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erator (PMSG) a primer choice because of its advantages. The current
trend on WECS necessitates wind turbines to maintain continuous op-
eration during voltage drops, which is referred to as Low Voltage Ride
Keywords
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1. Introduction

Recently, penetration of wind energy has emerged significantly due to several aspects such
as free availability of wind, environmental friendly nature and land space utilization (offshore)
[1]. The relative high power extracting ability for WECS is also a key in WECS research attention
[20]. Recently, large-scale PMSG based WECS has been widely integrated into the grid which
makes the stability of operation a point of concern [13]. The discontinuity of power in large scale
generation has severe impact on stable operation during transients and steady-states. Hence,
the wind generator has to maintain the power and withstand the voltage disturbance [7]. It has
become necessary for any WECS control to obtain LVRT during faulty conditions [9]. In order
to achieve LVRT capability, it has been recommended to integrate the PMSG based WECS to into
the grid via full scale power converter [27]. However, the LVRT enhancement could be obtained
either by protection system in which hardware is used or improving the control strategy [2][4].
Several techniques have been developed for obtaining LVRT. For better transient response a PI
based current control has been proposed in [5]. It has been concluded that using current feed-
forward method enhanced the LVRT. For the nonlinear control of the GSC in a PMSG, a feedback
linearization controller was developed in [6][15].
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Some researchers considered connecting energy storage systems to WECS for helping the
integration into the grid and makes the WECS more cost efficient [17]. Energy storage can as-
sist WECS as an LVRT solution and it could result in enhanced the LVRT response compared to
control implementation [12][16]. The initial employment of mathematical residue theorem in
control system has been proposed in [10][11]. The error definition has been improved be con-
sidering the residue equation [18]. The control strategy set a boundary around the reference
and forces the operating point to lie inside the boundary. Also, the controller has a better ability
in handling the uncertainty. WECS are characterized as a nonlinear feedback plant with parame-
ter uncertainties [21]. Many control techniques have been developed to improve WECS behavior
and reported in literature [22][23][24][25][26].

This research paper concluded that SMC has improve the dynamic system behaviors in terms
of robustness and uncertainty handling. However, the WECS dynamic performance using residue
controller shows better ability in robust operation and handling the uncertainties [11][15]. In
this paper the residue based control is implemented to a grid WECS to enhance and improve the
energy conversion and LVRT capability. The control strategy is implemented. The proposed con-
trol technique shows a significant contribution in the field of WECS control. Using the proposed
control would enhance both the voltage ride-through ability of the WECS and overall system
robustness.

2. WECS Overview

The examined WPGS, which is shown in Fig. 1, employed a horizontal axial wind turbine
(HAWT) driven directly by a sinusoidal back-EMF PMSG. The generated power delivered to the
grid using energy storage devices and back-to-back power converter [29]. The wind power is
directly proportional to the cube of wind speed [8][30]. However, the wind turbine extracts
aerodynamic power from the wind as below [10]:

1

P= 5n,ochp(;L)v3 (1)

A= 2R (2)
v

Where, p is the air density, R is the blade radius, mR? is the swept are (A), C, is the power
coefficient and v is the wind speed. A is the tip speed ratio which is the ratio of rotor speed w
and wind speed.

2.1. Direct driven PMSG

The PMSG can be represented in the dq-synchronous reference frame. The d-axis is aligned
with the magnet axis, and the g-axis is orthogonal to the d-axis with respect to the direction of
rotation [8]. The representation of the PMSG in the dq synchronous reference is shown as below:

) dig )

Vd :Rsld+LdE_wequq’ (3)
) dig ]

Vq =Rslq+LqE+we(Ldld +’l,l)pM) (4)

Where vd and vq are the dq-axis voltages,R; and R, are the d-q stator resistances, L is the stator
inductance, w, is the electrical angular speed and v p,, is the flux linkage.
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The mechanical behavior of the PMSG can be described as the following:

dw

T,=T,+]— +Bw, (5)
dt

W, = pw, (6)

Te = 1-5p(¢PMiq + (Ld - Lq)idiq) (7)

Where, T,, and T, are the mechanical and electrical torque respectively, p is the pole pairs, J is
the inertia and B denotes the friction.

2.2. Power Converter

The generated power from the PMSG is supplied to the grid through two back-to-back voltage
source converter [28]. In fact, these converters are of three-phase two-level PWM converters
with DC link. Fig. 1 illustrates the power converters configuration. The generated AC power
is rectified through the machine side converter. The PWM is modulated in order to implement
PMSG field oriented control. Through the grid side converter, the DC link power is inverted to
AC ensuring grid synchronism [14].
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Fig 1. Configuration of the investigated direct driven grid connected WECS

The current controller ensures the current is controlled to its reference level so that the
speed is maintained to ensure the maximum power point operation is reached. It is well known
that the filter is placed to minimise the harmonics injection to the grid system.

3. Control System Design
3.1. Conventional PI Control

The PI controller technique has been developed to examine and evaluate the WECS dynamics
especially LVRT capability and to allow the controller evaluation with Residue-PI control strate-
gies. In WECS application, the PI controller has been employed to PMSG after removing the
cross-coupling between the d-axis and g-axis circuits. The linear model after adding the decou-
pling voltages, which removes the cross-coupling to improve the system dynamic performance
to the system can be shown in [2][3]. The structure of the PI controller can be shown as follows

[8]:
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G(s) =k, + k? 8)

The closed loop transfers functions of the speed control, the d-axis and g-axis currents con-
trol can be shown in Fig. 2, which illustrates the linearized model of a PMSG with PI speed and
current controllers. The PI controllers have been developed for both of the power converters.
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Fig 2. Linearize PMSG model

3.2. Mathematical Residue-PI control

The mathematical residue controller has been developed and implemented for both the power
converters. The residue based control employed redefines the error e to be a new value e, [19].
The boundary area is selected to be between a reference point plus the absolute value of the er-
ror and the reference point minus the absolute value of the error. The error (e) is the difference
between the reference point and the actual measured point of speed. Following Forward-Euler
Equation for ensuring the stability and the achievement of the operating point. The control block
could be expressed as below [8][9]:

e, =e+c,
e? 9)
e, =—-+ce
X = Res(x),
| xe, (10)
x = .
T

where, ¢ is constant gain and x is the controlled variable.
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4. Simulation Results and Analysis

In this research article, the examined WECS is a horizontal axial wind turbine (HAWT), and
the generator is a PMSG. The WECS model has been simulated on rated wind speeds. The grid
fault starts at t = 20 s and remains for 1 s. The parameters of the PMSG and the HAWT employed
in this simulation are illustrated in the Table 1.

The model has been simulated using MATLAB/Simulink. The dynamic performance for the
WECS have been compared using PI control and residue-PI control. Figure 3 shows the DC link
voltages under the two control techniques. It is clear from the figure that the DC link voltage
shows constant and stable operation when residue-PI control is employed. The impact of the
grid fault is clearly appearing on the DC link voltage performances. However, the percentage
change on the DC link voltage is less when residue-PI control is employed. The less the change
in voltage the less the rate of change in current.

The active power delivered by the WECS is illustrated in Fig. 4. The power generation im-
provementis clearly shown in the figure. Using residue-PI control technique enhances the power
capability of the WECS. Also, the robust and continuous operation is clearly shown in the figure.
The continuity of power is enhanced significantly during grid failure which protects the PMSG
from the surge current. Fig. 5 demonstrates the pu PMSG voltage under both the residue-PI
control and PI control. Also, the grid pu voltage is shown and the fault is shown. The stator
voltages withstand the grid fault safely. The PMSG speed is inspected as well. Fig. 6 shows the
rotor pu speed. Both controllers have the ability of maintaining constant speed operation and
the machine can reject the influence of grid fault robustly.

Table 1. WECS parameters.

Parameter Value Unit
HAWT nominal Power 1.5 MW
HAWT nominal wind speed | 12 m\s
PMSG inertia P35000 Kgm?
PMSG friction 0.01t Nm s
PMSG flux linkage 1.48 Wb
PMSG phase resistance 0.06 Q
PMSG dqg-axis inductances | 0.3 mH
DC link capacitor 10 mF

5. Conclusions

In this research, a grid connected large scale direct-driven PMSG based WECS has been inves-
tigated. A control technique has been developed based on mathematical Residue control. The
controller has been tested and tuned to enhanced the overall system dynamics. Also, a conven-
tional PI controller has been developed for the system in order to compare the system dynamic
performance.It can be concluded that using residue-PI control could overcome the uncertainty
handling issues that is clearly appears when PI control is implemented. However, the system
tuning and disturbance rejection is improved which leads to more efficient system. The aim of
the control besides maintaining robust operation is to enhance the power capability and the
LVRT. The WECS has been investigated during grid faults and the system dynamics have been
evaluated using the two control techniques.The residue-PI control shows better dynamic per-
formance ability for WECS during steady-states and transients. It would be highlighted that by
using residue-PI control the WECS power generation ability is maximized and the LVRT is en-
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