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Brushless double fed induction generator (BDFIG) based machines have
gained popularity in wind turbine applications because of their easily
accessible design. Low voltage ride through (LVRT) is critical for the
reliable integration of renewable energy with the power grid. Therefore,
LVRT capability of brushless DFIGs makes them an attractive choice for
maintaining voltage stability in grid. The existing works on BDFIG control
suffer from two major drawbacks. Firstly, the methodology does not consider
LVRT as a design metric, and secondly, these techniques do not have any
means for coordinating between a machine side inverter (MSI) and grid side
inverter (GSI). This results in sub-optimal controller design and eventually
result in the violation of grid code requirements. To solve these issues, this
paper proposes the use of brushless DFIGs in wind turbines using a control
technique based on analytical modeling. Moreover, employing internal
model control (IMC), the proposed technique can effectively coordinate the
control between the MSI and GSI resulting in reduced oscillations,
overshoots, and improved stability under fault conditions. Furthermore, the
simulation results for wind turbine generators show that the proposed scheme
significantly improves the stability and compliance of grid codes as
compared to the existing hardware techniques.
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1. INTRODUCTION

The increasing demand for electric power has spurred the growth of renewable energy (RE) sources
such as solar and wind energy [1]. Wind farms have received much attention over the last decade due to the
abundance of natural wind in many parts of the world. Although, RE has an important role to play in the
future of sustainable cities. However, to reliably integrate RE sources into the power grid, certain challenges
and problems need to be addressed [2], [3]. The absence of motors in photo-voltaic (PV) based sources
makes them simple to integrate into the power grid, which is also one of the factors of their popularity [4].
However, to utilize wind energy, one needs to install induction generators on the wind turbines which makes
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the task of interfacing wind turbines to the power grid more challenging, i.e., regulating and conditioning of
the power, voltage, and frequency with high efficiency and flexibility [5], [6].

Low voltage ride through (LVRT), also referred to as fault ride through, represents the capability of
electrical energy generators to remain connected to the power grid during short periods of lower electric
network voltage, i.e., voltage dips [7], [8]. The main motivation behind having generators with good LVRT
capabilities is to prevent widespread loss of generation caused by a short circuit at high voltage (HV) or
extremely high voltage (EHV) levels [9], [10]. The winding current in a generator is responsible to maintain
a magnetic field and in turn a minimum voltage to operate the generator. However, if this voltage drops
below a certain level, the generator may not work correctly and even disconnect from the power grid. This
may result in a cascading failure leading to blackouts [11]. This problem becomes even more challenging in
double fed induction generators (DFIGSs) due to the presence of two sets of powered magnetic windings [12].
Existing works on the use of DFIGs focus on the high energy capture efficiency and improved power quality
without due consideration to the fact that DFIGs may not have the desired LVRT characteristics in terms of
grid code requirements [13].

Although brushless double fed induction generators (BDFIGs) are gaining popularity among
commercial applications in wind turbines, research on investigating and improving the LVRT capabilities of
BDFIGs is very limited. To solve this issue, this paper focuses on developing a robust control technique for
BDFIG based wind turbines that can improve the LVRT characteristics of the generator in the presence of
voltage dips. The proposed technique is based on an analytical model of a BDFIG to capture a BDFIG based
machine's system dynamics, and using a coordinate strategy between a machine side inverter (MSI) and grid
side inverter (GSI), the direct current (DC) link voltage is controlled by injecting reactive current into the
grid by the GSI to avoid a large-scale blackout. This is achieved by employing IMC-based feed-forward
tuning of MSI parameters. Moreover, to reduce the effect of unknown disturbances due to a process-model
mismatch in the analytical model, internal model control (IMC) also helps to reduce oscillations. Thus, the
proposed control technique results in a robust controller.

The main contributions of this paper are as follows: 1) An analytical model-based control combined
with an IMC-based coordinated controller to optimize the Pl values of the generator at the time of a fault
reducing the oscillations, and thus, providing grid support during faults. In particular, the proposed technique
improves the LVRT capabilities of a grid-connected inverter to avoid disconnection of grids. 2) A thorough
simulation-based study to investigate LVRT in BDFIG based wind turbines and evaluate the effectiveness of
the proposed controller. The rest of the paper is organized as follows: section 1 provides a background for
this paper. Section 2 presents the proposed control technique and the simulation results are discussed in
section 3. The paper is concluded in section 4.

2. INTRODUCTION OF BDFIG

The basic structure of a BDFIG based wind turbine is shown in Figure 1. A BDFIG is connected to
the mechanical shaft system of the wind turbine. Unlike DFIGs, a BDFIG consists of two magnetically and
electrically uncoupled stator windings with a well-defined rotor structure [14]. The stator winding which is
directly connected to the grid is called the power-winding (PW) while the other which is connected to the
grid through a power electronic (PE) converter is called the control winding (CW) [15]. The most commonly
used construction for BDFIGs is the nested-loop rotor construction [16]. In this construction, aluminum or
copper bars are used to create many nests with multiple loops. A rotating magnetic field wave is then
generated in the air-gap by the two stator windings, as seen from the rotor.

To enable vector control of the machine, the PW and CW voltages are translated into the dqz
reference frame. Note that, the dq reference frame is aligned with the PW flux orientation [17], [18]. The
resulting dq components for PW given the PW current [, are as follows:

] da

Vpa = bpaRsp = jwplpg + 222 @
. dA 2

Voq = IpgRsp — jwpApa + ﬁ @)

Apa = Lsplpa + Lnplra @)

Apq = Leplpg + Lnpliq 4)

where, V,,; and V,, denote the d and g components of PW voltage while 1,, and A,,denote the d and q
components of PW flux [19]. Similarly, for the d and g components for CW given CW current I, we have:

Internal mode control based coordinated controller for ... (Ahsanullah Memon)



652 O ISSN: 2502-4752

. dAc
Vea = IRy _](wp - Nrwr)lcq + dtd (5)
. d¢
ch = IcRsc _](wp - Nrwr)lcd + dtq (6)
Aea = Lsclea + Lpclra (7)
Acq = Lsclcq + Lhcqu (8)

where, V4 and V;, denote the d and g components of CW voltage while 1., and 4., denote the d and q
components of CW flux. Similarly, for the d and g components for rotor given rotor current I. we have:

) dy,

Vrd = 0 = IrdR‘r' _](wp - Ppwr)/qu + d_td (9)
) dAy

Vig =0 =I64R, = j(wp = Bwy)Arq + dtq "

/1rd = thlpd + Lthcd + LTITd (11)

Arq = Liplpg + Licleq + Lrliq t

where, V,., and V;,, denote the d and g components of rotor voltage while 4., and 4,, denote the d and q
components of rotor flux. Finally, the rotor torque can be calculated as follows;

3 * 3 *
To = = Bpln[2p ] = > Pelm[2c 1] (13)
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Figure 1. System model

3. PROPOSED CONTROL TECHNIQUE

A vector controller oriented on the PW reference frame is proposed to regulate the speed and
reactive power independently [20]. The reactive power and speed are calculated analytically using the
mathematical model of BDFIM while the PI controller gains are derived through the IMC method [21]. In the
vector control scheme, the dq components of PW and CW currents are regulated to obtain the desired
reactive power and speed of the machine. The controlled signal obtained after conversion from dq to abc is
fed to the pulse width modulation (PWM) block which accordingly switches the inverter to inject the
controlled amount of power into the grid [22]. It is important to note that the current study utilizes only
mesenchymal stem cell (MSC) to regulate the speed and reactive power of the machine.

3.1. Machine side inverter

The MSl is directly connected to the CW and is responsible for controlling the active and reactive powers
using the d and g components, respectively [23]. Using (1) to (2), we can derive a non-linear dynamic model for a
BDFIG which also shows the relationship between the two stator-windings, i.e., PW current is regulated using the
CW current because of cross-coupling. Thus, the transfer function for CW voltage is given by:

v, =aql. +a, % (14)
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where, a;,a,....... a, denote the open-loop coefficients for CW current control.

Thus, we now have the system transfer functions for voltage and current. To handle external
disturbances, we introduce feed-forward compensation. Feed-forward compensation is typically used to
handle external disturbances. However, if the transfer function is not an exact match of the process to be
controlled, feed-forward compensations may lead to oscillations and stability issues. Therefore, in this paper,
we propose the use of IMC to improve system stability by capturing external disturbances [21]. Thus, the
MSI using the IMC method is shown in Figure 2. The resulting gain values using IMC are as follows:

KW =2nB,B, , K" =2nB, B ,Kf"¥ =2n B, ay , KW =21 B, oy

where, KV, KWand K§Y, K" denote the gain values for PW and CW current, respectively. Similarly,
Bpand B represent the frequency bandwidth for PW and CW, respectively.
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Figure 2. Machine side inverter

3.2. Grid side converter

The DC-link voltage overshoots as soon as a fault occurs leading to undesirable consequences [24].
To avoid such problems and improve compliance with the grid code requirements, we introduce the second
type of controller used in the proposed technique called the grid side inverter (GSI) [25]. The GSI is used to
control the DC-link voltage and reactive power (set to zero). In typical power grids, a voltage dip may cause
critical machine parameters such as active/reactive power, torque, and DC-link voltage to become unstable.
To solve this issue, we propose a coordinated strategy between the MSI and GSI controllers. Using a similar
approach to MSI, the GSI controller is shown in Figure 3.
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Figure 3. Grid side inverter

The gains for the GSI using the IMC method are as follows:

K\ = 2Bg.L, — R

. K/ = 2B3.L,

g’ i

where, By, Lg, and R, represent DC-link voltage bandwidth, GSI choke inductance, and GSI choke
resistance, respectively. Moreover, the tuning parameters for the voltage bus regulators are set as follows:
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KyPs = —580,K/"" = —8000

4. RESULTS AND DISCUSSION

To evaluate the effectiveness of the proposed technique, we simulated the model in
MATLAB/SIMULINK. In this system model, we have two control loops are simulated, i.e., the power loop
(outer loop) and current loop (inner loop). The dg components of CW current are generated by the outer
loop while the dg components of the CW voltage are generated by the inner loop. The maximum power
point tracking (MPPT) algorithm was used to obtain the reference value of active power and the reference
value of reactive power is determined using grid codes. A fault condition was simulated at t = 2 seconds.
The proposed control technique is compared with the contemporary approach, i.e., using an MSI with a
crowbar design. We evaluate the proposed technique using the following three important metrics:

4.1. Current response

Symmetrical faults in the power grid lead to increased machine currents which may cause damage to
equipment and loss of capital. For example, an Insulated-gate bipolar transistor (IGBT) can withstand 2 per
unit CW current for a 1 ms time period [26]. The proposed technique limits the CW current within the
specified tolerance levels by improved PI tuning using IMC at the MSI and injecting reactive current to the
grid using the GSI. Figure 4 shows the flux response of CW and PW currents and the PW Flux. Figures 4 (a)
and 4 (b) show that the proposed controller successfully manages to keep the machine currents within the
allowed range even in the presence of a fault at t = 2 seconds.
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Figure 4. These figures are; (@) CW current and (b) PW current

4.2. Power response

The proposed technigue uses an active approach to control active as well as reactive power using
PW currents I,,; and ,,, respectively. Note that contemporary approaches in most of the existing literature
consider only active power control. Figure 5 presents the active and reactive power responses for the
proposed technique and contemporary approach. The activation of the crowbar makes the power electronic
converter deactivated for the time which is counted as the main disadvantage of the crowbar. Crowbar also
causes to oscillate the machine and makes it an ordinary machine as shown in the figure. It is observed that
the proposed technique results in significantly lower oscillations and overshoot time in the presence of faults.
The various system dynamics are given in Table 1.

Table 1. Comparison of system dynamics
POR (%) tr* ts*
Active Power
Contemporary approach 16.28 164.22  270.54
Proposed technique 13.94 32.53 52.27
Improvement 14.5% 80% 81.5%
Reactive Power
Contemporary approach 19.33 148.66  223.67
Proposed technique 16.28 24.45 39.45
Improvement 15.78%  83.55%  82.36%
POR: Peak Overshoot Ratio, tr: rise time, ts: setting time.
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Figure 5. These figures are; (a) active power response and (b) reactive power response

4.3. DC-link voltage

To appreciate the effect of GSI in LVRT conditions, Figure 6 presents the DC link voltage during the
fault at t = 2 seconds. We observe that the proposed technique is significantly more robust than the contemporary
approach of using a crowbar. The system dynamics during the fault condition are given in Table 2. We observe a
25equa% faster recovery time and a 41.2% smaller peak overshoot ratio (POR) which will prevent the proposed
controller from being disconnected to the grid. It is obvious that the introduction of a GSI injecting reactive power
to the grid using IMC control during faults results in improved system dynamics and the voltage dip does not enter
the critical region where the controller may get disconnected from the grid.

1500 e Table 2. Comparison of system dynamics
Gontemparary Approach POR (%) tr* ts*

e Contemporary approach 26.7 022 08
Proposed technique 15.7 0.2 0.6
e Improvement 41.20%  9.09% 25%
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g
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Figure 6. DC bus voltage response

5. CONCLUSION

This paper presented a coordinated control technique for low voltage ride through under fault
conditions in grid-connected microgrids. The proposed technique was designed for wind turbines using
brushless doubly-fed induction generators. Using a crowbar-less approach, the proposed technique improves
the coordination between GSI and MSI by tuning the MSI gains using the IMC method. Thus, when a voltage
dip occurs, the MSI gains are tuned to cause the CW current to control the reactive power fed by the GSI to
the grid. Therefore, during a fault, the GSI provides reactive power to the grid by controlling the PW current
using the CW current at MSI. Simulations on MATLAB show that the BDFIG can not only successfully ride
through fault conditions but it can do so 25% faster as compared to existing techniques using a crowbar.
Moreover, the system dynamics for active and reactive power are also significantly improved.
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