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Abstract

This paper proposes a coordinate control scheme for the single VSC tied
doubly-fed induction generator (DFIG). In this control scheme, both the grid
power and battery SoC (State of Charge) are maintained to provide an un-
interrupted power supply. During the continuous operation of DFIG in the
sub synchronous region, there is scope for complete battery discharge. Hence
to overcome this drawback, the coordinated control scheme maintains the
battery SoC level within the limits. If the SoC falls below the specified lower
limit, then the proposed scheme curtails the grid power. Instead of discharging
the battery, the control shifts the battery to charging mode until the safe
limit of SoC is attained. During the continuous operation of DFIG in the
super synchronous region, if the SoC reaches its upper limit, the proposed
scheme discharges the extra power to the dump load. Further, this control
scheme also introduces the low voltage ride through (LVRT) aspect according
to IEGC (Indian electricity grid code) of 15% of nominal voltage and also
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an enhanced rotor position computation is implemented for the effective
estimation of rotor position for single VSC tied DFIG. This control makes
the topology more robust and improves the reliability of the system. The
proposed scheme is validated for a test system of 3.7 kW Wound Rotor
Induction Machine based DG unit and investigations are done in MATLAB
simulation.

Keywords: Sensor less rotor position computation (SLRPC), state of charge
(SoC), voltage source converter (VSC).

1 Introduction

Nowadays renewable energy resources have become the key electric power
producers, in view of limiting the usage of fossil fuels. The depletion of
conventional energy sources and other environmental factors cause a drastic
improvement in renewable energy sources. The wind energy conversion
systems are the major production of power in renewable energy sources.
There are many topologies that incorporate synchronous generators, perma-
nent magnet synchronous generators, induction generators, and brushless DC
machines. Initially, the fixed-speed machines were widely used in electric
power production [1-3]. Later, thanks to development in power electronics
has given helped variable speed machines to develop to next level. The
doubly-fed induction machines are more suitable for WECS due to the vari-
able nature of wind and also for reduced capacity of converters [4-6]. Many
researchers have proposed the conventional type of DFIG for the control of
wind power and to maintain unity power factor, which possess VSCs, where
one is for control of grid power and the other is for control of voltage and
reactive power support. Many control topologies viz., vector control, direct
power control, and sliding mode control have been adopted for control of
conventional DFIG [7-10]. Due to delays in getting the position of the rotor,
the sensor less topologies got evolved [11-13]. Later, scope for research
with the use of single converter for DFIG which is more economical and
of reduced losses, started increasing. Hence, instead of using the grid side
converter, rotor side converter connected to battery storage, was adopted to
maintain the reactive power support for the system. Various control schemes
are proposed for control of the single VSC — based DFIGs [14-17]. The
independent control of real and reactive power of DFIG without affecting
the machine parameters was proposed in [14]. In [15] the direct power
control of DFIG by using rotor position estimation is explained and the same
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author proposed vector control DFIG by using model reference adaptive
system [16]. The algorithm proposed in [15], was adapted and improved
as Rotor Position Estimation Algorithm (RPEA) in [17], and also a vector
control scheme, utilizing reduced number of sensors was proposed [17]. In
the above four control schemes, the SoC of battery has not been investigated
in detail.

At this juncture, the authors in this paper have attempted a novel method-
ology, to avoid the battery getting drained out at certain critical operating
conditions. In this methodology, if the machine runs less than synchronous
speed the battery gets discharged, and if it is more than synchronous speed
the battery gets charged. When the machine operates at the sub-synchronous
region, for a longer period, and if the battery SoC reaches its minimum limit
then the proposed coordinated direct power control regulates the flow of grid
power, in such a way that the machine rotor is sped above synchronous speed
to enable the battery charging without violating the safe limit of SoC. On
the other hand, if the machine operates at super synchronous region, and
if the SoC of the battery reaches the maximum limit, then the proposed
direct power control re-directs the excess power to temporary (dump) loads.
If the battery SoC is within the minimum and maximum permissible lim-
its, then the proposed control regulates the generated power to the grid,
according to wind velocity. The topology also proposes an improved sensor-
less rotor position computation (SLRPC) that helps to improve the power
quality.

Besides, many researchers had earlier thrown emphasis on vector control
scheme with Low Voltage Ride Through (LVRT) for conventional DFIG
systems but rarely did focus on LVRT for Direct Power Control(DPC) for
conventional as well as single VSC based DFIG systems [18-21]. In this
regard, the authors have also attempted in this paper, a suitable methodology
for counteracting all the requirements namely violation of stator currents,
rotor currents, grid power, and speed of the rotor, through LVRT control for
DPC upon Single VSC DFIG systems. The crowbar is connected to the rotor
to safeguard the rotor side converter and battery and also the IEGC standards
are validated for the power quality issues.

The rest of the paper is formulated as : Section 2 explains the coordinated
power control of the single VSC tied DFIG, Section 3 explains the direct
power control scheme and proposed SLRPC and Section 4 explains the
coordinated power control of grid power and battery SoC. Section 5 explains
the LVRT aspect of the control scheme. Section 6 presents the results and
discussions for the proposed control, followed by the conclusion in Section 7.
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2 Coordinated Direct Power Control of Single VSC Tied
DFIG

The proposed system configuration is shown in Figure 1. It represents the
wind turbine that drives the induction machine connected to the grid and the
rotor is connected to battery storage through VSC. The control consists of a
coordinated power control block controlled through the direct power control
scheme which gives appropriate gate pulses to VSC.

2.1 Wind Turbine Design

A 6.5 kw wind turbine is coupled to a 3.7 kW slip-ring/wound-rotor induction
machine. The machine base speed is chosen as 12 m/s. The pitch angle of the
turbine () is zero. The wind turbine output power (P,) is given by

P, = 0.5pAV3C, (), B) (1

where the parameters are: rho (p) represents air density is 1.225 kg/m?, swept
area (A) in m?, wind turbine velocity (V) in m/s, and power coefficient (Cp)
calculated by using tip speed ratio () and 8 which is given in [15].

Cy Cs
Cp(A, B) = Ch )~ C38 — Cypeti + CpA (2)
Wind Turbine

Rotor Side
VSC

3

I =k Battery
1|~ | Source

Wind Velocity (v,0)

SoC(%)

Gating Pulses

Figure 1 Topology of coordinated control for single VSC tied DFIG.
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where - = {{¢3} — {537}, C1 = 0.5176, Cp = 116,C3 = 0.4, Cy =
5,Cs = 21, Cg = 0.0068, C7 = 0.08, and C = 1.
The tip speed ratio (\) is given as
wR

>\=7w 3)

where w is the rotation speed of generator in rad/s and R is the radius of blade
swept area in meter (m).

2.2 Determination of Battery Voltage

The machine is operated at a speed between 0.7 p.u. to 1.3 p.u. and the battery
voltage is selected as two times the maximum peak rotor voltage. Therefore,
the maximum possible rotor voltage per phase (V;.) is computed as

Vi, N,
V;” = Smaxﬁ ﬁ:
where S,4; 1S maximum slip which is taken as 0.3, V7, is line voltage which
is taken as 415 V and N, /Nj is rotor to stator turns ratio which is 1/2. Then
the computed rotor voltage per phase is 35.94 V.
The dc-link voltage (V) is computed as

Vie > iV (5)

“

where the modulation index is taken as 1 and the value of V4. should be
greater than 101.65 V with respect to Equation (5). As per standards, the
battery voltage is selected as 240 V [15].

3 The Direct Power Control Scheme

The control schematic of direct power control is shown in Figure 2. In this
control scheme, the real and reactive powers are controlled through two
3L (3-level) HC (hysteresis control) controllers as shown in Figure 2. The
errors(Pgr, Q@ gr) for the HC controllers are obtained from stator real and
reactive powers (Pg, (Qg) obtained from stator voltage and current quantities
and reference real and reactive powers (Pg, Q). The reference real power is
obtained based on the wind velocity and reference reactive power is chosen
as zero in order to ascertain the unity power factor.

Pgr = P5—Ps, Qpr=Q%— Qs (6)
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Figure 2 Direct power control for single VSC tied DFIG.
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Figure 3 HC controllers for real power and reactive power.

The actual real and reactive powers are computed as
Ps = 3/2(Vialsa + Viglsp), Qs =3/2(Viglsa — Vsalsp) (1)
where the stator voltage and current quantities are computed as
Vsa =3/2 Vs, and Iy =3/2 1, (8)
Vig = V3/2 (Vaa +2Vp) and  Iyp = V3/2 (Iyo +2I4)  (9)

3.1 HC Control Scheme

The errors from comparators are given to the HC controllers which generate
the switching states (Sp,Sg) and Py, and )y, are hysteresis bands for
controllers respectively shown in Figure 3.

The switching states from both HC controllers are as follows

Sp =1, whenPggr > Py (10)
Sp=-—1, whenPgr < —Pyy, (11
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Sp=0, when —Py, < Pgr < Pup (12)
So =1, when Qgr > Qup (13)
Sg =-1, when Qgr < —Qnb (14)
Sg =0, when —Qy, < Qgr < Qub (15)

3.2 Sensor Less Rotor Position Computation (SLRPC)

The computation of rotor position is obtained from SLRPC and the parame-
ters required are stator voltages (Vsq, Vi), stator currents (4, I53) and rotor
currents (o, I,). Figure 4 shows the SLRPC schematic diagram and the
stator quantities are explained earlier and the rotor current components are
given in Equations (16) and (17).

Iroz = 3/2 Ira (16)

Ig = V3/2 (Iq + 21,3) (17)

Here, the rotor position computation obtained in a direct approach and

stator voltage angle aligned with Q-axis ie., Vs = V, and V; = 0
respectively.

According to reference frame theory the rotor position is obtained from
Figure 5. The angle g is the angle between stator voltage (Vs) and stator
reference frame, I, makes an angle 6, with respect to stator reference frame
(S.R.F.) and ¢, with rotor reference frame (R.R.F.). Hence, the slip angle ¢ is
obtained from ¢, and 6,,.

e

-

sin &

Eq.37

COs &

Figure 4 SLRPC computation for slip angle vectors.
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Figure 5 Phasor representation of vectors in respective reference frames.

The flux linkage equations of the stator in the stator reference frame are
given as

¢so¢ = LsIsa + LmIra (18)
Ysp = Lslsp + LinIyp (19)

The rotor currents from the above equations in the stator reference frame
are computed as

— L I
I, = w (20)
m
— LI
L= M (21)
m

The flux linkage terms from the machine voltage equations are
expressed as

d
Vsa = RsIsa + %@/)sa (22)

d
Vig = Rslsp + %@bsﬁ (23)

The components of stator flux in the stator reference frame is expressed in
terms of stator magnetizing components along the d-axis in the synchronous
reference frame (Sy. R. F.) computed as

Psa = |ts|cos(p) (24)
Ysp = |9)s[sin(p) (25)
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On differentiation, the above equations being functions of time, become:

d d .

awsa = a|ws|5m(ﬂ) - ¢sﬁ(we) (26)
d _ d ) 7
awsﬂ = a’¢s|005(ﬂ) + ¢sa(we) 27

where we = (“ ) is the angular velocity of stator flux. In the above equation,
the magnitude of differentiating total magnetizing flux linkages is negligible.
So, the respective stator voltage equations are computed as follows

Vsa = Rslsa — LsIsﬂWe - LmIrBWe (28)
‘/sﬂ = Rslsﬂ + Lssawe + LinIrawe (29)

The rotor currents in the stator reference frame from the above equations
are computed as follows

Vs,B — Rslsﬁ — Lglsawe

= — (30)
elim
Rslsa — Vsa + weLsIsﬂ
5= 31
963 (,UeLm ( )

The only unknown term from the above equations is stator angular
velocity (we) which is identified by using stator quantities (Vsq, Vi) in stator
reference frame computed as

sin(p) = —Vgu// V2 + V. (32)
cos(p) = Vag/\/ V2 + V. (33)
Hence,
— cos(1)-sin(j1) — sin(js) —-cos(s) (34)
we = cos(p1) sin(p) — sin(p) Tcos(p

The relation between rotor currents in the stator reference frame and rotor
reference frame is given as

Iro +jIrﬁ = (Ils“a +J fﬁ)éwz*ey) (35)

Lol _ [Iia —I5] [cos(e)
Lrﬁ} B [Irs I3, ] [sin(s)] (36)
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The slip angle equations are computed as (¢ = 0, — 6,))
Lolia + Iiglp
cos(e)| (L32)% + (I5g)?
sin(e) | —Dgla + oL
(I3)? + (I3)?
The required stator flux in the rotor reference frame is computed as
¥s = (Ysa + jibsp)(cos(e) + j sin(e)) (38)

where the stator flux components in the stator reference frame computed as

(37

zﬁsoz = /(‘/sa - ];{slsoz)dt (39)

Weg = / (Vis — Relyg)dt (40)

The position is acquired from stator flux in the rotor reference frame,
which is used to generate sector location (N) in the space vector, as shown
in Figure 6. The sector location and the switching states from the HC con-
trollers, are used to generate voltage vectors for the VSC. The voltage vectors
are 6 active (V3 — Vi) and 2 zero vectors (Vp, V7) respectively. The voltage
vectors are V;(000) — V7(111), the inner binary digits are the gate pulses for
upper case switches for the 6-pulse VSC and for the bottom switches takes
the opposite pulses and vice versa. The ‘0’ indicates OFF and ‘1’ indicates
ON and the switching table is shown in Table 1.

Bector'd  _wocas Sector 2

L~ v3go10y 1 V2(LL0) e,

[V4(011)
Sector 4 | n

_~¥0(000),
~ VI(L11)} Sector 1

\ . V1(100)

et

. V5(001) | V6(101)."
Sector 5‘%“- _____ --"JE:E'E'I'DF 0

Figure 6 Sector location of voltage vectors.
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Table 1 Voltage pulses for RSC with respect to sector location
Sq Sp  Sectorl Sector2 Sector3 Sector4 Sector5 Sector 6

1 1 Vs \2 Ve V2 Vs Vi
0 V4 V6 V2 V3 Vl VS

-1 Vs Va V3 Vi Vs V4

0 1 Vl V5 V4 V6 V2 VS
0 Vy Vy \'%%s Vr Vy \'%s

—1 V2 Vg Vl V5 V4 V6

-1 1 Vi Vs V4 Ve Vo V3
0 V3 Vi Vs V4 Vs Va

-1 Vo V3 Vi Vs Vy Vs

4 The Proposed Coordinate Power Control Scheme

In this control scheme, when the machine is under sub-synchronous oper-
ation, the battery discharges and when the machine is under the super
synchronous operation, the battery charges. Power fed to the grid, is based
on the respective wind velocity. Besides, the SoC is controlled according to
its minimum and maximum specified limits. If the machine is continuously
in the sub-synchronous region, and if the SoC is less than the minimum limit,
then the control schemes regulate the grid power such that the machine runs
above synchronous speed. Hence, the battery shifts to the charging mode
and it charges up to the safer limit of SoC. If the machine operates in super
synchronous region, for a longer duration and also the battery continued in
charging mode, there is always a chance for the SoC to reach its maximum
limit. Then the control sends the excess power to the dump load. The coordi-
nated power control flow chart is to understand the coordination between the
battery SoC and grid power as shown in the Figure 7.

There are three conditions considered in the flow chart, viz., the machine
operated at the synchronous speed of 10 m/s, less than 10 m/s for sub
synchronous speed and greater than 10 m/s for super synchronous speed.
Further the control is coordinated with battery SoC limits with respect to wind
speed such that grid power is controlled according to the percentage of SoC.

5 LVRT Aspect for Single VSC Tied DFIG

In this control scheme, the crowbar is connected when the LVRT occurs for
a specific period of time to safeguard the rotor side converter. As per IEGC
standards, the low voltage ride-through is shown in Figure 8.



598 R. Kalyan et al.

o>

Initialize parameters
Wind Velocity, P grid(Pg). SoC

:

Check for wind velocity
update(,, in m/s)

No
No No
Yes Yes Yes
Machine operates in Machine operates in Machine operates in
sub synchronous speed synchronous speed super synchronous speed

ifv, =12,

ifv, = 10,
SoC > 90%

SoC < 20%

ifv, =95,
SoC < 20%

P; =3700 W

P =3700 W and
excess power goes to
dump load

Ps=1000 W ‘ ‘ P =3220 W ‘

P800W | | po=2000W |

Battery charges
to the safe
minimum limit

Battery discharges up to
the safe maximum limit

Figure 7 Flow chart of the proposed coordinated control scheme.
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Where V,, is the nominal voltage, V¢ is the 80% of nominal voltage
mentioned by IEGC, T is the fault clearing time depending upon the nominal
voltage level of machines. In the shaded region, the machine should not
trip so that the wind turbine could connect to the grid. Proposed control
effectively protecting the rotor side converter with the crowbar low resistance
path without any violations in stator current and speed of the rotor. The above
standards are made for more than 33 kV and the proposed control is scaled
for a voltage of 415 V.

6 Results and Discussions

parameters considered for simulation are voltages (Vsq, Vi) and currents
(Isq, Isp) from the stator and currents (1,4, I,4) from the rotor. These voltages
and currents are converted into 2-phase (a, ) quantities by using Equa-
tions (8)—(9), and (17). From Equation (7) the stator real and reactive powers
are calculated. The reference powers (PX) are obtained from coordinated
control block and (Q)%) is chosen as zero. The error comparator generates the
error in Equation (6) which is given to 3L-HC controllers generates switching
states given in Equations (10)—(15).

From the 2-phase quantities of stator and rotor, the SLRPC computation
generates slip angles given in Equation (37). The stator flux quantities from
Equations (39)—(40) and slip angle vectors are helpful in finding the stator
flux position in the rotor reference frame. The stator flux position in the rotor
reference frame is used to compute the sector location (N). The switching
states (Sp, Sg) and sector location (N) generate the gate pulses for the VSC.

The investigations are done to analyse the performance of the proposed
controller and the results are shown in various operating conditions and as
well as balanced operating conditions.

6.1 Normal Operating Conditions (Under SoC Limits)

Figure 9 explains the performance waveforms of DFIG under various oper-
ating speeds such as 7 m/s, 10 m/s, 12 m/s respectively. The observations
from the below figure at wind velocity of 7 m/s, the machine runs up to
4 secs in the sub-synchronous region of 0.7 p.u. the sector is in the clockwise
direction, the actual and computed positions are equally matched, reactive
power tracking zero (u.p.f.) and the wind turbine is not able to produce the
required grid power (Pg) then the battery power (Pg) discharges than the sum
of both powers fed to the grid of 1650 W.
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Figure 9 Performance of machine under normal operating conditions.

At 4 sec the machine runs at synchronous speed for a velocity of 10 m/s,
the machine produces a power of 3220 W and the battery discharges to the
losses (ideally battery neither charges nor discharges). Here, the observations
from waveforms are rotor currents and sector location are steady in nature.
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Table 2 Gives parameter changes at various speed conditions

Rotor Rotor
Cases Speed C.urre.nt B attefy.
Parameters Ps(W) (p.u.) Direction Sector Condition
Sub Synchronous 1650 0.7 Normal Clockwise Discharge
Region@7m/s
Synchronous 3220 1.0 Steady Steady Slight discharge
Region@ 10m/s to losses

(ideally zero)
Super Synchronous 3700 1.3 Reverse  Anti-clockwise  Charge
Region@12m/s

At 6.5 sec the machine runs at super synchronous speed for a velocity of
12 m/s, then the observations are the sector location is in the anti-clockwise
direction and the rotor currents also reversed. Here, the wind turbine is able
to produce more than the required power. So, the battery starts charging and
the wind power (Py) fed to the grid is 3700 W.

The summary of various machine operation conditions is given in Table 2
and the machine reactive power maintained at zero such that unity power
factor maintained throughout the operation.

6.2 The Machine Under Critical Operating Conditions
(SoC < 20%, SoC > 90%)

The proposed control makes these conditions favorable to the system as
follows: Figure 10 shows the machine is operating at a speed of 9.5 m/s,
the power fed to the grid of 2900 W and the battery is in discharge condition.

When the machine continuously operates under a sub synchronous
region, if the battery discharges less than 20% then the proposed control
curtails its grid power to charge the battery as the speed of the machine raises
above synchronous speed. From the above observations, when grid power is
reduced the stator current is reduced, the rotor currents change their direction
as the sector changes its direction, the battery in charging mode, reactive
power is zero (unity power factor). Figure 11 shows the SoC(%), initially
battery is in discharged condition. when it is below 20%, the battery gets
charged to a safe limit of SoC and later it follows the previous condition.

When the machine is at the synchronous speed of 10 m/s, the battery
neither charges nor discharges, but practically it discharges to losses. So, the
same condition is applicable for both sub synchronous and super synchronous
speeds.
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Figure 10 Performance of machine operating at a speed of 9.5 m/s and Soc < 20% at 4.8 sec.

When the machine runs continuously at super synchronous region of
12 m/s, the battery charges continuously. When battery SoC becomes more
than 90% the proposed control scheme activates the breaker at DC Side.
Then the excess power is sent to the dump load. At this condition the
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Figure 11 The machine continuously operating at a speed of 9.5 m/s (SoC < 20%).
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Figure 12 SoC at maximum limits under super synchronous region (SoC > 90%).

machine parameters do not change, the performance waveforms are the same
as the normal condition but, the change is only seen in SoC and the battery
discharges to the safer limit of maximum SoC limit. Figure 12 shows the SoC
when the battery source is connected to the dump load.

6.3 LVRT of 15% of the Nominal Voltage Applied According to
IEGC

The LVRT occurred at the 3 to 3.5 sec in the grid supply where the grid
voltage changes from maximum voltage to 15% of maximum voltage as
shown in Figure 13. At 3.5 to 3.92 sec the grid voltage recovers to its rated
value at the rate of 15 p.u./s.

Between 3 to 3.1 sec the crowbar is activated to avoid high inrush currents
in the rotor circuit and at this condition, the rotor is connected with crowbar
resistance which protects the rotor side converter shown in Figure 14. The
grid power is curtailed during this period to minimum power (Py,i,) such that
speed and stator current cannot violate the machine-rated limits. The mini-
mum power of 600 W is maintained till it reaches 50% of the rated voltage
then it changes to rated reference power according to wind speed. Here, the
machine operated at 12 m/s and the respective waveforms presented.
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7 Conclusion and Future Scope

In this paper, the authors have presented a coordinated controller for single
VSC based DFIG unit to balance the grid power and battery power, in
view of improved power quality and effective power balance in the sys-
tem. The proposed improved coordinated power control scheme effectively
maintains the power balance within the permissible minimum and maximum
SoC conditions. The topology is more reliable compared to other schemes
experimented earlier and also the proposed SLRPC algorithm effectively
computes the position of the rotor, where the computations are indepen-
dent of the machine parameters. As the proposed methodology does not
require any complex calculations, on digital implementation it is expected to
require less memory compared to earlier schemes discussed in the literature.
The proposed LVRT scheme is a new attempt by the authors, with direct
power control which effectively counteracts the undervoltage faults, on par
with IEGC standards. The system is capable of operating in various speed
conditions with appreciative transient response.
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