Hue University Journal of Science: Natural Science pISSN 1859-1388
Vol. 130, No. 1D, 5-14, 2021 eISSN 2615-9678

MODEL PREDICTIVE DIRECT POWER CONTROL OF THREE-LEVEL
T-type INVERTER-FED DOUBLY-FED INDUCTION GENERATOR
FOR WIND ENERGY SYSTEM

Ngo Van Quang Binh?, Nguyen Khanh Quang? Nguyen Tu Ha?,
Hoang Dinh Long?, Dao Quoc Chinh?

! Faculty of Physics, University of Education, Hue University, 34 Le Loi St., Hue, Vietham
2 University of Science and Technology, The University of Danang, 54 Nguyen Luong Bang St., Lien Chieu, Da Nang,
Vietnam
3 Department of electrical and electronic engineering, Hue Industrial College, 70 Nguyen Hue St., Hue, Vietnam

* Corresponding author: Ngo Van Quang Binh <nvgbinh@hueuni.edu.vn>
(Received: 16 May 2021; Accepted: 26 May 2021)

Abstract. The paper proposes a simplified direct power control strategy of a doubly-fed induction
generator fed by a three-level T-type inverter based on finite control set model predictive control. A
mathematical model based on grid voltage orientation was employed to determine the predictive
values of the stator flux, rotor current, and capacitor voltages for all feasible rotor-side inverter output
voltages. The active and reactive powers were calculated by using the grid voltage and the rotor
current. A cost function was applied to track the active and reactive powers, maintain the balance of
capacitor voltages, and reduce the common-mode voltage. The best switching control input was
chosen by minimizing the cost function and implemented to the inverter. Different operating
conditions of wind turbine systems were studied with Matlab/Simulink environment. The simulation
results validate the improved performance of the proposed method compared with the classical control
in terms of transient response and steady-state conditions.

Keywords: doubly-fed induction generator, DFIG, three-level T-type inverter, finite control set model
predictive control, FCS-MPC, direct power control, capacitor voltage balancing, wind energy system

Nomenclature

,,®,, : synchronous, rotor, and slip angular frequencies
V., : stator, rotor flux linkage vectors

0. : angle between the rotor frame and stator voltage frame
0.,0,, : stator voltage and rotor angles

o=1- Lfn [ L,L, : coefficient of leakage

C,,C,,C : capacitance of the dc-link

ls,i,. : stator and rotor current vectors

: inductance of the stator and rotor windings

L

o> Lre Ly Ly, L, : stator, rotor self-inductance and mutual inductance

P,,Q, : grid active and reactive powers
P.,0, : rotor active and reactive powers
P,,Q, : stator active and reactive powers

R, R, : resistances of the stator and rotor windings
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s : the slip of machine

T, =L, / R, : time constant of the stator winding

TSP : sampling time of the controller

U, : dc-bus voltage
ug,u, : stator and rotor voltage vectors

superscripts

* : reference value

dg: stator voltage reference frame
DQ: rotor reference frame

p: predicted value

1 Introduction

Nowadays, wind energy has been recognized as a

sustainable resource for power generation
systems thanks to its benefits, such as lower
carbon emissions and decreased air pollution.
Major wind turbine production is within the 1.5-6
MW rating. Meanwhile, a doubly-fed induction
generator (DFIG) depicts a feasible solution due to
its attractiveness: reduce power converter about
30% of the generator power and allow bi-
directional power transmission through a back-to-
back converter (Fig. 1) [1-4]. A T-type inverter has
satisfying performance in terms of high capacity,
reduction in common-mode voltage (CMV), and
low harmonic distortion of the inverter output
voltage and current [4, 5]. Several methods were
proposed to solve the main limitation of the
capacitor voltage unbalancing. Consequently, the
T-type inverters are extensively utilized in high

power conversion systems.

From wind

turbine P Q
r —
Tm DFIG -~

w
IPrYQr

T-type = T-type|

yp yp Filter
Rotor side Grid side
converter converter

Fig. 1. Wind energy conversion systems based on
DFIG

A well-known method is applied to control
the DFIG wind energy conversion system based
on the stator flux orientation (SFO) and stator
voltage orientation (SVO) [6-8]. However, the
disadvantages of the SFO are the limit of the
reactive power flow due to the stability and the
complex stator flux angle. In the SVO, the active
and reactive powers can be controlled via a
proportional-integral (PI) stator current control
loop. Nevertheless, the accuracy of the tuning
gains of PI controllers and DFIG's parameters
affects control system performance. Recently, a
direct power control (DPC) has been proposed to
improve the control system performance. This
method uses a hysteresis control and a lookup
table to directly control the stator active and
reactive powers [9-11]. Nonetheless, this method
requires a short sampling time to obtain adequate
control performance. It is not easy to further
handle constraints such as capacitor voltage
balancing and reducing the CMV with linear and
hysteresis control approaches. In the last few
years, the finite control set model predictive
control (FCS-MPC) has been considered as an
attractive  solution for power electronic
applications due to its numerous benefits, such as
simple control strategy, easy incorporation of
nonlinearity, additional constraint, and
computation time [12-19]. Further, the predictive

control achieves acceptable transient and steady-
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state conditions in comparison with the classical

technique.

In this paper, a simplified direct power
control strategy based on FCS-MPC is proposed
to carry out the DFIG fed by a three-level T-type
inverter. The suggested approach permits
regulating the generated active and reactive
powers, keeping the balance of capacitor voltages,
and decreasing the CMV. A dynamic model based
on a grid voltage orientation is employed to
predict the behaviour of stator, rotor currents, and
DC-link

switching control inputs. An appropriate cost

capacitor voltages for all feasible
function is used to achieve the control objectives.
The best switching state via optimizing cost
function is applied to the inverter, eliminating the
modulation block and cascade control loops.
Furthermore, a two-step horizon is utilized to
improve the control performance and compensate
for the computational delay. The simulation
results confirm the improved performance of the
proposed control strategy in terms of transient
and steady-state operation and neutral point
voltages deviation compared with the classical
control method. Additionally, the CMV is
reduced with an appropriate weighting factor in
the cost function, leading to a more extended

machine operating life.

The rest of the paper is organized as
follows: Section 2 introduces the mathematical
model of the DFIG fed by a 3L-T-type inverter.
The following section details the proposed control
strategy based on the finite control set model
predictive control approach. In Section 4, a
comparative investigation between the proposed
method and the conventional method is analyzed
with simulation results. Our conclusions are

drawn in the final section.
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2 Mathematical model of DFIG fed
by a 3L-T-type inverter

The equivalent circuit of the DFIG in the stator
voltage-orientated reference frame is presented in
Fig. 2. The mathematical model of the DFIG in the
synchronous reference frame (dg) is given by [3]

dgq

dy,
ul = Rl + Ty joy (1)
1

w Ay
u’éq :Rxli(‘jq +T;+-](a)x _a)m)!//i(‘jq

The fluxes are expressed via the stator and

rotor currents as
dg _ -dq -dq

Vs = les + Lmlr (2)
dg _ -dgq -dq

v, = Lrlr + Lmls

The voltage components in the stator

voltage reference frame (Fig. 3) can be assumed as
Uy =Ugsutye =0 ®)

where U, denotes the magnitude of the grid

voltage that can be determined by using a phase-

locked loop.
) L L R i
> Y YY)
fou arr 3wl wof
jope | & T oy
S'H.S rrr
Stator ~ ~ Rotor

Fig. 2. Equivalent dynamic diagram of the DFIG in a

dq coordinate reference frame

Q A Stator voltage

g o, d frame

Rotor

Us D frame

I
,

CB[A " Stator
> frame

Fig. 3. Coordinate reference frame for control DFIG
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Combining (1), (2), and (3) gives the
reduced state space representation of the dynamic
model for the DFIG as

x = A(w,,, )x+Bu )
Lds
i Ugg
qs
where x=| "~ |,u=|u, |,
iy
dr u

OLL, | Ay Ay Ay Ay

S

Ay =-RL. A, = a)mLfn +woL L,

s

Al3 = Rr Lm

Ay =0, L, L, Ay =—Ap, Ay = Ay, Apg = —Ayy

Apy =Ai3,A31 =RL,, Ay =@, L. L

sTm? m—s—m?>

Agg=—R.L Ay =—,L L +00LL,,

ms

A41 = A32 5 A42 = A317 A43 = A34 > A44 = A33

The rotor voltage of the DFIG is the output
voltage of a three-level T-type inverter, as shown
in Fig. 4. Using Fortescue transformation and
concerning phase voltages, we calculated the

value in the rotor reference (DQ) frame as

ub? = %(uAZ + Aty + 2ty ) )

jorra _ 1 ﬁ

+J

where A =¢ .
2 2

Fig. 4. Configuration of 3L-T-type inverter fed by DFIG

The output phase voltage u,,, ugz,, and
Uuc, of the 3L-T-type inverter is calculated via DC-
link voltage U, and switching state S, [5] as

U, U, U,
uAZ:Sa%;uBZ:Sb%;uCZ:Sz' ;‘

(6)

where S, indicates the switching state of each

inverter phase: S, € {—], O,l} where xe{a,b,c}.

The rotor voltage related to the stator side
in the dg reference frame is obtained from (5) and

(6) by using rotational coordinate transformation

u}c]q = KuPCe 7o 7)

my

where K implies the ratio between the stator and

rotor voltages of the DFIG. 6, is obtained from

the stator flux angle 6, and rotor angle 6, .

Likewise, the rotor current referred to the
stator side in the dg coordinate is obtained from
its value in the rotor reference frame as
. 1 po -

i == P 7 (8)

If the DC-bus voltage is constant and C: =

C2 = C, the behavior of imaginary neutral-point

voltage depends on the rotor currents of the DFIG
and the switching states of the inverter [5, 16]
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du, _i el .

dr _zc(2|su| |Sh| |S€'|)1Dr ©)

+£(
2C
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The CMV is determined from the voltage
between the rotor neutral (N) and the midpoint of
the DC-link (Z). It can be given as

1
Ucyy = E(MAZ +ligy i) (10)

The stator active and reactive powers of the
DFIG are given by [3, 7]

. . 3 . 3 .
Ps = E(delds + uqslqs ) = Eudslds = EUglds (11)
3/ . . 3.
Qx = E(uqslds - udslqs) = _EUgqu

This equation indicates that we can control
the active and reactive powers via the stator

current.

Neglecting the power losses in the stator
and rotor windings, we can express the rotor

power in relation to the stator power as
Pr = _SR“;Qr = SQS (12)

The discrete-time expression of the
dynamic model is obtained by applying the first-
order forward Euler’s approximation approach

for (4) during a sampling time T

x(k+1) = A,x(k)+ B,u(k) (13)

where A, =" =1+ AT, (14)

eA(TS” _dT)BdT = BT

B, = »

e

o '—.;:H

and [ is a 3 x 3 identity matrix.

3  Proposed control strategy based on
finite control set model predictive
control approach

The purpose of the proposed control strategy
based on model predictive control (MPDPC) is to

DOI: 10.26459/hueunijns.v130i1D.6316

o track the generated active and reactive
powers,

o maintain the balance of dc-bus voltage,
and

o decrease the common-mode voltage.

For accomplishing these control objectives,
the cost function of the 3L-T-type inverter fed by
DFIG with computational delay compensation is
formed as [14-17]

. 2
g(ues) = (B k+2)= P (k+2))

« 2
+Ql (k+2)- 0 (k+2)) (15)
+ A1l (k+2)? + A, ul (k+2)?

where 4, and A, are the weighting factors of
the DC-link voltage balancing and reduced CMV.
The future reference of stator active and

reactive powers can be obtained by applying the

second-order Lagrange extrapolation method

P (k+2)=6P, (k)~8P, (k-1)+3P, (k—2)

O} (k+2) =60 (k)-80; (k—1)+30 (k-2)

The control inputs of the system u, and

u, are obtained from the sequence of switch

state of the inverter S, =[Spa Sop Sch ,
indicated as a bounded finite set Sp e{L...,Z?}.
Furthermore, each switching input S, with
xe{a,b,c} belongs to a compact set {—LO,l} .

Thus, the system is nonlinear, which is difficult to
handle with the method.

Moreover, the capacitor voltage balancing and

classical control
common-mode voltage of the proposed approach
are solved regarding the cost function. Wherein,
the classical method uses the complex modulation
technique to maintain the balance of capacitor
voltage and reduce the CMV. Consequently, the
proposed control strategy provides more
satisfying control performance and a simple
control structure compared with the conventional

method.
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Fig. 5. Block diagram of proposed control strategy
based on FCS-MPC

The control purposes of the proposed
approach are illustrated in Fig. 5. The following
steps give the summary of the proposed control
strategy:

e Measure the stator and rotor currents,

stator voltage and DC-link voltage,

* Calculate the predictive stator and rotor

currents, neutral-point voltage, and
common-mode voltage based on the

predictive model,
¢ Compute the active and reactive powers,

* Evaluate and optimize the cost function,

and

® Store the present value of switching state
and apply the optimal switching states to

the inverter.

4 Simulation results

The feasibility of the proposed control method
was validated by wusing MATLAB/Simulink
environment. Table 1 gives the parameters of the

system analyzed.

10

Table 1. Parameters of the controllers and system

Parameter  Value Description

P, 2 [MW] Rated stator active power
U, 690 [V] Line to line stator voltage
U, 2070 [V] Line to line rotor voltage
I 1760 [A]  Rated stator current

ng Ef}f?r?l] Synchronous speed

p 5 ;gleegumber pairs of

R, 2.6 [mg2]  Stator resistance

R, 29[m4]  Rotor resistance

L 87 [uH] Stator leakage inductance
L, 87 [uH] Rotor leakage inductance
L, 25[mH]  Mutual inductance

f 50 [Hz] Grid frequency

Trp 100 [us] Sg:lfoliigr time of the

Uy 1200 [V]  DC-link voltage

C 16 [uF] DC-link capacitance

The mean absolute
(MAPE) is utilized to evaluate the steady-state

performance of the ripples for power tracking and

percentage error

capacitor voltage balancing

yj —Yi

o

MAPE = l Zn:
Yi

e

, 17)

where y; and y, denote the desired value and

measurement value.

For adjusting the power factor (PF) of the
system, the desired value of stator reactive power
is expressed by

J1-pPF?

=p . — 18
Q‘v _ref s_ref PF ( )

A comparison between the suggested
method (MPDPC) and the conventional method
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(PI controller) with space vector modulation
(DPC-SVM) [3] was carried out for different
operating conditions to verify the effectiveness of
the proposed approach. The sampling time of the
two controllers was fixed at 100 ps, corresponding
to a switching frequency of 1 kHz. In this study,
we performed two scenarios of the system
analyzed. In the first case, several step-wise
changes of stator active and reactive powers were
examined under the conditions of synchronous
speed. The initial values of the active power and
power factor reference were -2 MW and PF =1 at
0.5 s. The PF was switched from 1 to 0.9, from 0.9
to 0.9, and from -0.9 to 0.9 at 1, 1.5, and 2 s,
respectively. The PF causes the reactive power
references to step from 0 to —0.484 MVar at 1 s,
from -0.484 to 0.484 MVar at 1.5 s, and from 0.484
to-0.727 MVar at 2 s.

Since the DFIG works at synchronous
speed, the rotor's power is generally zero, as
shown in Fig. 6. The simulation results show that
we can achieve decoupled active and reactive
powers control. As illustrated in Fig. 6c, the
transient of stator active power accomplishes
steady-state condition with 0.7 ms with the
proposed approach and 0.9 ms for the DPC-SVM.
Furthermore, the mean absolute percentage errors
of active and reactive power for the DPC-SVM are
8.74 and 13.1%; whereas, they are 1.4 and 1.98%
for the proposed method. Interestingly, the
proposed technique exhibits improved control
performance with a rapid dynamic response,
smaller overshoot, and fewer power ripples
compared with the DPC-SVM. The DPC-S5VM has
worse results principally because the dynamic of
the inverter and especially the influence of the
neutral point voltage variation are not considered

in the control.

DOI: 10.26459/hueunijns.v130i1D.6316
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Fig. 6. Dynamic response of active and reactive power
with synchronous speed for DPC-SVM
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Fig. 7. Dynamic response of active and reactive power
with synchronous speed for the proposed method

The THD of the stator current is under the
5% limit required according to the IEEE 519
standards. One of the severe drawbacks of the 3L-
T-type inverter is the unbalance of DC-link
capacitor voltage. Fig. 8 indicates that the DC-link
capacitor voltages of the proposed method keep
balanced with MAPE of neutral point voltages
deviation 0.41% despite the transition of power

references.

12
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Fig. 8. Dynamic response of the neutral-point voltage
for DPC-SVM and the proposed method

In the second situation, the rotor speed
changed from 1200 to 1800 rpm during 0.5-2.2 s,
as shown in Fig. 9a. A step-wise change of stator
active power reference was implemented from -2
to -1 MW at 1.5 s and from -1 to -1.5 MW at 2 s,
as demonstrated in Fig. 9b. In contrast, the
reactive power reference was switched from -1.24
to 0.62 MVar at 1.5 s and from 0.62 to 0 Var at 2 s.
It means that the power factor changed from 1 to
a leading (0.85) or lagging (-0.85). When the rotor
speed of the generator is greater than the
synchronous speed, the slip is negative (s = —-0.2).
In this case, the rotor power, P,, is transferred
from the generator rotor to the grid via the rotor
converters of the DFIG. Meanwhile, the RSC
works as a rectifier and the GSC as an inverter. As
shown in Figs. 9b and 9c, the powers delivered to
the grid P,and Q, are the sums of the stator and

rotor powers. In contrast, the DFIG slip is positive
(s = 0.2) under the hyper-synchronous speed. This
positive slip indicates that the rotor power is
obtained from the grid through the converters.
Here, the RSC operates as an inverter and the
GSC as a rectifier. Notably, the proposed control
strategy achieves satisfying dynamic performance
during the sub- and hyper-synchronous operating

modes.
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On the contrary, a high common-mode
voltage can cause overvoltage stress in the
winding insulation of the electrical machine fed
by the power converter, leading to deterioration
and consequently reducing a lifetime of the
machine. In our paper, this problem is resolved by
considering the supplementary constraint CMV in
the cost function. As can be seen in Fig. 10, the
peak value of the CMV is reduced to 33.33% from
U,/2to U, /3 by choosing 4,, at 20 and

66.67% at 250.

Common mode voltage [V]

0 :
05 1 1.5 2 25
Time [s]

Fig. 10. Performance of the CMV

5 Conclusions

This paper presents an advanced strategy based
on a model predictive control for a doubly-fed
induction generator fed by a 3L-T-type inverter.
The proposed approach allows to control bi-
directionally transferred active and reactive
powers, maintain the balance of the DC-link
capacitor voltages, and decrease the common-
mode voltage. A comparative study between the
conventional control and the proposed method
was carried out to validate the feasibility of the
suggested strategy. The simulation results
indicate that the proposed method exhibits more
satisfying dynamic and static control performance
than the classical controller. Furthermore, the
control structure is simple because of the absence

of the cascade control loop and modulation block.
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