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Abstract: This paper presents a new method of predicting power based on predictive direct power control. This method
reduces power ripple in a doubly fed induction generator, which makes it possible to have a smoother synchronization with the
grid in low constant frequency switching. To achieve fast and smooth grid synchronization without any over current, the
difference between the measure, frequency, and the phase of the stator voltage and the grid voltage should be minimized. This
condition can be achieved by minimizing the error between active and reactive virtual power and their references. By
predicting the virtual active and reactive power behavior and choosing different active voltage vectors and using each of them
at different times among each period time, the best switching of the rotor side converter in doubly fed induction generator to
have a smoother condition can be chosen. In this paper, a 15kw generator is simulated by the classic method which is direct
power control, and this new method, predictive direct power control, and it will be shown how much the new method reduces
the power ripple to have a smoother synchronization that doesn’t cause mechanical or electrical pressure for none of the grid
and the doubly fed induction generator.

Keywords: Synchronization, Doubly Fed Induction Generator, Active and Reactive Virtual Power,
Predictive Direct Power Control

(VC) with the d-axis oriented along with the rotor flux which
is the conventional method for controlling the DFIG. In this
method, the direct current of the rotor is proportional to the
rotor flux while the quadrature current of the rotor is
proportional to the electromagnetic torque. By controlling the
two components of the current independently, a decoupled

Doubly fed induction generator (DFIG) is one of the best control with linear controllers such as PIs is obtained [4] &
configurations in wind turbines. The DFIG has several [5]. This method needs a large amount of computing

advantages such as maximum power gain in 25%-30% of the compared with direct control, which can be direct power
generator rating and decoupled active and reactive power control (DPC) or direct torque control (DTC). In this respect,

control [2]. This condition is prepared by a 2-side converter this. paper presents a new method. of predictiye direct power
which is located between the rotor of DFIG and the grid. which can refiuc? the actlve/reactlve. power ripple especia Iy

Grid synchronization of DFIG should be inspected to for a IOW sw1tch.1ng frequency that is forced to use in hlg},l'
obtain a smooth and fast grid connection without any over ~ POWer wind turbines. ¥n the direct control methoq, hysteresis
current [3]. Several controlling methods are proposed to 'comparators are used 1nste?ad'of PI regulators which are 1.1sed
achieve this goal. The most famous one is vector control in vector control, and this is another advantage for direct

1. Introduction

In recent years, using renewable energies inside
distribution power networks such as smart-grids [1] and
microgrids [2] has been developing. Among these renewable
energies, wind energy is one of the fastest-growing [1].
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power control compared with vector control [6]. In direct
power control, for each sampling time, one active voltage
vector must be chosen and this is a limited choice. Therefore,
active/reactive powers have a large amount of ripple in this
method. To solve this problem we could predict the future
behavior of active/reactive power and choose more than one
active voltage vector for each sampling time that could
reduce power ripple. Predictive direct power control (PDPC)
can be applied by differentiating active and reactive power
equations [7].

In this respect, this paper is organized as follows: models
of DFIG in both stationary and rotary 2-phase frames are
presented in Section 2. The grid synchronization condition
and the algorithm and the differences between DPC and
PDPC methods in the grid synchronization condition are
described in section 3. Section 4 presents MATLAB
simulation results and compares the two methods with
respect to different aspects. Section 5 summarizes the paper
with concluding remarks.

2. Doubly Fed Induction Generator
Modeling

2.1. Model of DFIG in Stationary 2-phase Frame

In this frame, due to zero value for the rotating speed, the
equations of machine's parameters are written as below:
Voltage equations:

W =R+ dZ: (1)
vy =R, + dZ;j - ja, ¥, )
Flux equations:
[ZE = LJ: + Lm;; (3)
(Z: = Lm;i +L,?: 4)

where ¥, 7 ,(,Z: RV ,(,Z: are the stator voltage, stator
current, stator flux, rotor voltage, rotor current, and rotor flux
vectors, respectively. In addition, R, and R, are stator and
rotor resistances, L, and L. are stator and rotor inductances,
L, is mutual inductance which is transferred to stator side

and @), is the electrical rotor speed [8].

2.2. Model of DFIG in Rotary 2-phase Frame

In this frame that the rotating speed is equal to the rotor
speed, the equations of machine's parameters are [9]:
Voltage equations:

—r

ay

Vi = Riis + =4 @ (5)
Ay
vr =Ry +—F 6
r ” (6)
Power equations:
3 L — =
==——"1 sind 7
Ps 2oLl Y|\¥, (7
_3 @ | Lr 7=
0 =55 {Z AR coscf} (®)

where &) is the synchronous speed, O is the angle between

rotor and stator fluxes and ois leakage factor which is equal
to:

o=1--—2 ©)

3. Grid Synchronization

To have a smooth grid connection without any over
current, the difference between measure, frequency, and
phase of the stator voltage and the grid voltage must be zero.
To obtain this condition, the controlling system of DFIG
should prepare the grid synchronization which is introduced.

3.1. Grid Synchronization Condition

In synchronization mode, the breaker between the grid and
DFIG is already open which means the stator current is zero.
Therefore, in (3) and (4), the first term is zero which leads to
the below equation.

Gy, =6, (10)
which means rotor and stator fluxes are in the same phase [5,
10].

3.2. Principle of Virtual Active/Reactive Power

In grid synchronization condition, a virtual principal is
introduced for active/reactive power due to the same phase
for rotor and stator fluxes. Therefore, in (7) and (8), O is
always zero, which means that it is not appropriate to apply
the controlling system. Therefore, a new principle named
virtual grid flux is introduced to solve the problem [11].

As it obvious, for having a safe and smooth grid
connection without any over current, the stator voltage and
the grid voltage must be exactly the same. Therefore, with
help of (1) and a zero stator current, we have:

Y, =y, (11)

Now from (3), (4) and (11), the relevance between the
rotor flux and virtual grid flux to prepare the grid
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synchronization is as below:

L}"
v, =y, (12)

By substituting the virtual grid flux in (7) and (8), the
virtual active/reactive power equations will be:

po=3 ol s (13)
v %0%\%\{ f |-, cosé} (14)

4. DPC Method

In this method, the error between active/reactive virtual
power and their references should be minimized.

In synchronization condition, equation (12) shows that &
is equal to zero. By substituting zero as din (13) and (14),
active/reactive virtual power references during the grid
synchronization will be obtained as below [12, 13].

_3 Lm o Lr R -
PG ‘z//g‘ . g, |sin0=0 (15)
_3 C()g o Lr |- Lr m —

v _EO'_LS“/Ig‘|:Lm l//g‘ Lm l//g COSO:|—O (16)

Equations (15) and (16) show that the grid synchronization
will be obtained if active/reactive virtual power references
are zero. To provide this, the measure of rotor flux and &
should be changed, because other terms such as the measure
of virtual grid flux which is shown in (17) are constant.

@ I (17)
g

g

Figure 1 shows how this method works. In addition, Figure
2 shows how final rotor flux can provide wanted, which is
changed by voltage vector applied to rotor winding. This
voltage vector is chosen by block No. 4 in Figure 1 which
identifies the error between active/reactive virtual power and
their references, after passing the hysteresis bands. This
block works in accordance with Table 1 [14].
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Figure 1. Block diagram of DPC method.
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Figure 2. Changes of rotor flux by applying voltage vector.

Table 1. Voltage vector switching table (k=sector).

uP, 1 0 -1

1 V(k-1) V0, V7 V(k+1)
uQ,

-1 V(k-2) 0, V7 V(k+2)

In this table, k represents the position of initial rotor flux,
which is obtained by block 1 of Figure 1.

5. PDPC Method

PDPC method is based on predicting the future behavior of
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the active/reactive virtual power. According to Table 1 and
DPC method, only one voltage vector in each sampling time
is chosen and applied to the relevant switching of rotor side
converter, which is just six active voltage vectors and two
zero vectors [15]. Therefore, by predicting the future
behavior in each sampling time, three voltage vectors, consist
of two active vectors and one zero vector can be applied to

reduce the active/reactive power ripple.

Figure 3 illustrates the future behavior of active/reactive
power. The third sloop is produced by applying zero voltage
vector and the other two sloops are produced by choosing
active voltage vectors to minimize the active/reactive power
ripple. Each of these vectors should apply during specific
times to provide wanted.

B.(k) ; Ak By(k) P.(k+1)
p; R P
k) .

o ) ow! e || g
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Figure 3. Active /reactive virtual power evolutions during one sampling time h by applying (a) first (b) second (c) zero voltage vectors.

Therefore, the following equations should be minimized [3]:

hy )
1 * 1 *
o, * = j (sg 1 +0, (k)= Q) dr e j (50,1 =50, I + 50,1y + 0, (k)= 0,)*dt
" 2 0 2 I

Vripple

hy h
1 * *
2 =;j(slzr+Pv<k>—Pv>2dr +%j<sgr—sghz +81,hy + P, (k)= P)’dt
0 h

(18)

(19)

2

where O, (k) and P, (k) are active/reactive virtual powers which are obtained by (13) and (14). In addition, the references of

0O, (k) and P,(k)are Q: and PV* which according to (15) and (16) are equal to zero during the synchronization condition.

S0,+50,Sp, are active/reactive virtual power sloops and sy, is:

sPl

Iy +s, (hy=hy)

Si2 =

n (20)

At last, according to Figure 3, A,(h, —h),(h—h,) are suitable times for applying each voltage vector to minimize (18) and

(19). Therefore we have [2]:

250, (P =P, (k)= 5,51

(2sp, =45 )(Q, =0, (k)

hl—

—_ + —_
259,55 =480, Sp, *250,5p, ~S0,5p,

- (25, =450 )P, = B,(k)) + (259 =50, )sph .

2y

—_ + —_
250,5p ~45q,5p, *250,5p, ~S0,5p,

(45, =45, )(Q, =0, (k)

2

- + —
2SQ2SPl 4SQ1SPZ 2SQ1 S~ S0,5R,

(22)
2SQ2 Sp~ 4SQ1 Sp, + 2SQ1 S "S0,5p,

Equations (21) and (22) are useful, when s A and s, are in a same direction. Otherwise, /4 and %, will be obtained by:
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h =

* * 3k *
250, (P, =P, (k) =sg,5ph (2sp, =4sp NQ, =0, (k) N (sp, =255 NQ, =0, (k) +s¢ (P, — F,(k)) 23
280,5p ~ 450 5p, * 20,55, 70,5 250,57 ~450,5p, ¥2505p, "S0,5 250,58 ~ 450 S, + 255, 70,5
* £
= (259, =45 )P, =B, (k) + (250 —5p,)sp h N (45, —4s,, +253)(Q, =0, (k)) 24
2SQ2 SR~ 4SQ1 Sp, + 2SQ1 Sp 7 50,5p, 2SQ2 Sp T~ 4SQ1 Sp, + ZSQI Sp 750,59,
To achieve Figure 3, the first voltage vector is chosen by Rated generator voltage V- =380V
Table 1, regarfiless of zero voltage vectolr and the se.con.d Rated generator frequency 7, =50 Hz
voltage vector is chosen by Table 2. The third sloop whichis . _
) o umber of generator pairs P =2
prov1(.1ed by zero voltage Vector. could be p0s1t1.ve OF  gptor resistance R, =0.168Q
negative. This matter depends on either subsynchronism or ) ,
hypersynchronism conditions of DFIG which means it rotates Rotor resistance 1 SRR
either faster or slower than synchronism speed [16]. Stator inductance Lss =0.05H
Rotor inductance L'W =0.05H
Table 2. The second voltage vector switching table (k=sector).
Mutual inductance L, =0.045H

uP, 1 -1

1 V(k+2) (k1)
”‘Qv

gl V(k=2) V(k=1)

At the end, we should consider that the relation between
the sampling time 4, h; and k, is as below:

h>h2>h2>hlahl>0 (25)

If (25) does not happen, it means that active/reactive virtual
powers are far from their references. In this condition, we use
DPC method and only one voltage vector will be chosen.

6. Simulation Results

In this paper, a 15kWDFIG based on parameters in Table 3
is considered as the case study. In the next step, both DPC and
PDPC methods are applied to this case study and compared to
each other. The main purpose is to see how much each method
could reduce the active/reactive virtual power before grid
connection and also active/reactive power after grid connection
[1]. The sampling frequency for both DPC and PDPC is 50
kHz and the hysteresis band for PDPC is zero.

Table 3. DFIG parameters.

Rated generator power Foen =15 KW

DC-bus voltage Vie =500V

voltage (V)

600 i | i

O.ES 0?1 O.iﬂ 2
Time (s)
(a)

0.2

In this simulation, before the grid connection, the
active/reactive virtual power references for providing the grid
synchronization should be zero but after the grid-connected,
references that are not virtual anymore should be 7, = 15
kW and Q,,, = 18.347 kVAR to have the rated power. In
addition, before grid synchronization, it could be these
amounts to arrive grid synchronization condition more easily,
see Figure 4.

Therefore, the grid synchronization starts at t=0.1 sec and
the DFIG connects to the grid at t=0.14 sec, but applying the
new power references arises at t =0.17 sec. Noted that, Figure
5 indicates the behavior of active/reactive power before the
grid synchronization, during that and after the grid
connection by applying DPC method as an example.

Figure 6 shows active/reactive virtual power during the
grid synchronization by applying DPC method and Figure 7
shows active/reactive virtual power during the grid
synchronization by applying PDPC method. Therefore by
comparing Figure 4, Figure 6 and Figure 7, it is obvious that
how much PDPC method can reduce the power ripple and
prepare more suitable condition. And at last Figure 8
indicates the stator currents during the grid synchronizations
and after grid-connected, most when active/reactive power
references are still zero and we have no-load conditions.
From Figure 8 is also obvious that by PDPC method, current
ripple reduces, so a smoother grid connection is obtained.
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Figure 4. The stator voltage and the grid voltage: (a) by DPC method (b) by PDPC method.
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Figure 5. The behavior of active/reactive power before the grid synchronization, during the grid synchronization and after the grid connected, by applying
DPC method: (a) reactive power, (b) active power.
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Figure 7. (a) active virtual power (b) reactive virtual power, during the grid synchronization by applying PDPC method.
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Figure 8. The stator current: (a) by DPC method (b) by PDPC method.
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7. Conclusion

This paper presents a new method for predicting the future
behavior of active/reactive virtual power (which represents
active/reactive power of stator if it was connected to the grid)
based on DPC method, named predictive direct power
control (PDPC). By this new method, the power ripple
reduces, which provides the better condition at a low constant
switching frequency to have a smoother grid connection.
Therefore, this method is useful when we are forced to use
low constant switching frequency for instant in a high power
unit. In PDPC method the grid voltage and the stator voltage
become more like each other, so a safer grid connection that
doesn’t cause mechanical or electrical pressure for both the
grid and the DFIG is obtained.
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