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Abstract: As large-scale integration of wind systems into the power grid is on the rise, advanced control techniques for wind
power generators are highly desired. This paper proposes a simple but effective control technique for doubly fed induction
generators (DFIGs) based on the multi-objective model predictive control (MOMPC) scheme. The future behaviors of the DFIGs
are predicted by using the system model and the possible converter switching states. The most appropriate vector is then
determined by a cost function. By properly modifying the cost function with active and reactive powers as the control objectives,
fast grid synchronisation, smooth grid connection, flexible power regulation and maximum power point tracking (MPPT) can be
achieved, respectively. In order to reduce the switching frequency for switching loss reduction, a nonlinear constraint is
integrated into the cost function. The controller is simple without using any Proportion Integration (PI) regulators, current loops,
and switching tables. A numerical simulation of a 2MW system based on MATLAB/Simulink is built to verify the effectiveness of
the proposed method. The results show that the proposed method can achieve quicker transient response, better steady-state
performance, and lower switching frequency compared to the conventional switching table based direct power control (DPC).

1 Introduction In order to overcome the issues mentioned above, various

Wind energy, as a promising renewable energy resource, has
attracted much attention. The Global Wind Energy Council
(GWEC) Moderate Scenario foresees that the global wind installed
capacity reaches 797 GW by 2020, 1676 GW by 2030, and 3984
GW by 2050 [1]. In the global wind market, the doubly-fed
induction generator (DFIG) has been widely used due to its merits
including maximum power harvest with varying wind speed,
decoupled regulation of active and reactive powers, and relatively
low overall system cost because of the use of a power electronic
converter rated below the system full capacity [2].

As the penetration of renewable energy resources is on the rise,
much attention has been paid to system reliability and power
quality [3]. In a DFIG-based wind turbine system, the induced
stator voltage of the generator should match the grid voltage as
close as possible during the grid synchronisation. After the grid
connection, the auxiliary grid support capacity of wind energy
system should be exploited for the grid stability with high wind
power integration [4—6].

Over the last decades, various control methods for DFIGs have
been proposed. The most popular one is the field oriented control,
also known as the vector control (VC). It regulates the torque
(corresponding to the active power) and rotor flux (corresponding
to the reactive power) by individually controlling the d- and g-axis
components of the rotor current in the synchronous rotary frame
[7-10]. However, complex coordinate transformation and
modulators such as space vector modulation (SVM) are required.
Besides, a large amount of tuning work is needed to obtain
satisfactory system stability.

To eliminate the complicated control structure in VC, direct
control approaches like the direct torque control (DTC) [11-13]
and direct power control (DPC) [14-16] were proposed. Compared
to the VC approach, the DTC and DPC algorithms are simpler in
terms of the controller structure and have shown faster dynamic
response because of the use of a predefined switching table for
voltage vector selection to replace the multiple inner voltage/
current loops with proportional—integral controllers. However, they
produce large torque and power ripples, resulting in oscillating
torque and distorted output currents.
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improved strategies have recently been developed to enhance the
performance of DFIG under DPC. They can be generally divided
into two categories. The first group focuses on the optimisation of
modulation methods by applying two or three voltage vectors in
every control period [17-19]. The effects of converter voltage
vectors on the control variable are first investigated. After that, the
durations of the vector sequences are calculated appropriately by
various principles, such as equalising the control variable to the
reference at the end of the control period, making the mean value
of the control variable equal to the reference at the end of the
control period, and forcing the root-mean-square value of the
control variable to be minimal over one control period. However,
the vector sequences are still chosen from a predefined switching
table. This means that the vector applied is not necessarily the most
effective one to control the system. Zarei et al. [20] presented an
improved DPC by applying four voltage vectors in every period
with the consideration of negative sequence voltage. Even the
power ripple is restrained, the calculation of durations of vector
sequences is very complicated and subject to the machine
parameter variations.

The second group of research focuses on the optimisation of
vector selection. In other words, the vector sequences are
determined according to the specified criteria rather than a pre-
defined switching table. Among these methods, the most popular
one is the model predictive control (MPC) [21, 22]. In MPC, the
selection criteria of control pattern is defined and the voltage
vector that minimises a predefined cost function is chosen for the
control. By formulating the cost function properly, various control
objectives and different system constraints can be included [23—
25]. More recently, various improved MPC methods have been
developed to further enhance the DFIG performance by eliminating
the offset between the reference and the actual value [24].

All the DFIG control methods mentioned above, however, do
not consider the process of grid synchronisation. Fast
synchronisation and smooth grid connection are crucial because
wind power generators need to be disconnected and reconnected to
the grid under different operation conditions [26-28]. Besides, the
control approaches mentioned above are only tested at certain rotor
speeds. The practical effects of wind turbine on DFIG at various
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wind speeds need to be considered in order to demonstrate the
feasibility of the control. Another important issue in wind energy
systems is the power loss. As the large-scale integration of wind
turbine systems into the grid is on the rise, together with the
upscaling of the single wind turbine power capacity, power
efficiency has become a major concern [29, 30]. To reduce the
switching loss and hence, increase the efficiency, low converter
switching frequency is desirable, especially in high power
applications [31].

To the best of authors’ knowledge, there is no existing work
considering a detailed comprehensive MPC approach for high-
power DFIG-based wind energy systems where grid
synchronisation, grid-connected operation and switching frequency
reduction are all addressed in one controller. The major
contribution of this work is to extend and explore the feasibility of
MPC on DFIGs and to advance one step further by proposing a
multi-objective ~ MPC ~ (MOMPC)  strategy. Fast  grid
synchronisation, smooth grid connection, flexible power
regulation, and maximum power point tracking (MPPT) can all be
achieved by using only one cost function format with active and
reactive powers as the control objectives. Meanwhile, the average
switching frequency of the DFIG converter can be maintained at a
low level with the purpose of reducing switching loss.

2 Wind turbine and DFIG modelling

The DFIG-based variable-speed wind energy system under study
consists of a wind turbine, DFIG, and a back-to-back power
electronic converter. The output mechanical power of the wind
turbine, P,, can be determined by [7]

Py = 0.5pAC,vy, 1)

where C, is the power coefficient of the turbine, which is a
function of the tip-speed ratio (TSR) and the pitch angle (f), p is

the mass density of air (kg/m3), 4 is the turbine swept area (m?),
and vy, is the wind speed (m/s). The TSR is defined as

Roy,

TSR = @)

Vi

where R is the radius of the turbine and wy, is the turbine shaft
speed in radians per second. The wind turbine can harvest
maximum wind energy when it operates at the optimal power
coefficient. Therefore, it is necessary to keep the rotor speed at an
optimum value of the TSR. In other words, the rotor speed is
contingent on how fast the winds blow.

For the DFIG-based wind system, the wind power is injected
into the grid via the stator and the rotor is fed by a back-to-back
power electronic converter. A constant DC-bus voltage is obtained
by converting the grid AC voltage through the grid-side converter,
based on which the rotor-side converter is used to regulate the rotor
current. The mathematical equations for a DFIG can be expressed
in either the stationary stator-oriented reference frame or the rotary
rotor-oriented synchronous frame using complex vectors. Here they
are quoted as follows in the rotary synchronous frame.

The voltage equations:

Vo= RJd+ % + joy (3)
V.=RI + % @)
The flux equations:
W, = LJ+ LI, ®)
W, = Lol + LI, ©6)

The electromagnetic torque equation:
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3 .
T. = 5pIm{yL) )
The stator output powers equations:

P = oLy Im{yw,) (®)

0 = S0 L[ - LuRe(yiys)] ©)

where 1= 1/(L{L—Ly?), @, and w; are the rotor angular speed and
grid angular frequency, V; and V; are the voltage vectors, I and I,
are the current vectors, Ry and R, are the winding resistances,
and w, are the flux vectors, Lg and L, are the self-inductances, and
Ly and L, are the leakage inductances of the stator and rotor,
respectively, L, is the magnetisation inductance, p is the number of

pole pairs, and * is the complex conjugate operator.
The derivatives (or the changing rate) of the active and reactive
powers with respect to time ¢ can be derived from (8) and (9) as

dP 3 . .
E = Ewl/u'm[lm{ Vr'lls} + wsRe{V’rV’s}
(10)
_)‘RrLsIm { y/:y/s }]
and
d 3 . .
L oaLRe (Vi) — wdmiyiy)
(11)

—ARLRe{y;y )} + AR Lylw[]

3 Comparison of DPC and MPC for DFIG
3.1 Principle of conventional switching table based DPC

In a two-level inverter, there are eight possible voltage vectors (six
active vectors and two null vectors). According to (10) and (11),
the system output active and reactive powers can be regulated by
applying proper voltage vectors subject to the rotor flux position.
To achieve this, a switching table for voltage vector selection is
employed, as shown by the block diagram in Fig. 1a, where Sk is
the number of sector in which the rotor flux is. In fact, the
switching table introduced in [15] is equivalent to those in [19]. It
should be noted that at the hyper-synchronous speed the rotor flux
is rotating in the opposite direction to that at the sub-synchronous
speed.

The DPC uses the errors between the estimated actual output
active and reactive powers, P and Q, and the references, P r and
O ref, to determine whether to increase or decrease them by using

the digitised signals dp and dp from the hysteresis comparators.
The voltage vector is then selected from the switching table
according to dp, dp and the number of sector in which the rotor
flux is located. Finally, the pulse-width modulation (PWM) signal
is generated according to the selected voltage vector to control the
rotor-side converter.

3.2 Principle of MPC

In the MPC, the system plant can be described by a discrete-time
state-space model. The future behaviour of the system is predicted
by the input, the present state of the model, and the discrete
interval. A cost function is then formulated to evaluate each
switching state, and the one forcing the controlled variable as close
as possible to the reference will be applied in the next control
period.

For the DFIG, substituting (4) into (10) and (11) yields the
following approximate form of power derivatives:

dP 3 ; .
ar = Ewlluim[lm{vr‘l/s} + oRe{ya ] = fp (12)
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(a) DPC controller for DFIGs, (b) MPC for DFIGs, (¢) Schematic illustration of
MOMPC concept for DFIG-based wind energy system

L o SwaLRe(Viy) - odmlyyll =, (13)

It can be seen that the DFIG model uses the active and reactive
powers as the state variables and the rotor voltage as the input.
Based on this discrete-time model, the active and reactive powers
at the next sampling instant can be predicted as

Pk+] — Pk+prs (]4)

0! = 0" + f,T, (15)

where Ty is the sampling period. Fig. 15 depicts the principle of the
MPC controller for DFIG. The essential of the MPC for DFIG is to
evaluate the effects of all the possible inverter voltage vectors on
the stator output powers. The voltage vector that can result in the
smallest value of a specified cost function will then be selected and
applied. The cost function can be defined in various forms. For the
power control of DFIG, the cost function can be formulated as

min - g = (Pt — P*'Y + (Qer — 0" ')

. (16)
Vi €{Vo, Vi, ..., Vs, V3}

where P.r and QO,cr are the reference values of active and reactive

powers. It should be noted that the cost functions take different

forms for grid synchronisation, flexible power regulation, and

switching frequency reduction. This will be further developed in

Section 4.

The MPC is more accurate and effective than the conventional
switching-table-based DPC because it uses the complete model of
DFIG and converter. In the DPC, at every control instant, the
control is determined by looking up the voltage vector from a pre-
defined switching table. Consequently, the selected vector is not
necessarily the best one to reduce the active and reactive powers

IET Gener. Transm. Distrib., 2019, Vol. 13 Iss. 1, pp. 21-29
© The Institution of Engineering and Technology 2018

ripples. The MPC, on the other hand, selects the voltage vector by
optimising a cost function such that the control priority can be
weighted flexibly.

4 Proposed MOMPC

The proposed MOMPC concept is explained schematically in
Fig. 1c. When the wind speed reaches the cut-in threshold, the grid
synchronisation should start immediately for fast and smooth grid
connection. After grid connection, the generator is usually
controlled to output maximum power with the fluctuating wind
speed. Besides the basic MPPT operation, the wind generator
should be able to generate active and reactive powers flexibly
according to the grid status. Also, the converter switching
frequency should be minimised as much as possible to increase
energy conversion efficiency.

4.1 Virtual power for grid synchronisation (mode 1)

The smooth connection of the DFIG to the power grid requires the
fulfilment of three conditions, i.e. the frequency, magnitude, and
phase angle of the induced stator terminal voltage must be
synchronised to the grid voltage. Before connected to the grid, the
stator terminal is open circuited. The dynamic equations of DFIG
can be derived from (3)—(6) as

dyg .
V= dt + joys (17)
dy,
Vr—RrIr"'T (18)
Vs = Linl; (19)
vy, =Ll (20)

The virtual power concept was proposed in [11], but it has seldom
been utilised ever since. Here, the virtual power concept is adopted
to meet the requirements of grid synchronisation. The virtual grid

flux is defined as
7 / Vydt 21

where V; is the grid voltage vector. Similar to the actual output
active and reactive powers of DFIG described by (8) and (9), the
virtual powers of DFIG can be expressed as

3 .
PV = EwIALmIm{V,rV,g} (22)

0. = J0dlL{wf - LuRe(yiv)] (23)

The stator flux can be derived from the stator voltage by

v = / V.ds (24)

According to (21) and (24), equality in phase and frequency
between ¥ and V; is equivalent to the equality in phase and
frequency between g and w,. Since the stator current is zero
before grid connection, which means P=0. Consequently, the
angle between the stator flux yg and rotor flux y, is zero according
to (8). In other words, w and y; are in phase. Thus, controlling
to be in-phase with w, will automatically drive y; to be in-phase
with wg and hence, Vs will be in-phase with V. Based on this
analysis, the first two grid synchronisation conditions can be met
by controlling y; to be in-phase with y,. This can be done by
controlling 6 (the angle between w, and ;) to zero, which can be
fulfilled by regulating P, equal to zero as
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Fig. 2 Control scheme

(a) Mode 1 — virtual power based grid synchronisation of the proposed MOMPC
strategy, (b) Mode 2 — MPPT of the proposed MOMPC strategy, (c) Mode 3 — flexible
power regulation of the proposed MOMPC strategy

3 . 3 :
P, = solLylm{yiwe) = S0ulslylwsind =0 (25)

Next, let us achieve the third grid synchronisation condition, i.e.
the equality in magnitude between the stator induced voltage and
the grid voltage. From (19) and (20), the relationship between the
rotor and grid fluxes can be obtained as

_L
V=T Vs (26)

Based on (21) and (24), if the DFIG stator voltage must match the
grid voltage for grid synchronisation, y; = y, must be obtained. As
a result, (26) becomes

v, = Lﬁwg 7)

m

From (21), the relationship between the grid flux and grid voltage
can be rewritten as

v
Ve =7, (28)
Substituting (28) into (27), one obtains the required rotor flux
magnitude to achieve the third synchronisation condition as

L{Vy
ly| = Lo (29)
Substituting (29) into (23), one obtains
3 .
0, = SwilLjw,[ ~ LuRe{wiw}1 =0 (30)
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Therefore, the third synchronisation condition, the equality of
voltage magnitude, can be met by controlling O, to zero.

To control P, and Q, to zero simultaneously, the cost function
(16) should be rewritten as

min -g=(0-PY+0-0"")

. (1)
Vi€ (Vo V..., Ve, Vi}

Fig. 2a illustrates the control diagram of grid synchronisation.
After the design of the cost function, the prediction model to

predict P} and Q,f*! is needed. Under the assumption of
sinusoidal and balanced grid voltage, dVy/d¢=jwV,, and thus ng
1=k +jo, Vet Subsequently, the grid flux wg*"! can be
predicted as

Vk +1
k+1 _ 18 32
y/g j(!)] ( )
The rotor flux y,X*! can be predicted from (18) and (20) as
vt = lf[lf + 7 (vi- erf)] (33)
L

Therefore, P,}™! and O f! can be predicted by substituting (32)
and (33) into (22) and (23), respectively. When the grid
synchronisation conditions are met, the stator terminal can be
connected to the grid. The generator is then ready to supply power
to the power grid.

4.2 MPPT for grid-connected operation (mode 2)

After grid connection, the generator can operate in the MPPT
mode, which is the most common case in wind power generation
systems. The active power reference is obtained for a given wind
speed from the look-up table of the maximum power versus rotor
speed characteristic of the wind turbine. This look-up table can be
obtained offline from the wind turbine manufactory beforehand.
Since the analysis in Section 3.2 is based on the grid-connected
operation, (8)-(16) can be used here. Fig. 2b shows a block
diagram of MPPT under grid-connected operation. From mode 1 to
mode 2, the controller can be modified by simply replacing the cost
function (31) with (16) and replacing the virtual power references
with the actual power references from the MPPT characteristic
without changing the control system structure.

4.3 Flexible power regulation for grid-connected operation
(mode 3)

In addition to unity power factor operation, wind energy systems
can also provide reactive power compensation to the power grid for
voltage support and power quality improvement, and thus the
system can be operated in the off-MPPT mode when the power
generation exceeds the power demanded. Flexible regulation of the
active and reactive powers is therefore preferable. Fig. 2c
illustrates a block diagram of this control. In this operating mode,
P.rand Q,.r can be set to any values as long as the apparent power
is within the rated capacity of the DFIG.

4.4 Switching frequency reduction (mode 4)

For large capacity wind energy systems, the power converter
switching loss cannot be ignored. In this paper, in order to
minimise the switching loss, the cost function (16) can be modified
as

J = Pt = P*'Y + (Qrer — 0°1)

)

i=a,b,c

34
+4 G4
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IET Gener. Transm. Distrib., 2019, Vol. 13 Iss. 1, pp. 21-29
© The Institution of Engineering and Technology 2018



2.5MVA

JTKVISOMVA 1 kvi690v oni
i z ! o
|
I 1 (e
| B 4

Grid-side Converter

Rotor-side \
Converter

Wind

PWMT f T To rotor-side converter

Proposed MOMPC

: Mode 1

Grid synchronization

i Mode?2

MPPT

Mode 3

Flexible power reguation i

Fig. 3 Configuration of DFIG-based wind turbine system and the proposed MOMPC

Table 1 System parameters

DFIG grid voltage, Vgn 11 kV
rated power, Py 2 MW
stator rate voltage, Vi 690 V
stator resistance, Rg 0.0108 pu
rotor resistance, Ry 0.0121 pu
mutual inductance, Ly 3.362 pu
stator leakage inductance, Lgg 0.102 pu
rotor leakage inductance, Lgy 0.11 pu
number of pole pairs, p 2
DC-link nominal voltage, V¢ 1200V
DC-link capacitance, Cqc 16,000 puF
grid frequency, f1 50 Hz
wind turbine rated power, Pmn 2 MW
air density, p 1.225 kg/m3
blade radius, R 35.04 m
base wind speed, Viyn 12 mls
turbine coefficient, Cp 0.49

where 1, is the weighting factor, DX and DX*! represent the current
and next switching states of the converter leg at phase i (i=a, b, ¢),
respectively, D; = 0 indicates that the upper transistor is off and the
bottom one is on, and vice versa. By taking the absolute operation
of (D#1=D) on each converter leg, the total switching in every
control instant can be computed accurately. As a whole, the first
two terms in (34) are aimed to control the active and reactive
powers, while the third one contributes to the switching loss
reduction by reducing the switching frequency. It is worth
mentioning that the weighting factor, 1,, should be selected
carefully through a tradeoff between the power ripple reduction
and switching frequency reduction. Since the scope of this paper
does not include the weighting factor optimisation, the value of 1,
will be simply provided in the test.

5 Simulation results
5.1 Complete wind system model

The performance of the proposed control strategy was
demonstrated by numerical simulation of a 2 MW DFIG in the
MATLAB/Simulink environment, as shown in Fig. 3. The
parameters of the DFIG and the wind turbine are listed in Table 1.
For the sake of simplicity, the pitch angle of the wind turbine is set
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to 0°. The gearbox ratio is set to 1:1. The DFIG stator is connected
directly to the grid while the rotor is fed by two three-phase two-
level bidirectional AC-DC converters connected back-to-back. The
11 kV distribution network model is adapted here as the power
grid. It is stepped down to 690V by using a three-phase
transformer to match the voltage level of the wind power generator.

5.2 Overall control strategy

At the beginning of the system operation, CN1 is turned ON and
the constant DC-link voltage is first established by the grid-side
converter. After the DC-link voltage stabilises at a desired value,
the proposed MOMPC algorithm can start to operate by activating
the rotor-side converter. When the wind speed reaches the
minimum cut-in speed, the control system starts to operate. The
virtual active and reactive powers are first estimated and delivered
to the cost function (31). When the induced stator voltage can track
the grid voltage closely, CN2 is switched ON for grid connection.
After the grid connection, the control system switches to the
generation mode by simply replacing the virtual powers control
loop with the actual powers control loop, and changing the cost
function from (31) to (16) for MPPT or flexible power regulation.
If required, the cost function (34) can be further adopted to focus
on the switching frequency reduction.

Regarding the converter gate driving pulse generation, no PWM
modulators such as sinusoidal PWM and SVM are required. Take
V»(110) for example. Once it is selected, it can be generated by just
simply turning on the upper switches and turning off the bottom
switches of legs A and B, and turning off the upper switch and
turning on the bottom switch of leg C of the inverter.

5.3 Grid synchronisation

The virtual power concept has been adopted for the DFIG grid
synchronisation. To evaluate the effectiveness of the proposed
MOMPC for grid synchronisation, a comprehensive comparison
between DPC and MOMPC was carried out. The DFIG started the
grid synchronisation at 0.05s. Fig. 4 shows the stator induced
voltage and the rotor current. As shown, the stator voltage by using
MOMPC can track the grid voltage more tightly and presents much
less distortion and harmonics. In addition, the induced stator
voltage of MOMPC can reach the reference in only about 5 ms,
while the stator voltage of DPC reaches the reference in ~10 ms
after the grid synchronisation algorithm starts at 0.05s. These
demonstrate the smoother and faster grid synchronisation of
MOMPC.

As a further comparison of the stator voltage during grid
synchronisation, Fig. 5 presents a harmonic spectrum analysis of
the stator voltages. It can be seen that the harmonics concentrate
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Fig. 5 Stator voltage spectrums
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around the switching frequencies for both cases. However,
compared to DPC, the harmonic spectrum of MOMPC is much
clearer, and the stator voltage total harmonic distortion (THD) of
MOMPC is only 3.98%, much lower than 9.31% of DPC.

5.4 Grid connection

Once the stator voltage matches the grid voltage in terms of
frequency, magnitude, and phase angle, the DFIG can proceed to
achieve grid connection. It is important to emphasise that during
the grid connection, the virtual powers control loop is still
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Fig. 6 Responses of grid connection
(a) Under DPC, (b) Under MOMPC

activated, and the virtual active and reactive powers are still
controlled to zero. Fig. 6 presents the dynamic response of grid
connection at 0.15 s. It is found that no overshoot is observed in the
currents in both control methods. Therefore, both control
techniques permit a safe grid connection. The main advantage of
MOMPC over DPC concentrates on the power quality in the rotor
and stator currents after grid connection.

5.5 MPPT operation

The DFIG input is set as torque, which means that the rotor speed
is the result of both generator electromagnetic torque and the
mechanical torque driven by the wind turbine.

The wind speed ramps from 8 m/s at 1s to 12 m/s at 3 s. To
achieve the MPPT, the active power reference is obtained from the
predefined maximum power tracking curve of the wind turbine.
The reactive power reference is kept at —0.3 MVar, which means
that the DFIG also inject reactive power to the grid during power
generation. Fig. 7 shows the complete system performance in this
scenario for a longer duration. From top to bottom, the waveforms
presented in Fig. 7 are the wind speed, DFIG rotor speed, stator
active power output, stator reactive power output, stator current,
and rotor current, respectively. It can be seen that when the wind
speed increases, the DFIG rotor speed increases gradually from 1 s
and reaches the steady-state value at around 9 s because of the
inertia. Consequently, the DFIG increases its active power output
in the MPPT manner accordingly and generates the rated power of
2 MW eventually. As can be seen, the stator and rotor currents
increase smoothly without overshoot. Notice that the rotor current
shows DC features at around 3.6 s because the generator reaches
the synchronous speed at that instant.

5.6 Flexible power regulation

During this test, the DFIG rotor speed is 1200 rpm and the
switching frequency reduction scheme has been used, unless
explicitly indicated. First, the steady-state performance will be
evaluated. The stator active power reference was set to rated power
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Fig. 8 Steady-state and dynamic performance of different methods

(a) Steady-state performance of DPC, (b) Steady-state performance of MOMPC, (¢) Dynamic performance of DPC, (d) Dynamic performance of MOMPC

at —2 MW (negative values indicate the injection of power into the
grid) and the reactive power reference was set to 0 Mvar. Figs. 8a
and b show the steady-state performance for both methods. As
MOMPC evaluates all switching states and selects the optimal
voltage vector in every control period according to the cost
function, it is able to control the active and reactive powers more
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effectively with smaller power ripples. As a result, both the stator
and rotor currents using MOMPC are more sinusoidal.

The dynamic responses are simulated under a severe active
power variation demand to test the quick and safe characteristics of
control methods. The active power reference dropped down from 0
to —1 pu at 0.25 s and then stepped up to —0.5 pu at 0.35 s. On the
other hand, the reactive power reference stepped up from 0 to 0.5

27



0.8

~MOMPC

06}

0.4

0.2}

0!

Q (pu)

0271

-0.4+

-06+

08 . . . . .
0.398 0.399 0.4 0.401 0.402 0.403 0.404
Time (sec)

Fig. 9 Zoom-in responses of DPC and MOMPC with stepped change of

reactive powers
0.9
2 Wﬂ iy
=
= (™
. 031 032 033 034
3
KM W "HW WWI
Cf
0.31 032 033 034
ST
2 ! ,f A A AN
0 r ‘XJ’ ¥, V'
4 e e ""‘-.v.»."x“.w."'.‘ :
0.3 031 032 033 034
= 1
=05
0.3 031 032 033 034
Time (sec)
a
-0.9 v -0.9
=3 FITgIN | m e i 7 )]lhl" M ||| |||||| 1 H|| ||II [l "l” L]
f’ -1 If'lllllﬁ'“i ..M\“M*IWIIUUMTLNﬂ ﬂlllhllll'!ﬂ,‘ EQ‘ -1 |||||| I||'| _‘I i " I‘J\*ﬁ, III il ||I i”l
-1.1 -1.1°
0.3 0.31 032 0.33 0.34 0.3 0.31 0.32 0.33 0.34
0.1+~ - - - - 0.1i- - - - )
3 ! DAY Bttt o) ) akik it . 1l |
0.1 - - : - 0.1 . . -
0.3 0.31 0.32 0.33 0.34 0.3 0.31 0.32 0.33 0.34
= 3 |
29 =N
o N
_1 5 3 e AN it |
0.31 , 0.34 0.3 0.31 0.32 0.33 0.34
= |
3 0.5 =05
= 0f . . .
031 032 033 0.34 0.3 0.31 0.32 0.33 0.34
Time (sec) Time (sec)
b (o}

Fig. 10 Performance of DPC and MOMPC with and without switching
frequency reduction scheme
(a) DPC, (b)) MOMPC using cost function (16), (¢) MOMPC using cost function (34)

pu at 0.3 s and was changed again to —0.5 pu at 0.4 s. Figs. 8c and
d present the detailed dynamic responses under such power
variation conditions for both control strategies. It can be seen that
for both control methods, the new steady state can be reached in a
fast manner without overcurrents in both stator and rotor currents.
However, obvious sparks and ripples can be observed in both
active and reactive powers for the DPC approach.

To compare the dynamic responses of two methods more
precisely, the enlarged waveforms of reactive powers around 0.4 s
under the condition of stepped changes are provided as shown in
Fig. 9. It is seen that the proposed MOMPC reaches the new
reference about 0.5 ms earlier than DPC, showing even quicker
dynamic response.
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5.7 Switching frequency reduction

It is noted that the switching frequency reduction algorithm of
MOMPC has been implemented in MPPT and flexible power
regulation operations during the above tests. To demonstrate the
effectiveness of the switching frequency reduction scheme, the
system performances of DPC and the proposed MOMPC using the
cost functions of (16) and (34) are shown in Figs. 10a—c,
respectively. DPC presents most ripples in active power and
reactive power and worst stator current quality with most PWM
switchings. As to MOMPC, after adding a non-linear constraint in
the cost function to evaluate the switching instants on each leg of
the converter, the switching frequency has been reduced
significantly, but no major deterioration in powers and currents is
observed. This is very useful for high-power DFIG-based wind
energy systems as the switching frequency should be restricted to
the level of a few hundred hertz to reduce the switching losses to
improve the system efficiency.

5.8 Algorithm complexity

To evaluate the complexity of the control strategies, the algorithm
computing time in the digital signal processor, 7., is compared.
The C code program is generated in the TI Code Composer Studio
(CCS) from the Simulink model in integrated development
environment automatically. The program is then downloaded from
the CCS into the TMS320F28335 Experimenter Kit for real-time
execution. 7, is then calculated using the ‘clock’ function in the
CCS, which is implemented by setting two break points at the
beginning and the end of the interrupt service routine where the
overall control algorithm is executed. The testing results of
algorithm complexity are shown in Table 2. To conduct a
comprehensive comparison, the quantitative results of DPC and
MOMPC are also summarised in Table 2 including the sampling
frequency f;, average switching frequency fq, active power ripple
Pyip, reactive power ripple Oy, and the THDs of stator and rotor
currents. The average switching frequency is calculated by
counting the total commutation instants of a phase leg during a
fixed period, e.g. 0.05 s. The power ripples are calculated by using
the standard deviation. From Table 2, it can be seen that both the
stator and rotor current THDs of MOMPC are lower than those of
DPC. In addition, smaller active and reactive powers ripples are
obtained by using MOMPC, showing better steady-state
performance. The most interesting point is that the average
switching frequency of MOMPC using the cost function of (34)
(i.e. with switching frequency reduction scheme) has been reduced
significantly to only about 780 Hz, much lower than 1.96 kHz of
MOMPC using (16) as the cost function and 3.75 kHz of DPC.
Overall, this demonstrates that the proposed MOMPC method can
achieve better performance at much lower switching frequency
compared to the conventional DPC approach. This is a very
attractive advantage. As the power level of the wind turbines is
expected to increase rapidly for large-scale grid integrations, lower
switching frequency is more appropriate to reduce the switching
losses to improve the system efficiency. For the algorithm
complexity, it is seen that all the algorithms can be executed
completely within the control period of 100 ps (corresponding to
10 kHz sampling frequency). So the voltage vectors can be
determined and updated properly. Specifically, the MOMPC takes
about 37 us computing time, slightly longer than 30 pus of DPC. In
other words, MOMPC only consumes <40% of the allowable
computing time of 100 us in every control period. It is worth
mentioning that the actual computing time could be different,
depending on the computing power of the hardware and the
programming style of the researchers. 7. used here is just an
indicator to evaluate the complexity of control methods
approximately.

6 Conclusion and future work

In this paper, a MOMPC technique for DFIG-based wind energy
systems with improved transient and steady-state performance has
been proposed. The future behaviours of the DFIGs are predicted
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Table 2 Quantitative comparison of different control strategies at grid-connected operation

Strategy fs, kHz fow, kKHz Prip, pu Qrip, pU THD of ls, % THD of I, % Te, Us

DPC 10 3.75 0.0395 0.0325 7.16 9.47 29.8

MOMPC + (16) 10 1.96 0.0215 0.0244 5.25 6.45 36.5

MOMPC + (34) 10 0.78 0.0295 0.0292 5.65 6.90 37.0
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