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Abstract Vertical axis wind turbines (VAWT) with direct drive permanent magnet
synchronous generator operate with the greatest energy efficiency and reliability in
low-power wind energy conversion systems (WECS). This article offers a classi-
fication of optimal control methods of such WECS. Special attention is also given
to an unexplored area—the development of control systems of power limitation
mode when VAWT work at high wind speeds—passive stall and feathering control.
In particular, the structures of control systems were developed, the parameters of
power regulators were obtained, and these regimes were compared by means of
computer simulation. The fractional order control method was also used for this
mode and the parameters of fractional order PID power regulator were found by the
method of Particle Swarm Optimization (PSO). The article also demonstrates how
to realize the mode of passive stall control in the energy-shaping control system
(ESCS) previously developed by the authors.
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1 Introduction

In many countries, especially in highly developed countries, the rate of renewable
energy is increasing. Prominent in this process is the wind energy that is represented
by high power wind turbines (WT) with the horizontal axis of rotation (HAWT),
which are often combined in wind farms [1]. Along with this, low-power (up to
10 kW) wind energy conversion systems (WECS) recently are becoming more and
more common [2]. They are used by individual consumers for power supply in case
of lack of centralized power grids, or if the availability of the latter for additional
power supply to reduce power consumption from the grid, increase energy effi-
ciency, ensuring uninterrupted power supply, etc. [3]. Specific work conditions of
low-power WECS cause significant differences from powerful HAWT in design
and tasks of automatic control of their work in different modes.

Low-power WECS are installed directly at consumers, where the wind is mostly
characterized by low average speeds, frequent gusts, changes in direction and high
turbulence. Features of location and specific characteristics of wind determine the
benefits of the application of WT with a vertical axis of rotation (VAWT). These
turbines operate efficiently with gusty winds, constantly perceive the wind from any
directions, and start at low wind speeds thanks to low-speed gearless drive of the
multipolar synchronous generator with permanent magnets (PMSG) [4]. The ver-
tical design of VAWT makes it possible to place a relatively large PMSG under
WT, which will not affect the aerodynamic characteristics of the latter. The absence
of mechanical multiplicator reduces the starting wind speed of VAWT.

Unlike HAWT, which is based on the traditional pattern and differ mainly in the
number of blades, in VAWT there is a huge variety, which due to the current
elevated interest in wind power is growing. VAWT may differ by the following
features: prevailing principle of operation (the drag or lift) and accordingly the
value of tip speed ratio (TSR); passive or active design (rigidly mounted or rotary
blades); the number of WT working on a generator; using power
augmentation-guide-vane and more [5].

The specific (on a unit of power) cost of low-power VAWT is much higher than
powerful HAWT. Therefore, to reduce the payback period, the low-power WECS
must produce maximum energy efficiency in all modes of operation, especially at
low wind speeds, because in these conditions these WT are the vast majority of the
time. The practice of VAWT application allows selecting the most efficient con-
figuration. Thus, the WT of passive construction have the lowest cost and highest
reliability. The straight-blade VAWT (SB-VAWT) with corresponding aerody-
namic profile NACA excel by the highest power density due to high TSR and low
cost [6]. However, lack of opportunity to adjust the aerodynamic characteristics of
passive VAWT leaves you to make automatic control of WECS only by changing
of generator electrical load. To this end, there are two most commonly used con-
figurations of power electronic control systems, with cheaper passive diode rectifier
DB and DC/DC converter and more expensive with a voltage active rectifier
(AR) (Fig. 1) [7]. As loading in both systems used the battery B, which is
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connected to the electrical consumers via direct current or through voltage inverter
—AC. Apart from cost, these systems differ also a number of other indicators, but
allow you to provide the desired load regulation of PMSG, so a type of electronic
system is not essential for the building of control system. Automatic control of these
WECS made respective control systems CS.

Much more energy efficiency and safety of WECS with VAWT depends on the
approaches to the design of control systems and therefore the quality of their work.

The main objective of this paper is to analyze approaches to creating automatic
control systems (ACS) for WECS with VAWT and research of control systems for
power limitation of passive VAWT at its work on the winds at a speed higher than
the nominal.

The paper is organized as follows: Sect. 2, under the basic laws of VAWT
operation, introduces the classification of control systems of optimal loading of
PMSG in partial-load operating mode and shows how VAWT power can be limited
in the full-load operating mode when wind speed is higher than the nominal.
Section 3 is devoted to the creation and research by computer simulation of systems
to VAWT power limitation using classic controllers. Section 4 shows how you can
improve the system power limitation using fractional order PID power regulator. In
Sect. 5 we researched and developed the subsystem of VAWT power limitation for
developed previously by the authors the energy-shaping control system (ESCS),
designed for optimal control of WECS describing as a port-controlled Hamiltonian
system (PCHs). Finally, some conclusions are discussed.
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2 The Main Patterns of VAWT Work in Different Modes
and Control Systems Review

At any moment WECS is at a certain operating point, which depends on a number
of factors: wind speed V, the angular velocity ® of VAWT, the power of electrical
loads of PMSG, the efficiency of the generator at this point, the nature of work
(transient or steady state mode).

The output power of the VAWT shaft, which creates by wind flow, described by
the known expression

PWT :%pACP(i)V3, (1)
where p is the air density, A = 2rh is the washing area of SB-VAWT with the
radius r and the height of blade h, Cp is the power coefficient, and A = w r/V is the
TSR.

Power coefficient function Cp(/) is the main dimensionless characteristic of the
VAWT aerodynamic properties, which is generally considered to be stable (for
aerodynamically passive VAWT) and independent of WT working conditions [8].

The mechanical torque on the VAWT shaft is equal

PWT_I

_ Cp(4)
Tyr =% V2 (2)

2pAr

According to expressions (1) and (2), power coefficient function Cp(1) deter-
mines the nature of power and torque of the VAWT. These characteristics for
specific WT can be obtained by calculation or by modeling of aerodynamic pro-
cesses during WT work by finite element method in CFD (Computation Fluid
Dynamics) [9], or experimentally in wind tunnels. In further studies we will use the
dependence, which is typical for 3-blads low-power SB-VAWT (Fig. 2):

Cp(2) = 1.14 (9':7 - 1)e7“. 3)

Dependence Cp(4), as shown in Fig. 2, provides the maximum value of power
coefficient Cpmax = 0.3514 for the optimal value of TSR Aoy = 3.675. The point
Cp max (Aopt) 1s called maximum power point (MPP). To support the work of VAWT
at this point, its angular velocity must be maintained at an optimum value, which
should be directly proportional to the wind speed:

Lo V. (4)
p

Wopt =

Based on Cp(/4), from (1) and (2) basic dependences can be calculated for
particular VAWT, which characterize its work. Figures 3 and 4 show the calculated
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Fig. 2 Power coefficient function of SB-VAWT adopted in this paper

curves, respectively, torque and mechanical power on a shaft of VAWT vs its
angular velocity at constant values of wind speed for WT with aerodynamic
characteristic (3) and the rated power of 1 kW, which obtains at the wind speed of
10 m/s. The curve of VAWT optimal torque values T, shown in Fig. 3, corre-
sponds to the curve of maximum power P,,,x, connecting the extremes of the curves
in Fig. 4.

One of the most important characteristics of WECT is its power curve—a
dependence of output electrical power Pwgcs versus wind speed. Functions of this
type (Fig. 5) usually are served graphically in passports of specific WECS by
manufacturers [10].
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Fig. 3 Mechanical torque on the VAWT shaft versus its angular velocity for WT with rated
power of 1 kW at different wind speeds
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Fig. 4 Output mechanical power on the VAWT shaft vs its angular velocity for WT with rated
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Fig. 5 Typical power curve of WECS

Figure 5 highlight 4 zones. WT will not start in zone 1 because of the low wind
speed and starts generating the output electricity from the wind speed V. in, known
as the cutting speed and, usually between 3 and 4 m/s. In the range of wind speeds
from Vi, in to the rated wind speed V,, (control zone 2) WT work with partial-load,
and only at wind speed, V,, output power of WT reaches its nominal value Pwgcs.n,
for which an electric generator is designed. In the range of wind speed from V,, to
Veutofrs called cutting speed, (control zone 3) the electric output power of WT must
be limited at rated level by one of the possible ways. With increasing of wind speed
over V.o braking system works, VAWT ceases to rotate, and therefore process of
generating electricity stops (zone 4).
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The most task of automatic control of WECT with aerodynamically passive
VAWT (fixed blades) with partial-power at low and average wind speeds is
ensuring optimal electrical load of PMSG that VAWT always moved with optimum
proportional to wind speed angular velocity according to (4) and worked in MPP—
Maximum Power Point Tracking (MPPT) [11]. Substituting in (2) the value of the
wind speed from Eq. (4), we obtain the following relationship:

O.SPACpmax r3 2

1 3 wopt
opt

= K’[‘ 0)2 (5)

Topt = opt?

0.5p A Cp max
Aot :

The law on the formation of the reference mechanical torque Ty = Kt @® by
the mean of PMSG load is the most common for optimal sensorless control pro-
viding asymptotic movement of VAWT operating point to the MPP.

Maximum output power of VAWT is not a goal in contrast to the power of
electricity at WECT output. That value depends also on the loss of a channel, power
transformation, and transmission. Therefore, the goal of optimal control at the site
of partial-power WT must be the maximum approaching power curve in static and
dynamic modes (Fig. 5), which is applied in several studies [12, 13].

In the partial-load operating mode (control zone 2) WECT is an overwhelming
amount of time, thus generating electricity from small power. The extremely high
requirements to quality of control systems work, providing optimal control in order
to obtain maximum power from the wind. Based on the analysis of scientific
publications on this subject we identified the following classification criteria of
optimal control systems for WECS with VAWT:

where Kt =

(a) type of control—passive [14], active [15], active—passive [16];

(b) availability of wind speed sensors—sensors and sensorless [11, 15];

(c) availability of information about the performance of the components of WECS
—VAWT (characteristic Cp(4), the point of maximum power Cpmax(Aopt),
optimal TSR /), generator (the dependence of efficiency from power and
angular velocity), whole WECS (power curve Pwgcs(V)), without the need of
any data [11, 15];

(d) principle of automatic control—as to disturbance (optimal torque control—
OTC) [11], as to deviation (TSR-control, optimal power control—OPC) [11],
intelligent (fuzzy-logic control—FLC, artificial neural network—ANN) [17,
18], search control (perturbation and observation—P&O, hill-climb searching
—HCS) [11, 19, 20];

(e) mathematical description and corresponding methods of control—linearized
[11], nonlinear (adaptive control [21], sliding mode control—SMC [22],
feedback linearization control [23]), control based on energy approach
(passive-based control—PBC, energy-shaping control—ESC) [24].

The task of automatic control of WECS operation in large wind speeds (zone 3
in Fig. 5) is to limit the electrical power output at rated value, especially for PMSG
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that eliminates overheating. Limitations are also associated with acceptable
mechanical loads on VAWT. In powerful HAWT for this purpose active
pitch-control unfolding blades are used for their interaction with a smaller airflow
[8]. In some low-power VAWT also, pitch-controlled blades or special additional
plates that rise on high VAWT angular velocity are used and create additional
aerodynamic resistance [18]. However, it significantly complicates WECS and
reduces the reliability of its work in adverse weather conditions.

In WECS with SB-VAWT, we can achieve a similar effect by the special control
system, which, through appropriate regulation of generator load speed and,
respectively, VAWT angular velocity, shifts the operating point of VAWT so that it
captured less power from wind flow. Herewith, there are two areas of regulation,
which correspond to two flat parts of the curve Cp(4) (Fig. 2), which lie on opposite
sides of oy If at increasing of wind speed the angular velocity of VAWT
decreases, the A decline, reducing the value of power coefficient CP. This is
so-called passive stall regulation [25]. With appropriate work of control system, we
can stabilize VAWT power by reducing its angular velocity and increasing
mechanical torque. If at increasing of wind speed VAWT rotates at a much higher
angular velocity so that it substantially exceeded Aop, it is also possible to stabilize
power, but on the contrary—by reducing the mechanical torque of VAWT. This
mode is called feathering regulation [25].

If we limit the power of research VAWT at the rated level Pwr, = 1145 W, as
shown in Fig. 4, that for this power get the dependences of VAWT torque from its
angular velocity in the areas of stall regulation 7, and feathering regulation T7,,,
(Fig. 3). As seen in the last, in the area of stall regulation the VAWT torque
considerably increases, which should be provided in its design. According to the
torque and the current of PMSG increase too that causes additional losses in the
armature winding of the generator. In the area of feathering regulation, rather—
the torque and the loss of copper in the generator decrease, but significantly increase
the angular velocity of VAWT and generator, which also must be provided in the
construction of WECS.

Unfortunately, passive stall and feathering regulation do not find proper cov-
erage in special scientific literature. Automatic control mode that provides passive
stall regulation of VAWT devoted some attention in papers [26, 27].

Control of small VAWT in the work [26] carried out by adjusting the DC
voltage Upc in the output of diode bridge, by which PMSG is loaded. In electrical
power limiting mode, the fast PI controller comes into work. It reduces the refer-
ence on Upc, which, in turn, is regulated in a closed system by varying the elec-
trical load of PMSG using DC/DC converter. For reduction of dynamic loads on
VAWT during the transition from zone 2 to zone 3 and vice versa, the authors used
a small transition zone, where the voltage Upc is maintained at its maximum level.

In work [27] automatic control in zone 3 is held in the open-loop system—if the
current in the DC link in excess of the acceptable value, the reference on the
optimal angular velocity of VAWT decreases.

Thus, the development of effective control systems for small WECS with
VAWT at large winds are still not sufficiently solved the problem. As shown in
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Figs. 3 and 4 in power limitation modes, especially in the stall regulation, the
control object is characterized by significant nonlinearity. Therefore, for the auto-
matic control of VAWT in these modes is topical application of modern control
methods of nonlinear systems.

3 Creation and Research of Power Limitation Systems
of WECS by Classical Methods

General computer model of WECS has been developed in Matlab/Simulink envi-
ronment to conduct research by computer simulation. It consists of the following
subsystems: wind flow speed (test and turbulent), high-speed passive VAWT with
aerodynamic characteristic (3), PMSG from SimPowerSystem library, AR opera-
tion imitator, in which transistors working with PWM have been replaced by
controllable voltage sources for the purpose of faster simulation, PMSG optimal
load control system, which works in accordance with principle (5). VAWT and
PMSG parameters have been presented in the Appendix.

3.1 Development of Control Systems for Stall Regulation

Transition of WT in stall regulation mode is carried out by increasing VAWT load
torque using PMSG. However, as shown in Fig. 3, VAWT angular velocity will
decrease and its mechanical torque will also increase at wind speeds that are slightly
higher than the nominal value for WT. With further increase of wind speed, VAWT
torque will reach a maximum and then will start to fall because the operating WT
point will move to decreasing area of Twr(®) characteristic. The analysis shows
that for a generator pre-set load torque this area of the characteristic is statically
unstable for WT operation. Stability can be achieved only by the automatic control
in closed ACS.

Research studies conducted by computer simulation have shown that for stabi-
lizing the operating VAWT point at a pre-set stabilizing power characteristic Pwr.,
(Fig. 4), the latter in such static unstable and nonlinear ACS cannot automatically
adjust with required speed for the electric power, measured at the output of PMSG.
It is necessary to carry out directly automatic adjustment of VAWT mechanical
power. As it appears impossible to be measured, its value should be calculated, and
it is not accurate computation, but the speed of obtaining at least an approximate
value of Pwr. It can be easily done by the help of measured values of wind speed
V and the generator angular velocity @ according to the expressions (1) and (3). On
the structural scheme of developed ACS for stall regulation (Fig. 6) it is done by
power estimator (PE). Obtained current value of the VAWT power Pyr at its output
is compared with the nominal value Pwr,. Their difference comes to power
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Fig. 6 Block diagram of the ACS, which provides passive stall regulation mode of VAWT

controller PC, which creates the reference for additional electromagnetic torque
T aa- It s added to the reference for electromagnetic torque T, ., of PMSG
formed by control system in case of partial-load of WECS.

Power limitation system works in the following way. In the partial-load mode of
WECS Pwr < Pwr.n, that is why the output of the PC will be a negative signal,
which is limited at 0. Therefore, the limitation system is not working. With
increasing wind speed above nominal value there occurs condition Pwt > Pwr.n,
which leads to the appearance of the reference T, , at the output of PC. It is added

m
to T in resulting in forming a new reference T for electromagnetic tor-

em.opt® em.Pnl
que, which will provide power limitation of VAWT on the nominal level with
decreasing o.

Mechanical power for simulations is limited at 1300 W. Power limitation system
with PI and PID controllers has been researched. The best coefficients for these
controllers as determined by computer simulation are as follows: PI controller—
ky, = 0.15, ki = 0.10; PID controller—%, = 0.75, k; = 0.35, kq = 1.10.

Figure 7 shows the waveforms of computer simulation to illustrate the work of
the power limitation system of VAWT by means of stall regulation. Test wind
speed has been formed as follows (Fig. 7a): to 10 s V = 9 m/s, which is lower than
the nominal, equal to 10 m/s, at 10 s wind speed is rapidly growing to 13 m/s, at
40 s it plummets to 11 m/s, and at 70 s goes back to 9 m/s. Thus, one can see the
entry of WECS in power limitation mode and its exit from this mode. As a result of
the formation of signal T7, , at the PC output at high wind speeds there increases
electromagnetic torque of PMSG (Fig. 7b) and the WT angular velocity decreases
(Fig. 7¢). This leads to the stabilization of VAWT mechanical power at a pre-set
level of 1300 W (curves 1 and 2 in Fig. 7d), while in the case without limitation
VAWT mechanical power increases significantly (curve 3 in Fig. 7d). Accordingly,
the electric power at the output of WECS will also be limited at 750-850 W (curves

Fig. 7 Time dependencies of main coordinates of WECS, illustrating the entry and exit of it in P>
power limitation mode by stall regulation: a test wind speed, b PMSG electromagnetic torque,

¢ VAWT angular speed, d VAWT mechanical power, f electrical power at the output of WECS,

e efficiency of PMSG, g linear armature current at phase of PMSG (/—PI controller, 2—PID
controller, 3—without power limitation)
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1 and 2 in Fig. 7e.), while without limitation it will increase to 2000 W (curve 3 in
Fig. 7e). Decreasing the level of electrical power below the nominal one is due to
the decrease in the efficiency of the generator #ppsg (Fig. 7f) due to the growth of
its electromagnetic torque and armature currents accordingly (Fig. 7g).

The obtained results of simulation have shown the different speed of regulation
of power limitation systems of VAWT with PI and PID controllers. Unlike PI
controller, PID controller enables the system to more quickly react to the increase in
wind speeds above nominal value. This eliminates overshoot of VAWT mechanical
power (Fig. 7d), due to the faster growth of PMSG electrical power (Fig. 7f),
though. Thus, a system with PID controller has a less dynamic load on the
mechanical part of WECS, and the system with the PI controller provides a less
dynamic load on the electrical part. It is also possible to make settings of PID
controller with compromising indices on mechanical and electrical parts of the
WECS.

3.2 Development of Control Systems for Feathering
Regulation

Transition of WT in feathering regulation operation mode is carried out by reducing
the load torque of WT using PMSG. However, as shown in Fig. 2, the angular
velocity of VAWT will be on the increase. Automatic control enables to easily
stabilize VAWT mechanical power or output electrical power of WECS. Since the
work of WT in this mode occurs on a stable area of its characteristics Twr(w), the
possibility of automatic control is greatly enhanced compared to stall regulation.

The analysis shows that for reliable operation in strong wind it is essentially
important to limit electrical power in PMSG output because it will not lead to its
overheating and consequent failure. Mechanical overload in VAWT shaft can be
permissible if they are projected in the construction of WECS. The same applies to
the angular speed of both WT and the generator. Therefore, it is necessary to
implement control system similar to stall regulation, with regulatory impact through
electromagnetic torque of the generator in order to stabilize the output electrical
power of WECS.

However, as confirmed by the research studies carried out by computer simu-
lation, stabilization of the PMSG output power is difficult because of the unpre-
dictable influence of electromagnetic torque: its increase is accomplished by
increasing the armature current, resulting in lower output voltage because of losses
in the windings. This can be accompanied by both increase and decrease in output
power of the generator. To address this controversy, it has been decided to stabilize
not the output power but electromagnetic power of PMSG instead, or the reference
for this power, which is a bit easier.

All abovementioned solutions have been presented on the developed block
diagram of the designed control system for feathering regulation (Fig. 8).



Passive Stall Control Systems of Power Limitation ... 143

PC

Prns N

<
)

X

[—

Fig. 8 Block diagram of the control system, which provides feathering regulation of VAWT

Power limitation system works in the following way. In the mode of partial-load
of WECS electromagnetic power of wind turbine, P.,, is lower than the nominal
value P, ., because at the output of PC there will be zero signal provided by the
limitation of PC. Thus, the power limitation system does not work. With increasing
wind speed above nominal value there occurs condition P, > Pep,.n, Which leads to
the reference for additional negative electromagnetic torque T7; 4, Which reduces

the value Tg, . at the output of the PC. It result in forming a new task for

electromagnetic torque 77 p.,, Which may provide limitation of the electromag-
netic power of PMSG at nominal levels with increasing w.

It is enough to use PI controller to limit pre-set electromagnetic power in this
mode. P.p,, is pre-set as the value of 1100 W, which provides electrical power
limitation for WT at the level close to the nominal one. PI controller coefficients as
determined by computer simulation are as follows: k, = 5.0, k; = 2.0.

Figure 9 shows the waveforms of computer simulation to illustrate the work of
power limitation system of WECS by feathering regulation. Test wind speed
(Fig. 9a) is the same as in the stall regulation. The output signal of the PC in power
limitation modes provides the decrease of electromagnetic torque of PMSG
(Fig. 9b) and the increase of VAWT angular velocity (Fig. 9¢). This leads to the
decrease in VAWT mechanical power (curve 1 in Fig. 9d) compared to the system
without limiting power (curve 2 in Fig. 9d). Accordingly, the electric power at the
output of WECS will be stabilized at 1050 W (curve 1 in Fig. 9¢ compared to curve
2 with no limitation). The efficiency of generator #crmy in this mode increases
(Fig. 9f) because of its electromagnetic torque and armature current reduce,
accordingly (Fig. 9g).

3.3 Comparative Analysis of VAWT Power Limitation
Methods at High Wind Speed

The analysis of developed control systems structures and the results of simulation
of WECS work on the test wind profile with the transition to high-speed wind and
the return to slack wind have enabled to draw the following conclusions.
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«Fig. 9 Time dependencies of main coordinates of WECS, illustrating the entry and exit of it in
power limitation mode by feathering regulation: a test wind speed, b PMSG electromagnetic
torque, ¢ VAWT angular speed, d VAWT mechanical power, f electrical power at the output of
WECS, e efficiency of PMSG, g linear armature current at phase of PMSG (/—with power
limitation, 2—without power limitation)

1. Stall regulation is characterized by a high degree of nonlinearity of the object
related to the maximum of characteristics Twr(w), thus the satisfactory opera-
tion of the control system can be achieved only by VAWT mechanical power
control, the value of which has to be calculated online using the measured
approximate value of wind speed.

Feathering regulation is characterized by significantly lower nonlinearity, which
allows direct control of PMSG electromagnetic power and enables to build a
simpler control system of this power.

2. The mechanical torque on the shaft of VAWT considerably increases in the stall
regulation mode, but its angular velocity decreases, whereas in the feathering
regulation mode, by contrast, mechanical torque decreases and the angular
velocity increases. Therefore, implementation of such WECS power limitation
modes requires different approaches to the design of mechanical parts of
VAWT.

3. PMSG losses in copper are on the increase in the stall regulation mode as a
result of a significant increase in electromagnetic torque, leading to a significant
decrease in the efficiency of PMSG and, thus, electrical power at the output of
WECS. By contrast, in feathering regulation mode losses in copper are reduced,
although iron losses slightly increase because of increased frequency of electric
move force, but they do not play a significant value in PMSG. This allows
ensuring high value of generator efficiency in feathering regulation mode and to
obtain more electric energy at the output of WECS in strong wind in comparison
with the stall regulation.

4. Due to the direct control of PMSG electromagnetic power in feathering regu-
lation mode its value can be stabilized at a pre-set nominal level regardless of
changes in wind speed in the range of high speeds. Excess energy is going to
accumulate as kinetic energy of the rotating parts of VAWT and PMSG, and
then it will be eliminated by further nominal generator load. This provides much
better smoothness of WECS generated electrical power in feathering regulation
compared with the stall regulation.

The conducted analysis has shown a number of advantages of feathering regu-
lation to limit the power of VAWT in high-speed wind operation. However, it
eliminates one major drawback, i.e., a significant increase in VAWT angular
velocity compared with the nominal one, which greatly complicates the design of
VAWT and mechanical transmission and reduces the reliability of WECS.
Therefore, further studies focus on improving stall regulation by applying new
approaches to design ACS.



146 I. Shchur et al.

4 Fractional Order Control of Power Limitation
of VAWT

4.1 Intelligent Methods of Electromechanical Systems
Synthesis with the Use of Fractional Order Controllers

Nowadays it is evident that increasing the adequacy of traditional models, including
electromechanical systems (EMS) units, is impossible by means of classical
mathematics apparatus and approaches in integer order differential space. It is
known that many physical phenomena, processes, and elements of EMS are
described as dynamic systems by fractional order derivatives, i.e., they are char-
acterized by fractality [28]. The perspective of applying fractional order derivatives
(operators) and integrals in EMS is based on the following:

— the necessity to take into account peculiarities of fractality of EMS technological
processes and elements in the creation of their models by using equations with
fractional order derivatives or integrals;

— the advantages of fractional order controllers compared to classical ones in terms
of robust control of fractal nature objects, as well as nonlinearity, multi-massive
scale, backlash objects, etc.

A series of research studies has been devoted to the evaluation of fractality
degree of natural phenomena that affect technological processes related to EMS
functioning and their control objects in particular [29, 30]. Fractal phenomena
include kinetic energy turbulence of air flows linked to wind fractal structure and
changing temperatures of atmosphere layers [31], which is important for the WT
operation. Their consideration has a significant impact on the “wind flow—wind
wheel” model adequacy.

One way of solving the problem of dynamic stability and quality of power as
generated by WT has been presented in [32]. Applied ACS implements the strategy
of SMC using fractional order controllers in control loop by DC/DC converter. The
system has significant advantages, viz. stability and robustness to parametric
uncertainties of wind wheel and generator, as well as insensitivity to disturbances in
the electrical network.

The synthesis results of various systems described by fractional order transfer
functions (TF) have made it possible to obtain appropriate fractional order con-
trollers. Reliable sources [33, 34] show much interest in fractional order PID
controllers (PI'D") with TF

Wr(s) = K, + Kis™" + Kqs", (6)
where K, K;, K, are the transfer coefficients under the proportional, integral and

differential fractional components of the controller; v and p stand for fractional
orders under integral and differential components of the controller.
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The use of TF controller (6) is justified because its fractional integral and dif-
ferential components provide more opportunities in the synthesis of ACS loops.
Nevertheless, the search for [Kp,Ki,Kd,v, ,u] vector to optimize synthesis results
requires conducting the research in a 5-dimensional space. Thus, when using such
controller structure it is necessary to set five parameters, i.e., two parameters more
than in the case of conventional PID controller when v = 1 and u = 1. However,
this extends the functionality of the controller in the process of optimizing EMS
circuits compared to integer order controllers and therefore provides better flexi-
bility in setting and quality of dynamic performance, which, accordingly, enables
the solution to the problem of synthesis of EMS with more complex requirements,
including robust synthesis.

EMS synthesis under the conditions of stability, quality, robustness, and
insensitivity to disturbances with a certain frequency band requires a rational choice
of fractional controller adjustment settings that allow taking into account the
abovementioned conditions. The most effective approaches with the aim of finding
optimal or suboptimal solutions to multi-dimensional purpose functions appear to
be the intellectual methods, viz. Particle Swarm Optimization (PSO) and Genetic
Algorithm (GA) as online methods which can be applied in the design of
self-tuning systems.

For the purpose of parametric EMS optimization in the online mode an inno-
vative approach has been offered which is based on the modification of two
methods: the method of technological readjustment of closed systems [35],
designed to detect required readjustment and calculate controller parameters by the
reaction of closed EMS to pre-set disturbance, and the adaptive method with the use
of EMS transition function [36]. The originality of the proposed approach lies in the
application of the reference model of standard fractional order forms and intelligent
methods. This method involves all kinds of transformations, including the ones
with a preliminary definition of the model parameters as well as those with the
direct transition from test transient process characteristics to optimal parameters
adjustment. The required disturbance is introduced only into a closed system. The
advantage of this approach can be obvious from the fact that it does not require to
set EMS equipment in a special debug mode, which reduces its adjustment time.

The algorithm for selecting PI'D" controller parameters to optimize a loop with a
specific control object using PSO [37] and the transition function with the desired
parameters is as follows.

1. The transition function with the desired parameters, pre-set time, sampling time
and the number of calculation points is introduced into computer memory.

2. Five-dimensional swarm space (according to the number of varied controller
parameters) for PI'D" controller is built [37]).

3. At each iteration for each particle swarm element (the coordinate of controller
parameters in 5-dimensional space) and its acquired parameters in the space
motion, there is a transition function of the optimized loop which is compared
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with the reference transition function in online mode. The particle whose
parameters provide the lowest absolute standard deviation and lower than the
previous iteration will be determined as the best one in this iteration, and its
parameters will determine the trajectory of the other particles motion in the next
iteration. The number of iterations can be set manually, or, alternatively, the
procedure of iterative process termination can be introduced when the absolute
standard deviation of the reference transition function from optimized loop
transition functions is lower than the set one.

PI'D" controller parameters search can be conducted with regard to the fol-
lowing typical transition functions points: time of the first achievement of 95% of
transition default value 795, the maximum deviation of the coordinate y.x or
overshoot ¢, time of achieving maximum deviation of the coordinate #,,..
According to the abovementioned algorithm, comparison of transition function with
the reference one occurs only in certain specific points of the transition process, viz.

Zp9s, Ymax and Imax-

4.2 Fractional Order Control of Stall Regulation of VAWT
Power

The proposed method has enabled synthesis of control loop for WT power limi-
tation in stall regulation mode, where instead of obtained (Sect. 3.1) PID controller

Wpe(s) = 0.75 +0.355 1 + 115 (7)

fractional order PI'D* controller has been applied.

PI'D" controller has been synthesized by the above-proposed approach by
means of using specific points of fractional order transition function for w,. = 2
¢ Utgos = 1.1's, 6 = 7.32%, tyax = 2.8 s. The criterion for the completion of the
synthesis is the achievement of the desired quality of the transition process with a
pre-set standard deviation from the pre-set points of standard transition function.
The optimization has resulted in obtaining fractional order controller with the
following TF:

Wece(s) = 0.2+ 0.257%% + 1.0s°7. (8)

Figure 10 shows basic waveforms of test wind speed reproduction with WT,
similar to test wind speed shown in Fig. 7. Transition processes by means of using
classical PID controller have been also displayed (7) for the purpose of comparison.
It can be seen from the obtained results that the use of fractional order PI'D"
controller (8) makes it possible to slightly accelerate transition processes of entering
WT power limitation mode and virtually eliminate their oscillation, which will have
a positive impact on WT operation.



Passive Stall Control Systems of Power Limitation ...

(@) 7w
Nm o,

80

60

(b)

149

«ats

26 30 40 50 60

70

80

Pwecs, 2000

(d) w

1500 H

1000

500

0

20 30 40 50 60

70

80

o0 1, S

Fig. 10 Comparison of computer simulation results illustrating input and output of wind turbines
in power limitation mode by stall regulation using conventional PID controller (curves 2) and
fractional order PI'D" controller (curves 1): a PMSG electromagnetic torque, b VAWT angular
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5 Power Limitation of VAWT by Passive Stall Control

in Energy-Shaping Control System (ESCS)

5.1 Energy-Shaping Control

Among the most promising methods of ACS synthesis of complex objects are those
based on energy approaches [38], which allow design ESCS. Such energy-shaping
control consists in the ACS assuring the passivity of the whole system. This allows
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operating in the desired equilibrium point X, since passivity itself provides oscil-
lation damping in the system and its stable operation in the selected point [38].

In general, ESCS synthesis procedure consists in decomposing a system into
simpler subsystems interlinked in some way [39], and finding such additional
subsystems and interconnections that the total energy of the closed-loop system
would attain a minimum in the equilibrium point X, [40]. This equilibrium point is
the control aim and is defined by the reference signal. In ESCS synthesis procedure
both control object and ACS can be represented as an Euler—Lagrange system
(ELs) [38] or the port-controlled Hamiltonian system (PCHs) [40]. System repre-
sentation as PCHs makes it possible to consider the physical structure of the control
object, which, in turn, greatly simplifies the part-differential equations to which the
synthesis procedure is reduced; it also allows to simplify and make more trans-
parent the stability analysis. PCHs model is as follows [40]:

{ x(1) = J(x) = RX)] G +G(x) - u(r) ©)
¥(1) = GT(x) 2 ’
where x(7) is the state vector of the controlled system (the object), J(x) = -J(x) is
a skew-symmetric matrix which reflects the interconnection structure of the system,
R(x) = RT(X) > 0 is a symmetric positive semi-definite matrix which reflects the
dissipation in the system, H(x) = 0.5 x' D' x is the energy function of the
controlled system, D is the diagonal matrix of inertias, G(x) is the port matrix, and
u(?) and y(#) are vectors of input and output system energy variables.

According to [41], ESCS synthesis procedure is reduced to the writing of the
mathematical model of the object in the PCHs form (9), the selection of a matrix of
the control system (J,(x) and R,(x)) and, thanks to the energy-shaping principles,
interconnection and damping assignment, to the solving of the following matrix
equation:

\_/

() + Ja(%) = (R(x) + Ra(x))] 2555
= [Ja(x) = R(x)] 5 +G(x) - b() ’

where Hy is the desired energy function, which attain a minimum in the equilibrium
point x0, and b(x) = u is the vector of input system energy variables, formed
through feedback.

The results of synthesis are the elements of regulator matrix J,(x) that were
found and the final equations of ESCS regulators [41-43]. However, during
synthesis some elements of regulator matrices (J,(x) and R,(x)) could be “free”
[41-43], they are intended for ACS setting up and can be selected manually or
calculated with parametrical synthesis procedure.

(10)
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5.2 ESCS of WECS with VAWT

There already exist several variants of ACS of WECS, based on energy-shaping
[24, 44—46]. In most cases, during the synthesis of ESCS of WECS authors con-
sider the control object in simplified form—as a mechanical system. This approach
is caused by the fact that electromagnetic time constants are much smaller than the
mechanical ones, and that is why at mechanical systems ACS synthesis the inertia
of the current circuit is usually not taken into account. However, in the WECS case,
the current loop effect is quite important, as it should also provide a minimization of
losses in the generator—in order to produce maximum WECS output power. That is
why it’s important to synthesize ESCS of WECS while taking into account elec-
tromagnetic part (Generator—Power converter—Load or Grid) [24]. Proposed in
literature ESCS of WECS are synthesized for optimal power extraction mode and
require additional adaptation for power limitation mode.

We synthesized ESCS of WECS while taking into account electromagnetic part
(PMSG and power converter). PMSG is described in rotation coordinates d-q [47].
ESCS regulators, obtained by the described above approach, are as follows [24]:

ugetty = —k(ig — igo) + Ryiao — pLaiqo( — )
— pLyi g
Udcpy = k(ia — iao) + Rsigo + pLgiao( — o) (11)
+p(@+ Lgia)wo
T;m = TWT — 7‘3((1) — wo)

. . . . # £
where uq is a constant voltage in DC output circuit of power converter, pq and pq
are the reference duty ratio functions in d-g frame, r; is the damping coefficients,
which express mechanical damping of the control system, k is the decupling
coefficient, which compensates the cross-links between d-axes and g-axes voltage
control channels, i; and i, are d-axes and g-axes projections of the stator current
vector, respectively, iy and iy are, respectively, d-axes and g-axes reference sig-
nals of the projections of current vector, L, and L, are d-axes and g-axes stator
inductances, respectively, Ry is the stator resistance per phase, p is the number of
rotor pole pairs, @ is the rotor flux linkage, y is the reference VAWT speed, Top, is
the signal of reference torque and TWT is the VAWT torque.

By correcting procedure of reference values forming [24] the expressions of new
WECS of PMSG load without a wind speed sensor can be obtained:

gy = —r1(iq — igo) — k(ig — igo) + Rsiao
— pLaigo(@, — wo) — pLyigwo

ugctty = —r2(ig — igo) +k(ia —ia0) + Rsigo (12)
+quid0(COZ — (D()) er(@ +Ldl.d)600

Te*m = TWT — r3(a)z — 600)
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where w, is the angular speed signal with delay.

In the obtained ACS (12) w, = @/(Tys+ 1), where T,, = 0.1 s is the time
constant of TF in the feedback speed loop. The reference speed equals to current
speed of WT g = w. The reference current signal i g is known from the electro-
magnetic torque equation: io = 2/(3p) - Ti/[(La — L) iao + @], and the Ty can
be found like in OTC system [11] — Twr = Kro?.

According to [24], ESCS with regulators (12) provides high static and dynamic
performance of WECS without wind speed sensor, and also ensure the WECS
operation in optimal response mode, which is meant to combine mechanical wind
energy extraction by VAWT and electric energy losses in PMSG in such a way that
the maximum of WECS output energy is obtained [24]. Such ESCS improves the
WECS energy extraction, compared with the OTC, by 0.6-10% for different winds,
WECS constructions, and ESCS settings. The maximum improvement of efficiency
is ensured at turbulent winds with small average speed.

5.3 Power Limitation in ESCS

ESCS with regulators (12) are synthesized for optimal power extraction mode at
partial-loading of WECS. In order to adapt it to operation in power limitation mode
on high winds, we offer, depending on the operating mode, to change procedure of
formation of the reference signal, in particular—speed wq and torque Tywr.
Structural schema of adapted ESCS of WECS, with implemented possibility of
stall regulation, is shown in Fig. 11. The system consists of four functional blocks.

Fig. 11 ESCS of WECS
adapted for power limitation
mode

2
pulses»

WT

ESCS
regulators
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Block 1 forms reference signals by described in Sect. 5.2 method, and will take
effect in optimal power extraction mode. Block 2 represents ESCS regulators (12).
Block 3 forms objective signals in power limitation mode. Block 4 implements the
logic function, which is responsible for switching between optimal power extraction
and power limitation modes.

Proposed adapted ESCS works as follows. In Block 4 power estimator PE, based
on wind speed V and angular speed w signals, calculates the current value of
mechanical power. This value is compared to PWT.n. The resulting difference
(Pwt.n — Pwt) goes to hysteresis function Gis, which forms output «0» when
Pwt > 0.95 Pwr.,, and «1» when Pwr < Pwr., (hysteresis is introduced to avoid
frequent switching in case Pwt ~ Pwr.n). Output signal of Gis controls switcher
Switch, which conduct ESCS connection of reference signal former from Block 1
or Block 3.

In order to implement proactive control, similar to PID controller, in Block 4 a
differential component D is introduced. It performs proactive control that reduces
overshoot of mechanical power Pwr. This allows you to consider not only the
current value of the mechanical power Pwt while controlling, but the dynamics of
its change Py, as well. Then switching between modes will be based on the
comparison result of Pwr, > Pwr + Pyrp. Time constant of differential link is
0.1 s, and the value of the differential part Py is limited on (0...0.25) Pwr .

If Pwr +P{NT > Pwrn, then ESCS switches to power limitation mode, and
reference signals begin to form from Block 3. Based on the estimated value of
mechanical power Pwr + Py, and angular speed o the new value of the mechanical
moment TWT = PWT/o is calculated and then goes to ESCS regulators as a ref-
erence signal of PMSM electromagnetic torque. The presence of the mechanical
power differential part Piy in calculating of the reference torque signal accelerates
system response to disturbances ( an increase of wind speed V). Based on the
calculated signal Twr and the desired nominal mechanical power Pwr, desired
reference speed signal wg = Pwr./Twr 1S being calculated. Such signals formation
provides automatic movement of the system to the point of acceptable power
extraction Py .

The comparative studies of the proposed adapted ESCS and OTC with stall
regulation on PID power controller designed in Sect. 3.1 were conducted on the
same test wind profile with the following ESCS settings: £k = —100, r; = 100.

The research results (Fig. 12) show a slight increase in mechanical power
overshoot for ESCS compared to OTC, but smaller transition process time and
absence of oscillation, similar to the results obtained in Sect. 4.2 with the fractional
order PID controller.
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Fig. 12 Time dependencies of WECS operation with classical ACS (curve 2) and ESCS (curve 1):
a PMSG electromagnetic torque, b VAWT angular velocity, ¢ VAWT mechanical power, d electric
power of WECS

6 Research of Developed System of VAWT Power
Limitations in Turbulent Wind

To assess the effectiveness of the developed system of VAWT power limitation was
held computer simulation research of WECS work at the wind with speeds close to
real. For this used a computer model of turbulent wind, built on the Kaimal
mathematical model [48]. The profile of average wind speed is set such that the
instantaneous wind speed in certain intervals exceeds the rated value for research
WECS of 10 m/s (Fig. 13a). The two control system’s work was compared: the
OTC with unlimited power and the OTS with power limitation through passive stall
regulation with PID power controller. In the latter, an intermediate regarding the
speed of regulation setting of power controller was applied—about halfway
between PI and PID controllers studied in Sect. 3.1. To do this, the following
coefficients of PID controller were applied: — k, = 0.35, k; = 0.20, kg = 0.30.
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The results of the simulation are shown in Fig. 13a—f. They demonstrate the
effectiveness of developed control system of mechanical power limitation. In the
intervals when the wind speed exceeds the nominal value—59...98 s (Fig. 13a),
due to the formation of the maximum values of PMSG electromagnetic torque
(Fig. 13b), VAWT angular velocity decreases (Fig. 13c). This leads to lowering of
power coefficient Cp (Fig. 13d), in resulting the mechanical power of VAWT has
reduced (Fig. 13e)—carried out a stall regulation. Average output electrical power
of WECS also has reduced (Fig. 13f)—made its overload protection.

7 Conclusion

This article reports the results of a study by computer simulation of the work of
WECS with SB-VAWT at the wind speeds greater than nominal in operating modes
of power limitation by the passive stall and feathering regulation. To ensure the
reliability of the mechanical parts of VAWT, preference is given to stall regulation,
which is characterized by the nonlinearity of the control object. The article
demonstrates different approaches to the development of the control system of
power limitation modes: the use of classical PI and PID power controllers, PID
controller of fractional order and the implementation of additional structures for
ESCS. All developed control systems showed the effective limit of VAWT power
during its work in turbulent winds at different speeds. The obtained results make it
possible to choose an effective implementation of the control system of power
limitation for various VAWT designs.

Appendix

(a) Parameters of the VAWT

WECS VAWT
Pwecs.n Pwrn A (mz) 7 (m) (% Twtan Js
(kW) (kW) (rad/s) (N m) (kg m?)
1.0 1.214 5.29 1.4 26.8 453 19.0

(b) Parameters of the PMSG

PMSG
)4 ®, Wb R, Q Ly=LgH
20 0.13 0.75 0.004
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