNET SYNCHRONOUS GENERATOR
BASED ON A WIND ENERGY SYSTEM

Augustinius Sephuma?, Tlotlollo Sidwell Hlalele!, Mbuyu Sumbwanyambe!
tUniversity of South Africa, South Africa

Department of Electrical Engineering, 18172466 @mylife.unisa.ac.za, hlalets@unisa.ac.za,
sumbwm@unisa.ac.za

Abstract— In this paper, the study of a model predictive control for a permanent magnet synchronous generator
connected with a wind energy system. This paper presents a discrete model of the Permanent Magnet Synchronous
Generator connected to a two-level voltage source converter, using a predictive algorithm to control the switching
frequencies of the IGBTs and the design of an effective control on the wind turbine speed to effectively provide a
new way to stabilize the generation side electrical output from variations of harsh wind changes that fluctuates due
to weather-related wind speeds. The control algorithm is simulated in MATLAB, Simulink. The result of various
wind speeds are presented to show the dynamic performance and efficiency of the proposed control approach. To
demonstrate the accuracy of the models that were developed and the robustness of the speed controller design,
several simulation results are presented and discussed.

Index Terms— Model predictive control, Voltage source converter, PMSG, Renewable energy system, Wind
Energy system.

I. INTRODUCTION

The ability to consistently generate reliable and consistent electricity is one of the most crucial elements in
developing countries' progress in the modern period, which is driven by technology advancements in both the
commercial and industrial domains. Therefore, in order to facilitate a nation's future economic developments, it is
imperative that the expansion of power generation facilities be given top priority. Consequently, failure to adhere
to changes, leads to the current infrastructure becoming strained when the link between electrical energy
consumption and ongoing economic expansion is not balanced. Studies in [1] detailed, that "limited energy or
electricity supply eventually leads to crippling all government operations and productive systems, freezing the
economy, with higher rates of electrical theft, power outages, and people seeking other alternative means as the
end results.”

Conventional power generation methods are becoming less desirable due to their long-term environmental
consequences, despite the requirement to stabilize generation capacity to continuously meet demand. As stated by
research conducted, approximately one-third of emissions from fossil fuel combustion are attributed to power
generation transports, Whereas, the remaining third is primarily caused by industry and residential heating [2].
With Fossil fuel combustion indicated as the largest single contributor to the greenhouse effect, the need to examine
appropriate solutions for moving away from conventional methods to integrating existing infrastructure with
alternative energy sources is required [27]. This demonstrated that Renewable energy sources (RES) are considered
at the forefront of alternative energy sources due to their environmental benefits, which was validated in the study
conducted at [2].

However, due to the varying nature and uncertainties of renewable sources, This poses challenges when considering
an integration to the main grid [15]. For power generated utilizing a Permanent Magnet Synchronous Generators

Copyrights @ Roman Science Publication Vol. 6 No.2, June, 2024
International Journal of Applied Engineering & Technology
46



ISSN: 2633-4828 \Vol. 6 No.2, June, 2024

International Journal of Applied Engineering & Technology

(PMSG), studies conducted by [9], found that, wind turbines that operate near their manufactured rated value, tend
to generate a power imbalance between both ends of the implemented converters (generator side and grid side) and
causes the DC line voltage to rise over the permitted limit, potentially damaging the device and failing to meet
requirements of grid regulations. This entails the need for additional control strategies for PMSG, implemented
with the primary goal to balance supply and demand while achieving dependable performance.

A considerable amount of literature published on control systems for PMSG primarily focus on the use of other
control strategies such as conventionally well-known controllers like PID control, Fuzzy logic, neural networks,
and Maximum power point tracking [4],[17],[18],[19]. According to the results of a comparative study comparing
PID and MPC, a PID controller performs best when there is only one input and one output (SISO), whereas an
MPC controller is a more advanced method of process control used for MIMO systems, where the analysis
demonstrated that the set-point in traditional control is far from constraint whereas the MPC set-point is closer to
constraint [3] and it was proven that MPC tries to bring the process as close as possible to constraints without
violating them. Much more exertion for viable model predictive algorithms for industrial process is still a necessity.
An example is the study conducted in [4], to combine fuzzy logic with neural networks to tune the parameters of
a PID excitation controller, however it was found that the duration of network development is extensive due
requirement that neural networks need much more data than traditional machine learning algorithms. The paper by
[5], presented an approach on application for model predictive control theory of a synchronous generator,
controlling the voltage and active power where the performance of the MPC algorithm was compared to that of
feedback linearization, PID and sliding mode. The researchers found that the MPC model-based control slightly
reaches a faster response compared to the feedback linearization control and Slide mode control. Moreover, in their
study, the more traditional PID based control was found to be quite slower than the compared counterparts due the
combination of its two inner control loops of the speed and power. Several researchers have also conducted studies
on Back-to-Back Voltage conversion of wind turbine systems, however, with very little reference to model
predictive controllers. Majority of research on Back-to-Back HVDC systems focused on utilizing controls such as
MPPT, PID and other controls discussed methods for maximum power extraction [6]- [7]. The study by [20],
carried out a thorough review by giving the key methods utilized to regulate a PMSG applied in wind power
conversion systems, ranging from traditional to contemporary control design. Four controls were evaluated, slide
mode control (SMC), Direct Power control (DPC), Backstepping control (BSC) and Model Predictive control
(MPC). SMC and DPC results in a chattering problem of a high-power oscillation caused by the discontinuous
function used in the SMC structure and the hysteresis controllers used in the DPC design. the results also shows
that predictive technique is a little slower than that of SMC, BSC, and DPC control which are characterized by a
fast response. The time delay is due to the excessive computational load of the MPC technique.

One effective way of effectively controlling a permanent synchronous generator connected to a wind turbine system
is controlling the speed. According to work done by researchers [8], on the control of PMSG, most research that
focuses on the use of a three-phase diode rectifiers with an uncontrolled dc link and the use of a two-level voltage
source converter generator side lacks adequate research work that accurately relates to modeling and control. In
this research study, a Model Predictive control for a permanent magnet synchronous generator is examined with
respect to attaining reliable performance and a balanced supply. The paper is organized as follows: Section two
discusses the Permanent magnet synchronous generator, examining the formulation and theory. The Grid side
voltage converter for the proposed study is further discussed in Section 3. Section 4 further provides an analysis
on the Model predictive control, gives the conclusion of the overall study. Section 5 presents an examination on
the generator speed control, with Section 6, providing the simulations.

Il. PERMANENT MAGNET SYNCHRONOUS GENERATOR

The proposed MPC control utilizes a PMSG that can be characterized by an equivalent circuit shown in Figure 1,
represented in the d-q reference frame of a three-by-three element matrix to simplify the analysis.
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Figure 1. PMSG in d-q reference frame model.

The d-g synchronous rotation reference frame in Figure 1, has the capability to transform a three-phase system's
time-domain components in an abc reference frame into direct, quadrature, and zero components in a rotating
reference frame through the Park Transform, which transforms the AC current and voltage waveform into DC
signals, applying two transforms sequentially making computations easier. The parks transform implements the
change from a-phase to g-phase as represented in matrix form by:

g sind sin(ﬂ—é—”) sin(49+%”)]

a
H = %lcose cos <0—2?”) cos (9+2?”) } H
0 1 1 1 ¢

2 2 2 (1)

The three-phase (abc) signal is transformed into a rotating reference frame (dq0) represented by, Figure 2, using
Park transformation from an abc to dq0 block where input wt, in rad, provides the spinning frame's angular position
and in exchange an inverse Park transform is used by the d-q to abc to transform a dqO rotating reference frame to
a 3-phase abc signal. The following d-q values are produced by a positive-sequence signal with magnitude = 1 and

Phase angle = 0° when the rotating frame alignment at wt = 0 is 90° behind the phase A axis: d=1,q=0s [10]:

Caxis /
»

Figure 2: Rotating reference frame diagram.
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Where the instantaneous voltages are found by:

V, = Vysin(ot) +V; cos(ot) +V; (5)

Vb=Vdsin(mt—zg—n)+chos((nt—23—n)+V0 (6)

V. =Vdsin(mt+23—n)+1/(1cos(mt+23—ﬂ)+V0 (7)
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The d-g frame alignment at t = O determines the conversion from abc to dq0 and the following relationships are
attained when the rotating frame is lined up with the phase A axis

The following equations can be used to compute the active and reactive powers expressions:

3
Pgenrutur = E [(Vsd X isd) + (Vsq X isq)]

(8)
Qgenerator = ;[(Vsd X isq) + (V;q X isd)] (9)

Electric equations expressed in the rotor g-d frame.
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Mechanical Torque Expression:
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Wind turbine Power Expression:
1
Pying = 3 XpXSXV3 (15)
Pturbine:CpO"vB)XPwind: %XPXSXV@ﬁ (16)
Where:
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I11. GRID SIDE VOLTAGE SOURCE CONVERTER

The Voltage Source Converters (VSC) implemented is the self-commutated converter that links the HVAC and
HVDC systems utilizing high-power electrical devices such as IGBTs, where its ability to independently control
the reactive and actual power flow at each of the AC systems to which it is connected, called the Point of Common
Coupling (PCC), is the key feature of VSC-HVDC transmission [25], in this instance, unlike line commutated
HVDC transmission, which reverses the DC current to change the flow of power, the polarity of the DC link voltage
is maintained.
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Figure 3: Voltage Source Converter

Figure 3, shows the two-level voltage source converter analyzed for implementation. Several advantages make the
predictive control suitable for control of power converters, for instance, MPC is easy to understand and implement
and can also be applied to different kinds of voltage source converters.
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Figure 4: Block diagram of Grid Side VVSC using MPC

The suggested configuration for the proposed MPC PMSG control is presented through a block diagram in Figure
4: Grid side voltage source converters, where the generator side arrangement of the voltage source converters is
studied for the control of the power flow in the connection. For the control of PMSG to be feasible, the produced
wind flow correlated to the PMSG at different speeds must be considered, as well as the converter's DC link voltage.
The generator-side converter in this system modulates the speed of the PMSG to apply MPC control. The grid-
connected converter in the meantime manages the active and reactive electricity supplied to the grid.

In Figure 5, I(kt) is the reference current for the predictive current control, and i(k+1) are the anticipated values of
the m-states for the n potential switching states at time k+1. To minimize the cost function, the difference between
the reference and anticipated values is determined, and the switching state that minimizes the cost function is chosen
[26]. The optimal voltage vector from among the seven is chosen to minimize the computing work that results in
various options. Choosing the optimal voltage vector among the seven presenting a control of the 2-level VSC, a
straightforward cost function is constructed in absolute value term with one prediction step and n-prediction steps,
respectively [11]. The generator-side converter the system modulates the speed of the PMSG applying MPC control
algorithm [12], that was intended for stable DC input voltages on a conventional stable supply. However, in this
study, the algorithm is applied for real-world applications and optimized to take a look at improving control of the
generator-side connected VSC outputs applicable to manage the active and reactive electricity supplied to the grid
regardless of variations in wind speeds in a wind turbine system connected to a permanent magnet synchronous
generator.
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Figure 5: MPC control of PMSG.

IV. MODEL PREDICTIVE CONTROL

The main objective of the Model predictive controller as depicted in Figure 6, is to calculate the Input reference r
(t) of the Permanent Magnet Synchronous Generator such that the PMSG output y(t) follows a desired speed by
using a feedback mechanism to correct the error for optimization. The predictive control aims to obtain that certain
desired performance even in the presence of disturbances and internal variations [23]. Figure 7 depicts the objective
of the MPC to find the best predicted path that is the closest to the reference in a systematic way. K denotes the
optimal time step where K+1 show the first implemented step. K continuously moves towards predict horizon K+P
for re-optimization of the control from K+1. By solving the optimization problems, the MPC controller minimizes
the error between the reference and predictive path of the output of the PMSG. Every step reruns the entire
optimization forward in time for some start window to evaluate the best possible input.

Figure 6: MPC model base and optimization.

Figure 7: MPC set time graph.

The mathematical representation of Figure 7 is given by:

P P-1
j= Z weepy; + Z W Uy
i=1 i=0 (20)

Equation (20), The Predictive path of the smallest cost function J gives the optimal solution and the Design
Parameters for MPC that are dependent on the following:

l. Sample time
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Il. Prediction Horizon
Il Control Horizon
V. Constraints

V. Weight

All these parameters affect the performance of the controller and the complexity of the MPC algorithm which
solves an optimize the problem at each time step. This is done taking into consideration the problems of controlling
multi-variable non-linear systems, due to physical and operation constraints on input systems systematic nonlinear
control methods such as feedback linearization, that leads to very elegant solutions. The concept of optimal control,
and in particular its practical implementation in terms of Nonlinear Model Predictive Control (NMPC) is an
attractive alternative since the complexity of the control design and specification increases moderately with the size
and complexity of the system [21].

Continuous formulation of NMPC is presented by the mathematical formula below where (21) denotes the
nonlinear model and F= (X, u), the cost function that is non-quadratic (22) is the nonlinear constraints

X ge1 =0, Uy) (21)
Vi = g(xi) (22)

The x(k) controls the u(k) and output y(k) which are vectors. Subject to input and state constraints of the form:

u(t) eU,Vt=0 (23)
x(t) EX,Vt=0 (24)

Here x(t)eR™(n) and o(t)eR™(m) denote the vector of state and input, respectively. Furthermore, the input constraint
set U is compact and X is connected. For example, U and X are often given by box constraints of the form:

U:={u€R™upm U< Ungxt = {x € R™"|xXpmin <X < Xpmax}

(25) " (26)

With the constant vectors u(min),u(max) and x(min),x(max)

The input applied in NMPC is based on the finite horizon open loop optimal control probe which is solved at every
recalculation.

miny (e(t), u(.) -

With the cost functional

j(x(®),a0)) = [ F(x(),u(0)de 28)

X (o)=F (@)U ())(x) (1) = x(t) (29)

u(t) = u(t + Tc),vTt €[t + Tc,t + Tp] (30)

¥(t) €X, VT €[t,t + Tp] (31)

Here Tp and Tc are the prediction and the control horizon with Tc <= Tp. The bar denotes internal controller
variables and x (-) s the solution of (7) driven by the input signal u () : [t, t + Tp ]—U under the initial condition
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X(t) [24]. The difference in the predicted and the real values is due to determination of the applied input via a re-
optimization (over a moving finite horizon Tc) at every recalculation instant [17], [22]. The cost functional J is
defined in terms of the stage cost F, which specifies the performance. The stage cost can for example arise from
economic and ecological considerations. Often, a quadratic form for F is used:

F(x, u) = (x - xs)T Q(X - xs) + (u - us)T R(u - us) (32)

X(s) and u(s) Denote a desired reference trajectory that can be constant or time varying. The deviation from the
desired values is weighted by the positive definite. Matrices Q and R. In the case of a stabilization problem (no
tracking), xs = us=constant, one can assume, without loss of generality that (xs, us) = (0,0) is the steady state
stabilize.

V. GENERATOR SPEED CONTROL

Figure 8: Simulink MPC Control of PMSG

The wind turbine model in Figure 8, is simulated first with a constant wind speed that is uncontrolled, with the
results in Figure 9, showing an uncontrolled rotor speed input of the wind turbine model oscillating on and off.
Under Control in, Figure 10, the predictive control allows for the control of different speeds with the control of
the out speed following every change in input from the step function as indicated. This simulation uses the model
predictive control algorithm to regulate the PMSG. To determine whether the recommended control schemes meet
the study's objectives, this section looks at the model's execution results. To do this, MATLAB/SIMULINK
simulation software is used to analyze the results on the wind energy conversion system coupled with a permanent
magnet synchronous generator. Therefore, the analyses is directed towards the efficiency of the model predictive
controls effectiveness to safeguard the wind turbine generator from hurtling and causing a mechanical stresses
through changes when at high wind speeds. The general results concerning the control of the input speed on the
wind turbine are also discussed including the DC link voltage control fluctuations and, Furthermore, future
expansions of the model is discussed.

The wind turbine model in Figure 9, is simulated first with a constant wind speed that is uncontrolled, at a stop
time of T=0.04 sec, with the results in Figure 10, showing an uncontrolled rotor speed input of the wind turbine
model oscillating on and off. Under Control in, Figure 10, the predictive control allows for the control of different
speeds with the control of the out speed following every change in input from the step function as indicated. This
simulation uses the model predictive control algorithm to regulate the PMSG.
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Figure 9: We (rad/s) uncontrolled.

Figure 10: We (rad/s) controlled.

V1. VOLTAGE SOURCE CONVERTER SIMULATION

The oscillating Vdc voltage shown in Figure 11, simulated at a stop time of T= 1 sec increases with increase in
wind speed and can be improved by the utilization of a VSC connected with a filter circuit on the DC side to
smoothen the output. The two level voltage source converter in Figure 5, operates based on the concept that no two
switches in the same leg can be turned on at the same time, this can be presented by following definition, written
as [28].

{1 upper IGBT on }
Sk =

0 upper IGBT off (33)

The power relationship between the AC side and DC side of a balanced three-phase system is as follows, this is if
theoretically, the power switch resistances is ignored:

_ Zk=abcleg(®O)Vgn ()

Vae = 0) (34)
e (£) = 0y ()@ + 15y (£)Sb + ey (£)Sc (35)

Figure 11: VVdc Voltage
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The link capacitor Cdc can be found using Kirchhoff’s laws when applied to the positive node:

dVdc Vdc

Cc =S, Spi Scleg ——
dt alag+ blbg+ cleg RL (36)

Considering a balanced 3-phase system:

V,+V, +V. =0 (37)
bag + g +icg = 0

(38)

As a result, the three-phase voltage source converter model represented in the ABC reference frame is made up of
(39) and (40) through (41) which are rewritten as follows [11]:

C% =Spikg +1;
Ve — S (39)
Lg%Jngiky =V, =V, (Sk 7%2 5 )Jf =ab,c
(40)
Z Vi = Z lig
(41)

Figure 12, Figure 13, Figure 14 respectively give the Generator speed, electromagnetic torque and Stator Currents
showing the changes that occurs when there is a variation of wind simulated at T=.1 sec, with a discrete settling
time of 2e-6, where the Generator speed adjusts in changes to the wind turbine speeds fluctuations. the change in
wind speed inputs in Figure 10 can be seen to correlate with the output of the generator speed in Figure 12. The
characteristics of the wind turbines with a model predictive control and the study demonstrated show how the
model can be utilized and designed to produce the most effective DC link voltage with a faster response time, that
can be applicable to Back-to-Back HVDC systems even in the presence of varying wind speeds, controlling and
optimizing the variations.

Figure 12: Generator Rotor speed, Rotor angle and Torque.
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Figure 13: Stator currents.

N )
W A

Figure 14: Firing signals of VVSC.

[

Demonstrated in Figure 14, is the generation method of pulsing used for commutating each converter switch. This
covers all the phases A, B, and C, where as stated in equation (40), switches S1, S3, S2, S4 and S5 and S6 of
phase a functions in a complimentary way in a 2-level VSC structure. This indicates that turning on S1 prevents
S3, turning on S2 prevents S4 from turning on, turning on S5 prevents S6 from turning on, and so on for the
remaining phases b and c. This chapter examined the findings from.

covers all the phases A, B, and C, where as stated in equation (40), switches S1, S3, S2, S4 and S5 and S6 of
phase a function in a complimentary way in a 2-level VSC structure. This indicates that turning on S1 prevents S3,
turning on S2 prevents S4 from turning on, turning on S5 prevents S6 from turning on, and so on for the remaining
phases b and c. This chapter examined the findings from executing simulations on the suggested Model predictive
control of a synchronous generator for the validation of the suggested control scheme that intended to satisfy the
study's goals.

VIl. CONCLUSION

The design of a wind turbine connected to a permanent magnet synchronous generator was studied and
comprehensive simulation model was provided respectively. The discussion also analyzes the effectiveness of
using a predictive controller to control the input speed and the generator side of the voltage source converter to
optimize the DC link voltage as to assure a consistent provision of power flow generated from the permanent
magnet synchronous generator. Additionally, the two-level voltage source converter as a means of converting the
AC generated to Vdc link voltage that can be connected to an HVDC system is analyzed and the simulations results
are presented in this study. Furthermore, improvement suggestions onto future work are given and may be
successfully applied in future research.
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