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Abstract- This article employs a hybrid control strategy for variable speed wind turbine power converters. A voltage-
controlled voltage source converter algorithm was used in the machine or rotor side of the variable speed wind turbine system.
For the grid or stator side of the variable speed wind turbine, a current-controlled voltage source converter method was used.
The effectiveness of the hybrid converter system was compared with those using only voltage or current controlled power
converters for the variable speed wind turbine in a standard laboratory power simulation package of the Manitoba Research
Centre in Canada (PSCAD/EMTDC). It is palpable and discernable from the results that the hybrid control strategy improves
the performance of the variable speed wind turbine stability during transient compared to when only the voltage-controlled
algorithm was used for the power converters. However, when only the current-controlled method is applied for the variable
speed wind turbine power converters, the transient stability of the variable speed wind turbine was slightly improved compared
to the hybrid converter system.

Keywords- Voltage-controlled voltage source converter; Current-controlled voltage source converter; Wind energy; Power
converter; Transient analysis.

1. Introduction In the DFIG system, the power converters only deal with

the rotor power, thus, electronics cost are kept low, about 20-

Wind energy is a popular renewable energy source. The
doubly fed induction generator (DFIG) is widely used by all
wind generator manufacturers in wind energy power
generation [1, 2]. However, to analysis a DFIG system, a
simulation model is useful. DFIG is a variable speed wind
generator with many advantages compared to other solutions
of wind energy conversion system [3]. It is used more in
wind turbine applications due to easy controllability, high
energy efficiency and improved power quality. The induction
generator and fixed speed generators has the disadvantages
of having low power efficiencies at most speeds. To improve
the efficiency, controlled power electronics converters are
commonly used. Voltage source converters or inverters are
used to convert the voltage magnitude and frequency to
match the grid values.

30% of the total generator power. This is due to the fact that
the rotor voltage is lower than the stator voltage. This implies
that the converter is dimensioned to suit the rotor parameters,
hence making the system more economical than using a full
power rated converter in series configuration like other
solutions [4-7].

This work presents a hybrid control system for the DFIG
driven variable speed wind turbine system. The hybrid
converter control for DFIG variable speed wind turbine uses
a voltage-controlled voltage source converter in the machine
or rotor side and a current-controlled voltage source
converter in the grid or stator side. The mathematical
analysis and detailed control structures of the different
strategies used for the voltage source converters were
presented.
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Results obtained using the hybrid converter strategy was
compared with those using only the voltage or current
controlled strategies. Better performance was achieved using
the hybrid system during transient analysis of the variable
speed wind turbine for a severe three line to ground fault.
However, the current-controlled voltage source converter can
further enhance the stability of the variable speed drive
during the grid fault as reported in [8-10].

2. Variable Speed Drive Equations

The drive system operates in four quadrants. By this, it
implies that a bidirectional flow of power is possible. The
possibility of supplying and consuming reactive power
enables the variable generator system to act as a power factor
compensator. The controlling of the back to back converters
enables the control of the slip also. In the case of the double
cage squirrel induction machine, for instance, as the rotor
cannot be driven, the slip only depends on the stator and load
inputs. For synchronous machines, a relatively large torque
may cause the machine to oscillate [11, 12]. The variable
speed wind turbine that is driven by DFIG does not pose any
synchronization problems.

Equations of the variable speed machine are presented as
follows in the arbitrary reference frame speed () based on
[13]. The equations may be rewritten in the desired reference
frame by replacing the arbitrary reference frame speed ()
with the reference frame speed in light of [14-16].

The stator equation is presented as follow:

. dy, .
u,=Rji,+—+ 1
pm Joy, M)

S S'S

Where,

U, is the stator voltage space vector
I, is the stator current space vector

R, is the stator resistance

v is the stator flux

, is the arbitrary reference frame speed
J is a complex operator

The stator voltage may be expressed as the sum of the
stator d and ¢ voltage components:

Uy =Ug + jUg, 2

The stator and rotor current space vectors are also
expressed in d and g components as

I =lg + Jig 3)
I =l + Jig 4

The stator and rotor flux space vectors can be expressed
as:

WS = l//sd + jl//sq (5)

l//r = l/jrd + jl//rq (6)

The rotor voltage space vector equation is written for the
rotor circuit as:

u=Ri +

r rr

dy, .

—+ J(we _a)r)l//r )
dt

Where,

R, is the rotor equivalent resistor and

, is the rotor speed

U =Ugq + Jug, (8)
v, =Li +L.i 9)
v, =L +L,i (10)
Where,

L, is the magnetizing inductance and

L, L, are the stator and rotor inductances

LS = I_m + LSU (11)
Lr = Lm + Lm (12)
Where,

L., is the stator leakage inductance and L, is the rotor

SO

leakage inductance.

The mechanical equation comprising the rotor inertia J,
load torque T, electromagnetic torque T, and the rotor speed
, is written as follows:

do,

1= (13)

The electromagnetic torque is a function of the machine
pole pairs (p) and the stator currents and fluxes:

3 . i
Te = E p(l//sd Isq - l//sqlsd) (14)

Space vector representation of the machine is preferred
due to the fact that the control strategies involve managing
the d and g components of the system.

3. Description of the Variable Speed drive and
Controllers

A dynamic model is normally needed to observe the
flow of active and reactive power and the variable speed
drive system. The machine may be simulated as an induction
machine having 3 phase supply in the stator and three phase
supply in the rotor [17]. The rotor circuit is connected
through slip rings to the back to back converter arrangement
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controlled by the pulse width modulation (PWM) strategies,
as shown in Figures 1 and 2 respectively. The voltage
magnitude and power direction between the rotor and the
supply may be varied by controlling the switch impulses that
drive the insulated gate bipolar transistors (IGBTs) [18-20].

Voltage-controlled voltage source converter
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Fig. 1. Voltage-controlled voltage source converter strategy
for variable speed drive wind turbine system.

The back to back converters shown in Figures 1 and 2
respectively, consists of two voltage source converters from
ac to dc to ac, and having a DC-link capacitor connecting
them. The machine or generator or rotor side converter takes
the variable frequency voltage and converts it into DC
voltage. The stator or line or grid side converter has the ac
voltage from the DC-link as input and voltage at grid
parameters as output [21].

The role of matching the speed between the blades and
the rotor is done by the gearbox system. A transformer
couples the generator to the grid and adjusts the voltage of

the machine to that of the grid system. The stator is
connected directly to the grid [22-24]. The energy obtained
by processing the wind speed as an input is fed into the
network by both the stator and the rotor for a normal
generation regime.

The electrical control of the converters and the
mechanical control of the blade pitch angle are the two major
control areas of the variable speed wind turbine system.

However, the variable speed wind turbine needs to be
protected against electrical transients that might damage the
layout components. The implementation of the protective
strategies is normally referred to as the fault or low voltage
ride through capability [25].

It should be noted that the variable speed drive turbine
based on DFIG system shown in Figures 1 and 2, has
windings on both the stator and the rotor. The stator is
connected to the 3 phase supply mains. To match the stator
voltages with the ones of the mains a 3 phase transformer
could be used as shown [26]. The shaft of the generator
receives mechanical power through a coupling. The
mechanical power originates from the wind powered blades
of the wind turbine, for practical case of wind application.

The difference between the voltage-controlled voltage
source converter and the current-controlled voltage source
converter control strategies for the variable speed drive
shown in Figures 1 and 2 respectively could be defined as
follows: (1) In terms of structure, the dg/abc transformation
is done twice in the voltage-controlled voltage source

- Wind Turbine
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Fig. 2. Current-controlled voltage source converter strategy
for variable speed drive wind turbine system.
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-converter system, while once in the current-controlled
voltage source converter system. (2) Consequently, from (1),
the current-controlled voltage source converter has fewer
intricacies in converter design, reduced components, lower
cost and better performance during transient as presented in
the simulation results.

Details of the voltage and current controlled control
strategies for the variable speed drive and their responses in a
multi-machine system during transient could be referred to in
[8-10].

This work focuses on the hybrid system that is shown in
Figure 3. The hybrid system falls between the voltage-
controlled voltage source converter and the current-
controlled voltage source converter system, because the
variable speed drive wind turbine uses both of them for its
rotor or generator or machine side and its stator or line or
grid side converters respectively.

Voltage-controlled | | °™™* | Current-controlled
voltage source voltage source
converter converter
Maching or rotor sice : | Hybrid system of Grid or stator side
converter system converter control converter system
gy orvswt |

Fig. 3. Hybrid converter strategy for variable speed drive
wind turbine system.

4. Simulation Analysis

A simulation standard laboratory package named power
system computer aided design and electromagnetic transient
including DC (PSCAD/EMTDC) [27], was used in this
study. A simulation time step of 0.000001 sec was chosen for
all the converter control strategies. The simulation was run
for 5 sec and a severe case fault was considered, in which a
three line to ground fault (3LG) occurred on the faulted line.
At 100 ms of simulation run, the fault occurred for duration
of 0.1sec. The circuit breakers operation sequences are as
follows: the first and second circuit breakers on the faulted
line open at 200 ms and recloses at 1000 ms respectively.

As seen in Figure 4, the introduction of the current-
controlled voltage source converter in the grid or line or
stator side of the variable speed wind turbine power
converter system, improved the performance of the terminal
voltage of the variable speed wind turbine during transient,
compared to when only voltage-controlled voltage source
converter was used in both converters.

Also, it is clearly seen from the simulated result in
Figure 4 that, the performance of the variable speed wind
turbine was further improved when the current-controlled

voltage source converter strategy was introduced in both
power converters (i.e. rotor and grid side converters).
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Fig. 5. Variable speed wind turbine terminal voltage

The response of a study case, where a fixed speed wind
turbine that uses a double cage induction generator connected
to the point of common coupling of the variable speed wind
turbine is shown in Figure 5. From Figure 5, it is clear that
the type of control strategy employed in the variable speed
wind turbine power converter system do not only affect the
variables of the variable speed drive, but also any other
machine connected to the variable speed drive. An improved
performance during transient condition was achieved also
using the hybrid control strategy, though the current-
controlled voltage source converter strategy on both power
converters gave the best result.
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Fig. 6. Fixed speed wind turbine terminal voltage

4.1. Transient Stability Analysis of a System using the
Various Controllers

This section discusses the transient stability of the
various controllers used in this study. This is an additional
convincing technique of the presented simulation results
above. The parameters and model system used in testing this
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analysis follow those used in [8], where DFIGs with the
various controllers are connected to a multi-machine system
composing of synchronous generators.

The transient stability index, Wc, [28] defined as follows
is used in evaluating the transient stability of the system:

)yt / system base power

total

.

d
W._(sec) = | abs(—W
 (sec) j (4

(15)

Where T is the simulation time (10.0sec here), and
Wtotal is the total kinetic energy calculated by using the
rotor speed of each synchronous generator as follows:

Woptal = zWi J) 16)
i=1

1

W = E‘]ia)rii (J) 17)

Where N is the number of synchronous generators, and
and denote inertia moment and rotor speed of each
synchronous generator. The smaller the value of Wc, the
better the system transient stability. The transient stability
index against 1LG (one-line-to-ground fault), 2LS (line-to-
line fault), 2L G, and 3LG faults considering VC-VSC, CC-
VSC and the proposed hybrid control VSC of DFIG control
are shown in Table 1, for the different fault points in the
model system. From these results it can be understood that
the proposed hybrid VSC DFIG control and the CC-VSC
DFIG control can improve the transient stability of the entire
power system ralatively compared to the VC-VSC DFIG
control system.

Table 1. Transient Stability Index [Wc(s)] of a System

With VC-VSC With Hybrid VSC With CC-VSC

Controlled DFIG Controlled DFIG Controlled DFIG

Fault Location Fault location Fault Location

Pt e T r [FB [ FL [ F2 [ F3 [ FL[F2[F3

3LG | 486 | 398 | 462 | 342 | 257 | 3.19 | 3.39 | 250 | 3.11

2LG | 342 | 232 | 334 | 3.08 | 1.70 | 2.86 | 2.88 | 1.64 | 2.49

2LS | 298 | 231 | 281 | 248 | 1.72 | 211 | 241 | 1.65 | 2.07

1LG | 223 | 166 | 222 | 1.82 | 1.24 | 1.89 | 1.78 | 1.19 | 1.56

5. Conclusion

The performance evaluation of a hybrid power converter
algorithm for a variable speed wind turbine has been
presented in this paper. The hybrid power converter uses a
voltage-controlled voltage source converter at the rotor or
machine or generator side converter of the variable speed
wind turbine, while the stator or grid or line side converter
uses a current-controlled voltage source converter. The
transient performance is evaluated with a three line to ground
(3LG) fault which is a severe case or worst condition using
the hybrid converter system and two other converter
strategies that uses only voltage or current controlled voltage
source converters in the variable speed wind turbine.

The results obtained in this study displays that, the
hybrid system gives better performance of the variables of

the wind turbine during transient compared to responses
obtained using only voltage-controlled voltage source
converters for the variable speed wind turbine. However, the
transient responses of the wind turbine variables could
slightly be improved, when only current-controlled voltage
source converter is used for the variable speed wind turbine
system.
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