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Abstract: This paper proposes a system design and control technique for a newly developed brushless and permanent magnetless synchronous
generator-based variable-speed wind energy generation system, transferring power to a constant voltage dc grid via a three-level
Vienna rectifier (VR). The recently established generator named Brushless Induction excited Synchronous Generator (BINSYG) is a
wound field synchronous generator (WFSG), whose excitation is developed by controlling an Induction Machine fitted to the same
machine structure and sharing the same magnetic core. A new controller is proposed that ensures the stable operation of BINSYG for a
wide variation of shaft speeds. VR achieves sinusoidal input current and can control the power factor at its input, which is particularly
suitable for wind energy applications. The top and bottom capacitor voltages of the VR are balanced using redundant switching
combinations. The system with its proposed control algorithm is modelled in MATLAB/Simulink for a 5 kW rated BINSYG feeding power
to a 750 V dc grid. The steady-state and dynamic state simulation results are presented and the controller performance is verified for
a wide range of wind speeds. Further, real-time results using the OPAL-RT testbed are presented for the same system to verify the
effectiveness of the overall control strategy.

Keywords: brushless and magnetless Synchronous Generator * maximum power point e unity power factor * Vienna Rectifier « Wind Energy
Conversion System

1. Introduction

Demand for electrical energy continues to rise rapidly over the decades. To meet this growing energy demand
along with the challenging targets set globally for de-carbonisation of climate, there has been an increasing focus
on renewable power generation systems (like solar power, wind power, hydropower, tidal power, fuel-cells, etc.).
Among these, wind technology has emerged as the fastest developing technology with both onshore and offshore
projects coming up. The growth in global wind generation capacity is 53% in the year 2020, with 93 GW of new
installations bringing global cumulative wind power capacity to 743 GW. This is due to technical progress in wind
turbine operation, improved blade design, favourable wind energy market, policies etc. (Global wind report 2021,
2021). Atypical Wind Energy Conversion System (WECS) consists of a wind turbine that converts the wind energy
available at its blades to mechanical energy that is driving the shaft of the generator. An electro-mechanical device
(Generating system) further converts it to electrical energy. The generated power is fed either to a grid or load. The
merits of the dc grid collection system are the absence of reactive power control, absence of frequency control,
easy synchronisation of different generators operating in parallel and easy integration into energy storage systems.
These factors have led to increased use of dc grid collection systems (Gil et al., 2015).

The main requirements for the wind generator (WG) are higher reliability, minimum maintenance cost and reduced
floor area. Taking these constraints into consideration, various generator topologies proposed in the literature are
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studied. Doubly Fed induction generator (DFIG) and permanent magnet synchronous generator (PMSG) have
developed as widely used generators for wind energy applications. Although DFIGs are advantageous as they
require fractional power rated machine side rectifiers (MSRs) connected to their rotor, however, they have some
disadvantages such as a narrow speed range of operation (= £+ 30%) due to fractional rated power converters
and brushes/slip-rings for rotor side connections leading to regular maintenance (lwanski and tuszczyk, 2017;
Prajapat et al., 2020). Brushless DFIGs (BDFIGs) are developed to eliminate the need of brushes and slip-rings
(Shipurkar et al., 2017). But these generators have a complex rotor structure thereby increasing design complexity
and cost. In contrast, PMSGs have recently gained wide popularity as wind energy generators because of their
advantages like higher efficiency and higher power density due to the use of permanent magnets (PMs), absence
of brushes/slip-rings and wide speed range of operation (Kumari et al., 2018; Gajewski and Pier\kowski, 2016).
However, the availability of PMs for construction is a concern, since their mining is costly and causes environmental
pollution. Also, PMSGs require rare-earth materials proportional to the size of the generator, which increases with
an increase in generator rating which leads to an increased cost of PMSGs (Pavel et al., 2017). These magnets
also suffer from the problem of demagnetisation due to rough handling. Alternatively, wound field synchronous
generators (WFSGs) with electrically excited field windings have been investigated for their applicability in WECS
(Szulawski and Koczara, 2016). WFSGs are magnet-less with controlled rotor flux that allows a wider speed range
of operation. Conventional WFSGs use separate exciter for field excitation, involving brushes/slip-rings. In order
to make the excitation system brushless and compact, a power transferring approach through a high frequency
rotating exciter is reported (Liu et al., 2016). Though the exciter has become compact, it remains an additional
component connected to the same shaft. Hybrid excitation synchronous generators (Patin et al., 2008) have both
magnets and field windings on the rotor and in order to combine the advantages of both PMSGs and WFSGs,
a WFSG, named Brushless Induction Excited Synchronous Generator (BINSYG) is proposed (Chakraborty and
Rao, 2019), where the excitation machine (IM) is housed in the same machine frame, as SG. The two machines
(SG and IM) are wound for different pole numbers. The rotor of IM is electrically connected to the field of SG
via an uncontrolled rectifier. The voltage induced in the rotor terminals of IM is rectified and is responsible for
generating the field voltage of SG. In the proposed approach both power and excitation machines are embedded
in the same machine structure. Fixed speed (Chakraborty and Rao, 2019; Bhattacherjee et al., 2020) and limited
range of varying speed operation of BINSYG (Rao et al., 2021), with IM operating in power-zero mode have been
demonstrated in the literature.

The type of power that is available at the generator terminal is ac. In order to interface the generator to the dc
grid, the electrical power output of the generator needs to be converted to dc. There are two categories of WEGS,
namely, fixed speed and variable speed. Variable speed WGs can operate at maximum power conditions for a
range of wind speeds. This is done using a power converter connected to the machine (called as MSRs). The MSR
rectifier is controlled such that it converts ac power to dc and feeds maximum electrical power generated by the WG
to the dc grid. The power flow in a WEGS is unidirectional (i.e. power flows only from the generator to the dc grid).
Several ac to dc power converters suitable for MSRs are proposed in the literature (Yaramasu et al., 2015). Among
these the most commonly used are three-phase two-level pulse width modulated (PWM) rectifiers. The simplest
topology is a combination of a diode-bridge rectifier and a dc/dc converter for power control (Rahimi, 2017). The
dc/dc converter is used for regulating the power fed to the grid by adjusting the speed of the generator. Although a
diode-bridge rectifier is cheap and reliable, it introduces lower-order harmonics in the stator current of the generator
that leads to torque oscillations and is unable to control the generator terminal power factor. So bulky LCL filters or
additional active rectifiers need to be employed to eliminate these harmonics. The resonance between the LC filter
and generator is also an issue that causes poor dynamic performance (Xu and Xie, 2018; Sabrina et al., 2021).
These problems can be eliminated using a six-switch three-phase two-level voltage source rectifier (2L VSR).
However, a higher number of active switches (six in this case) and their higher voltage rating (voltage stress across
each switch in 2L VSR is equal to the dc-link voltage) actually increase the cost and decrease the reliability of the
MSR. Efforts have been made to decrease the number of active switches to increase their reliability and provide
good power quality of line current by proposing multi-level reduced-switch rectifiers. Several rectifier topologies
such as three-level Neutral Point Clamped (3L NPC) rectifiers (Lee and Lee, 2015) and matrix converters (Yang and
Zhu, 2010) have been proposed as the MSR. However, increased switch number and complex control limit the use
of such converters for WEGS. To overcome these limitations, a three-phase three-level (3L) Vienna rectifier (VR)
with its characteristics voltage boost capability is a better choice for the MSR because of the following advantages:
(i) voltage boost characteristic, (i) unidirectional power flow through the converter (from source to grid/load),
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(iii) controlled power-factor at its input, (iv) ability to have minimum harmonic distortions in the input current, (v)
minimum switch requirements (three switches in total) and (vi) absence of a requirement of external hardware for
dc-link capacitor voltage balancing. Recently, the use of 3L VR has been demonstrated as the MSR (Lugman et al.,
2019; Rajaei et al., 2011; Reddy and Ramasamy, 2018).

In terms of control strategies, the simplest control strategy for VR is hysteresis-based control. The terminal
voltages of the grid are sensed, and a rotating vector whose magnitude is unity is generated. This is multiplied by
the dc current magnitude generated from the Pl voltage-controller that regulates the output dc voltage. Three-phase
rotating current (reference waveform) is generated and fed to the hysteresis controller, along with the three-phase
sensed currents (Maswood et al., 2011). However, this method depends on sensing the terminal voltage of the grid/
generator, which decreases the reliability of the system. Moreover, if the terminal voltage is not sinusoidal (as in the
case of a synchronous generator connected to a rectifier), this control strategy will introduce harmonics in the stator
current of SG that will affect the power quality. One-cycle control strategy for VR control is proposed (Minibock and
Kolar, 2005), where the sensed current along with the zero-sequence current generates the modulation signals
for the VR, without the use of any voltage sensors. However, the controller design is quite complex and improper
design leads to poor power quality of the system. Several other control strategies such as the double-loop control
strategy (Mukherjee and Kastha, 2015), predictive control of VR (Lee and Lee, 2017) and sliding mode current
control (Flores-Bahamonde et al., 2014) are proposed in the literature.

This article presents the performance of a variable speed wind turbine driving a generator, BINSYG, when
feeding power to a stiff dc grid. A three-switch VR is used to interface BINSYG to the dc grid. A control algorithm
is proposed to transfer maximum power generated by BINSYG to the dc grid for any wind speed while developing
the required excitation for SG by IM stator current control via a two-level (2L) voltage source inverter (VSI). The
stator current of SG is controlled such that it is maintained at unity power factor (upf) with the stator terminal voltage
of SG, without using ac voltage sensors. The harmonics of stator current of SG are also minimised using proper
switching combinations generated using double closed-loop vector control of VR. Simulation results obtained from
MATLAB/Simulink and real-time results using OPAL-RT testbed under steady-state and transient state wind speed
commands confirm the effectiveness of the proposed control strategy on the power network.

This article is arranged as follows. The modelling of the proposed power network, where BINSYG is connected
to the dc grid via VR, and is driven by a wind turbine is analysed in Section 2. The overall control structure is
presented in Section 3. The working of the controller is checked under steady-state and transient conditions in
Section 4 using MATLAB/Simulink simulation results. These are again confirmed by presenting real-time results
using the OPAL-RT testbed in Section 5. Finally, conclusions are drawn in Section 6.

2. Analysis and Modelling of BINSYG Wind Turbine for Connection to DC grid via 3L VR

This section proposes the power network system for wind energy conversion. It consists of four parts: (i) the wind
turbine, (ii) the generator BINSYG, (iii) the 2L VSI that acts as excitation controller for SG and (iv) the 3L VR that
is required for ac/dc power conversion and control of power flow to dc grid. The basic system configuration for the
proposed variable speed wind turbine connected BINSYG feeding power to the dc grid is shown in Figure 1. The WT

Fig. 1. System configuration for variable speed wind turbine connected BINSYG feeding power to DC grid. BINSYG, brushless induction excited
synchronous generator; VR, Vienna rectifier; VSI, voltage source inverter.
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Fig. 2. Brushless and Permanent Magnet less BINSYG. (a) Structural layout and (b) Winding configuration. BINSYG, brushless induction excited
synchronous generator; DBR, diode bridge rectifier.

blades are rotated by the wind which in turn rotates the shaft of the generator. The mechanical power of the shaft
is converted to electrical power by BINSYG, according to the speed of the wind blowing. In this proposed system,
BINSYG is a recently developed SG with electrical excitation, with an in-built three-phase IM sharing the same
magnetic core, for the development and control of excitation requirements of SG (Chakraborty and Rao, 2019).
The structural layout and available terminals of the generator are shown in Figure 2(a). The two machines (SG and
IM) are magnetically decoupled since their pole numbers are different. This prevents induction of voltage in one set
of winding of SG due to the current flowing through in the other windings of IM (and vice versa). The field winding
of SG is connected to the rotor winding of IM via a rotating diode bridge rectifier (DBR), hence modifying the rotor
circuit as shown in Figure 2(b). Consequently, the voltage induced in the rotor of IM can be supplied to the field
winding of SG after rectification. This arrangement makes BINSYG brushless and free from PMs. The generator
BINSYG considered here is designed with SG wounded for 4 Poles and IM for 6 Poles, so this particular generator
is named as 4/6 BINSYG. Due to their decoupled nature, the generator behaves as an SG and IM connected on
the same shaft. A 3-phase 2L VSl is connected to the stator terminals of IM. The VSI is responsible for controlling
the magnitude and frequency of stator current of IM, required for generating the appropriate field excitation for SG.
The control algorithm for VSI decides the operating mode of IM (generating mode, motoring mode or plugging
mode), depending upon the application targeted by BINSYG. It is the feeding power to a stiff dc grid. The ac power
generated by BINSYG is converted to dc and transferred to the dc grid by a 3L VR connected to the stator terminals
of SG. No interfacing inductors or passive filters inductor-capacitor filter/inductor-capacitor-inductor filter (LC/LCL)
are used to connect BINSYG to the VR, since the leakage inductance of the generator is enough to keep the current
ripple low. VR ensures sinusoidal stator current of the generator, hence reducing copper losses and heating in SG
stator windings. It also allows the generator terminal power factor (pf) to be controlled at unity for maximum power
per ampere operation of BINSYG. The dc grid is a stiff grid with voltage maintained constant at 750 V. The proposed
system is modelled and analysed in the upcoming section.

2.1. Wind turbine modelling

The wind-turbine mechanical power P,, for any wind speed v, is expressed as follows (Heier, 2014):

P = Pair 7 R? Cp(ﬂuﬁ) Vév (1)
wt 2

where p_ is the density of air (p,, = 1.205 kg/m°), R is the wind-turbine radius, C (4, f) is the power coefficient, B is
the pitch-angle and A is the tip speed ratio (TSR). Therefore, from Eq. (1), we find that for a particular turbine-blade

parameter, the maximum wind power generated Pwt(max) is related to the shaft speed N as follows:

3
2

Pair T R Cp(max) 03(%] 2
Bytman) = N3 (2
wt(max 3
2 )“opt
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Fig. 3. Wind-turbine power versus shaft speed for different wind speeds. MPR. maximum power point.

Table 1. wind turbine parameters

Wind turbine parameter Value
Rated power (P, ) 5,000 W
Rated shaft speed (N) 1,500 rpm
Rated wind speed (v,) 12m/s
Rotor radius (R) 1.785m
Gear ratio (@) 0.3466
Optimum TSR (4 __) 8.1

opt

Maximum power coefficient (C,

o) 0.48

TSR, tip speed ratio; rpm, revolutions per minute.

where C, _ is the maximum value of C (4, f)withA =1  and =0, ais the gear-ratio and &, is the optimum TSR.
The torque of the wind turbine T, is obtained as

_ By

T (2m/60)N 3)

The power captured by the wind turbine versus shaft speed, for different wind speeds obtained from Eq. (2) is
plotted in Figure 3 and the wind-turbine parameters are mentioned in Table 1. The maximum power that can be
captured by the turbine blades for each wind speed and turbine speed is marked on the plot. The pitch angle of the
wind turbine, B, is constant ( = 0). The cut-in and rated wind speeds are 6 m/s and 12 m/s, respectively. If the wind
speed is between 6 m/s and 12 m/s, the turbine power and torque are generated as per Eqgs. (1-3).

2.2. BINSYG modelling

The overall torque dynamics of BINSYG as a function of rotor mechanical angular speed (u)msg) is

Tesg £ Toim =J —g7— B Omsg + Tjpaq 4

where Tesg is the torque developed by SG, T, is the torque developed by IM, T, . is the load torque, J is the moment
of inertia and B is the damping coefficient. In Eqn. (4), the ‘+ sign is used for IM is operating in motoring mode and ‘-’
sign is used when operating in generating or plugging mode. The parameters of BINSYG are obtained using open
circuit and short circuit tests and are tabulated in Table 2. The rotor of IM is electrically connected to the field circuit
of SG via a DBR, and as a result, the effective rotor resistance of IM (R ) is modified as shown in Figure 2(b).

The modified resistance (R, is the sum of field resistance of SG reflected on the IM stator side (R,") that can
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Table 2. BINSYG parameters

SG parameter Value IM parameter Value
Rated power (P%Ware d)) 5,000 W Rated power 1,100 W
Rated terminal voltage (L-L) 415V Rated terminal voltage (L-L) 110V
Rated speed (Nmed)) 1,500 rpm

Pole number (Psg) 4 Pole number (P, ) 6

Stator resistance (R, ) 1.32Q Stator resistance (R,;,) 24Q
Field resistance (R) 40.8 Q Rotor resistance (R,,) 293 Q
Field inductance (L) 2H Modified rotor resistance (R, ) 17.5Q
Synchronous inductance (L) 110.5 mH Stator and rotor inductance (L, =L, ) 48.375 mH
Leakage inductance (L, ) 3.5mH Magnetising inductance (L, ) 45.5 mH
Turns ratio (N_/N__) 8.047 Turns ratio (N_, /N ) 0.845

isd!' Vssg siml |V rim

BINSYG, brushless induction excited synchronous generator.

be calculated by balancing of active power on both sides of DBR and rotor resistance of IM (R ). As a result, the
time-constant of the rotor of IM (7, ) is also modified (Bhattacherjee et al., 2021).

SG is desired to be operated in fixed E/f mode, i.e. the induced voltage of SG is directly proportional to the
frequency/speed of the shaft. As a result, the field current of SG (i,sg) remains constant. The objective of IM in
BINSYG is to develop the required excitation current for SG. IM can develop this current by operating in any of
the three different modes, namely plugging mode, generating mode and motoring mode. The IM can be made to
function in any of these modes by adjusting the frequency of its stator current, which is done by a two-level (2L)
VSI. When the stator frequency of IM (o, ) is greater than its rotor frequency (o,,,), the IM is said to be operating
in motoring mode while the IM is said to be operating in generating mode when the value of o, is less than o, .
When o is negative, the operation of IM is shifted to plugging mode. In literature, BINSYG has been operated in
standalone mode with the IM operating in a power-zero operating point (Chakraborty and Rao, 2019; Bhattacherjee
et al., 2020). The advantage of this operating point is that the IM draws no active power from the supply connected
to its stator. However, there are certain limitations of this operating point such as (i) stable speed range of operation
of BINSYG is limited (1,000 rpm to 1,500 rpm) when IM is operated in power-zero point and (ii) dc power supply is
required for pre-charging the dc-link capacitor connected to 2L VSI at starting. Therefore to operate BINSYG in a
wider speed range the operating point of IM must be shifted from the power-zero point. So a new control strategy
is proposed for the control of IM via 2L VSI, in which IM is operated in plugging mode by operating at a constant
stator frequency (o) of =314 rad/s, so that BINSYG can be controlled under stable conditions even when shaft
speed is below 1,000 rpm. The stator current and voltage of IM while in plugging mode, as a function of BINSYG
shaft speed is obtained as,

S _— 1 2.

lfsg—Z.IA, lr’m_[l\/sim/Nrim\/;lngJ %)
R,
( ref +J'msilerimJ

ool L ©)

igim = =i

Sim J@simLmim Niim/!Nrim \ 3 g

Veim = isim (Rsim +jmsilesim) + irim ((Rreﬁ'/s)"'ja}silerim) 7

With variation in shaft speed, the slip s vary and the nature of stator current and voltage of IM are displayed in
Figure 4. The advantages of the proposed mode of control are highlighted by comparing the nature of stator current
and voltage of IM obtained in the case of plugging mode [shown in Figure 4(a)] to that obtained in the case of
power-zero mode [shown in Figure 4(b)]. The cut-in speed of the wind turbine is 6 m/s, and hence the wind turbine
can drive the generator BINSYG while letting it to operate at maximum power point (MPP) conditions from 750 rpm
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Fig. 5. Power- circuit for 3-phase 3L VR. VR, Vienna rectifier.

to 1,500 rpm. When IM is operated in plugging mode, the plot in Figure 4(a) shows that over the entire shaft speed
range (750 rpm to 1,500 rpm) the values of stator current (i, ) and voltage (v, ) of IM are at below their rated values.
However operating in power-zero mode limits the generator speed to 1,000 rpm, because the operation of IM is
unstable when the shaft speed falls below 1,000 rpm (Rao et al., 2021). Hence the stable operating speed range
of BINSYG, in this case, ranges only from 1,000 rpm to 1,500 rpm, as marked in Figure 4(b). Consequently, the
proposed control strategy where IM is operated in plugging mode allows wide speed range operation of BINSYG

without IM losing its stability.

23. VR

The PWM rectifier that is used to extract power from the variable speed BINSYG, is a 3-phase 3L unidirectional
pf corrector rectifier, also known as VR. The input (ac terminals) of VR is connected to the stator terminals of SG.
VR has the capability to boost voltage at its output and comprises of one active switch per phase, i.e. a total of
three active switches, as shown in Figure 5. There are six diodes (D, to D,.) per phase. The dc bus is split into
two parts and two capacitors are connected in series, with ‘O’ as its mid-point. The power is fed to the dc grid by
connecting the output/dc terminals to a constant voltage dc grid (voltage, Vdcg). Under steady-state, the top and
bottom capacitor voltages (ch and v, ) are balanced at half the dc grid voltage (Vdcg/2) by generating appropriate
switching combinations. Several advantages of VR are: (i) minimum number of active switches (ii) reduced blocking
voltage of the switches and the diodes leading to reduced switching loss and (iii) improved power quality of line
currents. The pole voltage of VR (v, ) depends not only on the switching status of switch S,, but also on the

direction of phase currents (i,_) passing through the input terminal of that phase which is obtained as

Xsg:

Ve .
vy =5 (1-Sx ) sgnliyyg ) ®)
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Table 3. Switching states and respective voltage/current w.r.t midpoint (O) (when ing >0, iYSg <0, iBsg <0)

SR SV SB VRO VYO VBO io

0 0 0 Vo2 -V, /2 V.2 0

0 0 1 V.2 -V, /2 0 Iy
0 1 0 Vie2 0 V.2 ey
0 1 1 Vie/2 0 0 ey
1 0 0 0 V.2 V.2 lnsg
1 0 1 0 V.2 0 ey
1 1 0 0 0 2 ey
1 1 1 0 0 0 0

VR, Vienna rectifier.

where Xis the phase R; Y; B, sgn(iXSg) is +1 (when iXSg >0) and —1 (when iXSQ <0), S, is the switch status (i.e. when
the switch is ON, S, =1 and S, = 0 when OFF). The pole voltages for a particular direction of phase current and
eight different switching combinations are obtained using Eqn. (8) and tabulated in Table 3.

3. Overall Control Structure for BINSYG Connected to DC Grid via 3L VR

For a fixed speed or limited varying speed operation of BINSYG (where shaft speed varies from 1,000 rpm
to 1,500 rpm), power-zero controllers can be implemented (Rao et al., 2021). However, for speeds below
1,000 rpm, the power-zero controller makes the operation of IM unstable, and hence BINSYG loses its
stability. Therefore, for BINSYG to operate at low speeds (below 1,000 rpm) a new controller for IM needs to
be developed. So a new controller is proposed in which IM is operated in plugging mode to enable a wider
speed range of operation of BINSYG. The overall control strategy can be broadly divided into two sections: (i)
control of 2L VSI connected to stator of IM and (ii) control of 3L VR connected to stator of SG. The motivation
for control of 2L VSl is to develop a rated field current for the stable operation of BINSYG when wind speed is
varying. The purpose of control of 3L VR is to command the power flow to the dc grid and regulate the pf at the
stator terminal of SG.

3.1. Control of 2L VSI connected to stator of IM

A new controller for 2L VSI connected to IM that allows BINSYG to operate at maximum power conditions for a
wide range of wind speeds is illustrated in the following section. IM is operated in plugging mode with constant
stator frequency (o, ) to generate reference d axis component of stator current (", ). Constant E/f operation of SG
requires the field current (ifsg) to remain constant at its rated value. The rotor voltage equations of IM with modified
rotor circuit, when aligned to rotor-flux oriented reference (such that, Veoim = 0) frame makes reference g- axis
component of stator current (i‘qs,.m) directly proportional to field current (ifsg). The reference value of i*qsim is calculated
for the development of the rated field current. In rotor-flux oriented indirect vector control of IM, the slip speed (o, )
required for the orientation can be calculated using Eqn. (9), where the actual d and q axis components of stator
current (i i . )are sensed (Moallem et al., 2001; Bose, 2002),

dsim® " qsim
i .
qsim

Trim idsim

©

Oglim =

here, 7, = (L, /R, ;) is the time constant of the modified rotor circuit of IM. The shaft speed of BINSYG (o, ) is

sensed (in elec rad/s) and the corresponding rotor frequency of IM @, is,

P
A esg (10)

a) . =
em g
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where P, and Psg are the pole number for IM and SG, respectively (P, =6, Psg =4). The stator frequency of IM (®
is calculated from Eqns. (9) and (10), and the related equation is

sim)
Ogim = O + Do (11)
The rotor position p required for rotor flux orientation is obtained from Eqn. (11) as,
p= [ @gme (12)

The reference values, i*

dsim

d-axis) are calculated as per the following equations:

(from the control of stator frequency) and i* _ (from rotor flux orientation along the

qsim

* k; *

Ydsim = (kpd +lsdj(wsim 'wsim) 13)

i~ Lrim ( 2 ﬁi J (14)
sim

1 Linim (Nsim/Nrim) 3 R

where kpd and k, are the PI controller parameters (values mentioned in Table 4) used for d axis current control of
IM. The actual and reference d and q axis components of stator current of IM (i, and i . i*,, and i* ) are fed
to the hysteresis current controller to generate the modulation signals for 2L VSI.

3.2. Control of 3L VR connected to stator of SG

The generated power is transferred to the dc grid and controlled using q axis component of the stator current of SG
(or, the input current of VR). SG is operated such that maximum power is extracted from the wind. This is achieved
using maximum power point tracking (MPPT) scheme that generates the reference q axis component of stator

current of SG (i*qssg) such as
Pwt(rated)
3
¥ N(rated) 3
=7 N
’qssg esg (1 5)
The input pf of VR is controlled using d axis component of stator current of SG (idssg) such that
Idssg _ igssg
Vdssg ~ Vqssg (16)
The d and g axis components of the terminal voltage of SG (v*qssg, v*dssg) are obtained as
di
L . qssg .
vassg =~ Rssg gssg ~Lssg —gp - Pesg Lssg ldssg * ¢sg (17)
* . d idssg .
vissg —~ Rssg ldssg - Lgsg g T %esg Lgsg igssg (18)

where €y is the induced voltage of SG, Rssg is the stator resistance of SG and Lssg is the synchronous inductance of
SG. Consequently, putting Egns. (17) and (18) in Egn. (16), and considering steady-state conditions, the quadratic

equation for deriving the reference d axis component of stator current of SG (i*dssg) is

* 2

* * )
Ogsg Lysg ldssg ~€sgldssg T Desg Lysg igssg™ =0
19
* 2 bsg % L5 2 (19)
= ldssg - I ldssg " qssg

Wesg Lssg
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Solving Egn. (19), the value of i*dssg is given by
2
Foo e g ee e P 20
ldssg za)esgLssg - \/[zwesgl'ssg] (quSg) ( )

Since ifsg is proportional to i*q the value of €y is estimated from the sensed shaft speed (wesg) is as follows:

sim’

esg = keﬂ)esg i;sim‘ (21)

The position of the voltage vector (Osg) is sensed from the position sensor and the corresponding cosine and
sine components of this rotor position angle are obtained for voltage vector orientation. Two current sensors

are used to sense the stator currents of SG (ing, ing) and are oriented according to the rotor position angle O,

PI controllers used for current control on the SG-side generate the reference d and q axis components of the
terminal voltage of SG (v*qssg, v*dssg) as per Eqgns. (17) and. (18). Feed-forward term (esg) is computed using Eqn.
(21) and added for decoupled control. The bandwidth of the Pl controller is 1,000 Hz, and the P| parameters are
calculated accordingly. Conversion from dq to abc reference frame is done and modulation index of the VR, m is

determined using

_ Vphsg(1)
where v is the fundamental component of the PWM phase terminal voltage of SG. The modulation index value

phsg(1)
is thus varied according to the varying wind speed. The switching pulses of 3L VR are generated by Phase-shifted

Pulse Width Modulation (PSPWM) technique. To obtain the desired number of levels in the output voltage of the
converter, the dc-link capacitor voltages need to be balanced. The capacitor voltage of the bottom dc-link capacitor
(v,,) is sensed and subtracted from the reference value (Vch2). A simple dc voltage balancing controller involving
the use of a PI controller is used to generate the redundant switching pulses required for capacitor charge and
discharge balancing. The overall control structure is shown in Figure 6.

4. Simulation Results

The proposed power network topology consisting of the generator BINSYG, the controlled converters: 3L VR for
control of SG and 2L VSI for control of IM, together with its overall control strategy is modelled in MATLAB/Simulink
environment. The performance of the overall system with its controllers is investigated for steady and varying wind
speeds. The wind turbine parameters are obtained from Table 1, while the BINSYG parameters are obtained from
Table 2 and other power networks and controller parameters are obtained from Table 4. The simulation results
displayed in Figures 7 and 8 show the performance of the system under steady-state and step changes in wind
speed.

4.1. Steady-state results

Steady-state simulations are performed using MATLAB/Simulink for two different steady wind speeds and the
results are presented in Figure 7. The results obtained for the two different cases are compared to study the
performance of the system. Figure 7((a), (d)) shows the line voltage (RY-line) for steady wind speeds v, of
7.2 m/s and 12 m/s. With the increase in wind speed, the modulation index of the rectifier, m increases and
the rms value of the line voltage of SG increases. Figure 7((b), (f)) shows the phase (R-phase) voltage of SG
terminal (both the PWM voltage, v,, and its fundamental component (VRN(1), calculated using Eqn. (21)) along
with the R-phase stator current of SG (ing). The current plot is multiplied by a gain of 20, to clearly study the
waveform. The plot shows that under both the cases, the stator current and phase voltage of SG are in phase.

This allows the SG to operate at unity pf so that it can transfer maximum active power to the dc grid. The
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Fig. 6. Proposed overall control strategy for the dc microgrid system. BINSYG, brushless induction excited synchronous generator; DBR, diode bridge
rectifier.

Table 4. System and controller parameters

Parameter Value

DC Grid voltage (V) 750V

DC supply voltage to 2L VSI (V) 150V

DC link top and bottom capacitor (C,and C,) 3,000 uF
IM-d-axis PI controller parameters (k,,and k) 0.002, 2
SG-d-axis PI controller parameters (k,,and k) 22,8,293.88
SG-d-axis Pl controller bandwidth (o) 1,000 Hz
SG-g-axis Pl controller parameters (kpqand k,q) 22, 8,293.88
SG-g-axis Pl controller bandwidth (o)m) 1,000 Hz
VR dc-link voltage balancing PI controllers (kpq and k,q) 0.25,25
Switching frequency of VR (f,,) 4,000 Hz

Sw

VR, Vienna rectifier; VSI, voltage source inverter.

induced voltage of SG is maintained such that it is proportional to the shaft speed of BINSYG. As a result, with
an increase in wind speed, the number of levels in the phase voltage increases with an increase in wind speed
and the fundamental component of phase voltage of SG increases as demonstrated in the plot. Figure 7((c), (9))
shows the three-phase stator current of SG (issg) under the condition of the two wind speeds. With an increase
in wind speed, the MPPT algorithms adjust the rotational speed of BINSYG which is done by increasing the
current reference of the SG stator current. Therefore with the increase in wind speed, the rms value of stator
current of SG increases.
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Case 1: Wind speed, v, = 7.2 m/s

Case 2: Wind speed, v = 12 m/s
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Fig. 7. Steady-state performance of wind turbine connected BINSYG. Case1: when the steady wind speed, v, is 7.2 m/s. (a) RY-Line voltage of SG
(V4. (b) R-Phase Voltage (PWM and fundamental) and R-phase stator current of SG (V,,, V, and (c) three-phase stator current of SG (i ).
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Case2: when the steady wind speed, v, is 12 m/s. (d) RY Line voltage of SG (V,), (e) R-Phase Voltage (PWM and fundamental) and R-phase stator
current of SG (V,,, Vi), ) @Nd (f) three-phase stator current of SG (7, ). BINSYG, brushless induction excited synchronous generator; PWM, pulse
width modulated.

4.2. Transient results

Transient state simulation results are performed to check the dynamic behaviour of the proposed control on the
power network when the system experiences a disturbance in wind speed, and the results are presented in Figure 8.
The disturbance is considered as a step-change in wind speed v, from 7.2 m/s to 12 m/s at time, t= 1.0 s and from
12 m/s to 7.2 m/s at time, t = 1.8 s. The wind speed dynamics considered are displayed in Figure 8(a). According
to the change in wind speed, the wind turbine’s torque and power change. The wind turbine is driving the shaft
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Fig. 8. Transient state performance of wind turbine connected BINSYG. (a) variation in wind speed, (b) wind turbine torque and torque developed by
SG, (c) wind turbine power and electrical power generated by SG, (d) reference and actual d and g axis components of stator current of SG, (e) d and
q axis components of stator voltage of SG, (f) three-phase stator current of SG, (g) shaft speed of BINSYG, (h) field current of SG, (i) top and bottom
capacitor voltages of dc bus, (j) reference and actual stator frequency of IM, (k) reference and actual d axis and g axis stator current of IM and (I) rms
value of stator current of IM. BINSYG, brushless induction excited synchronous generator.

of BINSYG. The mechanical torque of the wind turbine (7,,) is equal to the torque developed by SG (Tesg), and is
proportional to the square of the shaft speed, N. This is shown in Figure 8(b). The maximum mechanical power
developed by the wind turbine is proportional to the cube of the shaft speed (obtained in Eqn. (2)). The mechanical
power developed by the wind turbine (P,,) and the electrical power generated by the SG (Pesg) are shown in Figure
8(c). The power changes from 1,080 W (when v = 7.2 m/s) to 5,000 W (when v, = 12 m/s) and back to 1,080 W
(when v =7.2 m/s). The electrical power generated by SG is controlled by the MPPT control strategy, which is
done by adjusting the reference q axis component of the stator current of SG (i*qssg). The pf at the input of VR (SG
stator terminal) is adjusted to unity by tuning the reference d axis component of stator current of SG (i*dssg). The

actual d and q axis components of stator current of SG (i i ...)are sensed. The reference and actual current

dssg’ Iqssg
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components are shown in Figure 8(d). The actual current follows the reference value and this is done by the VR-
side current controller that consists of a Pl controller. The VR current controller generates the reference d and q
axis terminal voltage components of SG (v*dssg, v*qssg), as shown in Figure 8(e). Figure 8(f) shows the three-phase
stator current of SG (issg). Itis clear from the plot that the rms value of SG stator current increases with an increase
in wind speed to maintain MPP operation. The shaft angular speed changes from 94.2 mech rad/s (or 900 rpm)
atv,=7.2 m/s to 157 mech rad/s (or 1,500 rpm) at v, = 12 m/s and back to 94.2 mech rad/s (or 900 rpm) at v,
= 7.2 m/s. The shaft speed of BINSYG is sensed and the variation during a step change in wind speed is shown
in Figure 8(g). It can be inferred from the figure that the IM-side controller is capable of driving BINSYG at shaft
speeds lower than 1,000 rpm. The field current of SG developed by IM current control is plotted in Figure 8(h).
The field current almost remains constant at a rated value of 2.1 A, throughout because of constant E/f control of
SG. The top and bottom dc bus capacitors (Cp, C,) are balanced at one-half the dc grid voltage (Vdcg/2) by injecting
proper zero sequence current, as shown in Figure 8(i). The IM stator current control is used for developing the field
current of SG. IM is operated in plugging mode using the d axis current control that is done by regulating the stator
frequency of IM to a constant reference value, o*,, of —314 elec rad/s. The actual stator currents of IM are sensed
and converted to d and q components and the slip speed is calculated from Eqn. (9). The stator frequency of IM
is calculated using Eqn. (10) and (11). The reference and actual stator frequency of IM are plotted in Figure 8(j).
It shows that the actual stator frequency of IM is regulated to its reference value, which generates its reference
d axis component of stator current, i*,, . SG is operated in constant E/f mode through g- axis current control.
The reference q axis component of stator current of IM, i* _ is calculated using Eqn. (14). The reference (i*

i*qs,.m) and actual d and q axis (i, iqs,.m) components are sr?z)wn in Figure 8(k). The d axis current i is inverst;ly
proportional to the wind speed v,, and q axis current iqs,.m remains constant. Therefore the rms value of stator
current of IM (i, ) increases with a decrease in wind speed and vice versa as shown in Figure 8(l). However its
value is below its design limit (4 A) and hence the proposed control strategy allows stable operation of IM, leading

to smooth variable speed operation of BINSYG.

5. Rapid Control Prototyping (RCP) Verification Results

To verify and validate the performance of the proposed controller, the controller along with the power network is
modelled in MATLAB/Simulink and is tested using an OPAL-RT-based real-time simulation platform. The testing is
done using two OPAL-RTs, OP 5607 and OP 4520. OP 5607 is used to model the power network while OP 4520 is
used to model the controller block. The OPAL-RTs are integrated with two industrial PCs, PC1 and PC2, and they
are connected via a dolphin switch. The general specification of the OPAL-RT testbed is specified in Table 5. The
steady state and transient results are taken and exhibited in Figures 9 and 10.

5.1. Steady-state results

Steady-state performance analyses are checked by real-time simulations using RT Lab-based OPAL-RT, for two
different wind speeds of 7.2 m/s and 12 m/s, and the results are reported in Figure 9. Figure 9((a), (c)) shows
the R-phase voltage (PWM voltage and its fundamental component) along with the R-phase stator current of
SG for steady wind speeds v, of 7.2 m/s and 12 m/s. The plot reflects that with an increase in wind speed from
7.2 m/s to 12 m/s, the fundamental component and number of levels in the phase voltage of SG increases due

Table 5. General specifications of OPAL-RT testbed

Index Description

Product used OP 5607, OP 4520

Operating system Redhat based Linux real-time operating system
FPGA OP 5607: Virtex 7 FPGA, OP 4520: Kintex-7 FPGA
Communication PCI Express links

OP 5607: Up to 96 additional I/Os

No of additional I/Os OP 4520: Up to 128 additional I/Os
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Fig. 9. Steady-state performance of wind turbine connected BINSYG Case1 when the steady wind speed, v, is 7.2 m/s. (a) R- Phase Voltage
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Case2: when the steady wind speed, v, is 12 m/s. (c) R- Phase Voltage quWM and fundamental) and R-phase stator current of SG V., V.

(d) three-phase stator current of SG (i), RY-Line voltage of SG (V). BINSYG, brushless induction excited synchronous generator; RISIWI\}}IN“pu’IQ;ge
width modulated.

to an increase in the modulation index of the rectifier with an increase in wind speed. The modulation of VR
allows maintaining upf at stator terminal of SG as shown in the plot. The mechanical position (esg) is sensed
using the position sensor and its cosine component (cos esg) is obtained and also shown in the figure. This
position information is used for voltage vector orientation and modulation of VR. Figure 9((b), (d)) shows the
line voltage (RY-line) and the three-phase stator currents of SG. The increase in wind speed also increases the
power generated by the SG by MPPT control and hence the rms value of stator current of SG increases from
2.2At06.43A.

5.2. Transient state results
The system experiences a wind speed disturbance where there is a step-change in wind speed (v,) from
7.2m/sto 12 m/s attime, t=5.0 s and from 12 m/s to 7.2 m/s at time, t = 13.5 s. Real-time simulation results are
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obtained and presented in Figure 10 to validate the controller performance in transient conditions. The power
generated by SG increases with an increase in wind speed following MPPT criterion. The power transferred
to the dc grid is regulated by adjusting the reference q axis component of the stator current of SG (i*qssg). The
reference d axis component of stator current of SG (i*dssg) is tuned to obtain unity pf at the input of VR (SG stator
terminal). The actual d and q axis components of stator current of SG (i, i) are sensed. The dynamics of
the reference and actual current components are shown in Figure 10(a). It can be observed from the figure that
the actual current follows the reference value and this is done by the VR-side current controller. The VR current
controller generates the reference d and q axis voltage components which are used for generating modulation
signals for VR. Figure 10(b) shows the field current of SG (ifsg) generated by IM-side control and three-phase
stator current of SG (issg). It is clear from the plot that the field current of SG remains almost constant throughout
the period of operation. The dynamics of this current during the wind speed changes are highlighted in the
figure. When there is a step-change in wind speed from 7.2 m/s to 12 m/s, the value of i, rises by around 0.15
A from its rated value. It again comes back to its rated value of 2.1 Ain 1 s. Similarly, when the wind speed
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changes from 12 m/s to 7.2 m/s, the value of i,sg falls by around 0.15 A from its rated value and returns to its rated
value in 1 s. This figure also shows that the three-phase stator current of SG (issg) increases with an increase
in wind speed. The top, bottom dc-bus capacitor voltages (vcp, v,,), shaft speed of BINSYG (mmsg) and stator
frequency of IM (o, ) are shown in Figure 10(c). The plot for dc-bus capacitor voltages indicates that the top
and bottom capacitor voltages are balanced at 375 V, which is half the dc grid voltage. The capacitor voltages
remain balanced even when there is a disturbance in wind speed. The plot for stator frequency of IM (o)
indicates that its value is maintained constant at —314 rad/s during the entire period of operation. This shifts the
operation of IM to plugging mode that allows stable operation of IM even in a lower range of shaft speeds. The
shaft speed changes proportionally to the wind speed. When the wind speed v, is 12 m/s, the value of ©, is
157 mech rad/s or 1,500 rpm and when v, is 7.2 m/s, the value of 0, is 94.2 mech rad/s or 900 rpm. Thus the
proposed IM side controller can allow BINSYG to operate when the shaft speed is lower than 1,000 rpm. The
dynamics of the waveform for o, are also highlighted in the figure. The 2L VSI control for governing the IM
stator current magnitude and frequency is done by d and q axis current control. The reference d axis current is
set through regulation of stator frequency of IM to its reference value. This reference value is chosen such that
IM operates in plugging mode. The reference q axis current is constant and calculated to allow the development
of the rated field current. The actual stator currents of IM are sensed and converter to dq axis components and
are presented in Figure 10(d). The figure shows that the actual dq axis current components are regulated to
their reference values.

Therefore, steady state and transient MATLAB/Simulink and real-time simulations validate the effectiveness of
the controller during steady and step change in wind speed. The generator BINSYG is able to feed maximum power
to the dc grid according to the wind speed. The proposed IM side VSI controller is able to generate the required field
current of SG while keeping the constant magnitude of stator current of IM. This controller is also able to operate
the IM when the shaft speed is lower than 1,000 rpm. As a result, BINSYG is able to generate and transfer power
for varying wind speeds.

6. Conclusion

The performance of variable speed wind turbine connected BINSYG feeding power to a stiff dc grid is reported
in this paper. BINSYG is connected to a 2L VSI on the stator side of IM that is used to develop and control the
excitation of SG via control of the stator current of IM. On the stator side of SG, it is tied up to a dc grid via a 3L
VR, which controls the magnitude and quality of power flow to the dc grid. A new controller is developed for 2L VSI
to control the field current of SG through regulating voltage and current fed to IM. The proposed controller forces
the operation of IM to plugging mode by setting its stator frequency at —314 elec rad/s. The field current of SG is
developed and guided by setting reference g-axis current of IM, according to the rated field current requirement.
The advantage of the controller is that it can operate IM in stable mode at shaft speeds below 1,000 rpm. Hence
the proposed control strategy can operate the variable speed wind turbine connected BINSYG smoothly at MPP
condition from cut-in wind speed to rated wind speed. A VR controller is developed to ensure upf at SG stator
terminals, improved power quality of stator current of SG, MPP operation of SG and also balancing of top and
bottom dc-bus capacitors. A 5.5 kVA, 415V BINSYG with 3L VR connected to SG stator and 2L VSI connected to IM
stator is modelled using MATLAB/Simulink. The effectiveness of the proposed system and controller is first checked
with steady wind speeds and then with a step-change in wind speed. The simulation results show the effectiveness
and stable operation of BINSYG under both steady and transient conditions. These are verified from RCP results
obtained using the OPAL-RT testbed. Thus the proposed brushless and permanent magnetless machine along with
the 3L VR is very promising for wind electric power conversion system feeding power to dc grids.
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