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Dynamic Responses Comparison of Control
Technigues of BDFRG based WECS

Ahmed K. Ibrahim, Mostafa I. Marei, Hamdy S. EI-Goharey

Abstract— This paper presents a dynamic analysis study of brushless doubly fed reluctance generator (BDFRG) used for wind energy
conversion system (WECS). Scalar (V/F), field-oriented control (FOC), vector control (VC), and direct torque control (DTC) techniques are
considered in this study. The system response to various disturbances such as reference speed, load torque, and grid voltage are analyzed
for different control techniques using MATLAB/SIMULINK simulation program. Hypothetical step change signals are simulated for the
various disturbances to evaluate the dynamic performance of different control techniques used for the BDFRG.

Index Terms— Brushless Doubly Fed Reluctance Generator (BDFRG), WECS, Scalar control, Field Oriented Control (FOC), Direct Torque

Control (DTC), Vector Control (VC), Transient Response.

1 INTRODUCTION

DFRG represents a promising generator design for wind

energy generation systems WEGS specially in offshore
applications due to its brushless design which doesn’t require
transferring of electrical power between movable and fixed
parts as both of its primary and secondary windings lies on
the same stator core. This unique design gives BDFRG the ad-
vantage of doubly fed induction generator DFIG which is the
most commonly used generator design for WEGS. In addition,
the absence of brushes increases the reliability of the BDFRG
which is not the case of DFIG. One more advantage of BDFRG
is its ability to operate as an induction generator if it second-
ary winding is shorted which can be utilized in case of invert-
er failure “fail-safe mode of operation”. On the other hand, the
main drawbacks of BDFRG are the large machine size due to
its low torque to volume ratio, complex rotor design and com-
plex controllability [1].
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Fig.1. Main Components of BDFRG drive for wind energy conver-
sion system
As mentioned above, the BDFRG contains two standard three-
phase windings on the same stator core with different number
of poles. One is called the primary or the power winding and
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is connected directly to the grid, while the other is connected
indirectly through a back to back converter. The primary
winding handles the main power and the secondary or the
control winding handles only slip power. The back to back
converter is controlled to achieve desired performance accord-
ing to control technique utilized. Fig.1 shows detailed con-
struction of BDFRG drive system. The rotor is a salient pole
reluctance iron rotor with number of poles equal to summa-
tion of pole pairs of both stator windings. In [2 to 13], different
control techniques are applied to BDFRG including scalar or
V/F, FOC, VC, and DTC which are explained briefly in the
next section. This paper is arranged as follow; In section 2, the
d-g model using natural frames is explained. Section 3 briefly
describes different methods of control for BDFRG. The simula-
tion study is conducted in section 4 while the final conclusion
of paper is given in section 5.

2 BDFRG DYNAMIC MODEL

As the primary and secondary windings of the BDFRG are fed
with two different frequencies, the dynamic equations for
these windings are usually referred to two rotating frames w,
and w,, where w, = 2nf, and w; = 2rf; are primary and sec-
ondary supply radial frequencies, respectively, where f, and
f; are primary and secondary frequencies in Hz respectively.
Thus, the dynamic model of BDFRG can be describes by:

~ R dlp, | . 3
Up, = Rply, + df +jwpdy, )
~ A dds, , .
Usr = Rs lsr + Tar + ]wslsr (2)
Ap, = Lply, + Lysls, @)
As, = Lels + Lysly @)
And the mechanical equation of the machine is:

d rm d rm
Te=T +] =+ F= ®)
where ﬁ,,r,i,,r,i,,r are the primary winding voltage, current,

and flux linkage vectors in the primary rotating frame, respec-
tively, ﬁsr,isr,isr are the secondary voltage, current, and flux
linkage vectors in the secondary rotating frame, respectively,
R,, R, are the primary and secondary winding resistances, re-
spectively, L,, L, L, are the primary and secondary windings
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self and mutual inductances, respectively, T, is the electro-
magnetic torque of the BDFRG, T;is load torque, and w,,, is
the rotor mechanical angular speed.

3 BDFRG CONTROL TECHNIQUES

In this paper, four types of control systems are covered, scalar
or V/F, FOC, VC, and DTC. In this section, brief derivation of
each control technique is presented.

3.1 BDFRG ScALAR OR V/F CONTROL TECHNIQUE

Scalar control of BDFRG is the simplest and easiest control
type. It is suitable only for slow response and narrow speed
variations applications. It is mainly driven from steady state
equations.of BDFRG. Steady state equation can be obtained by

setting Cj 0) and (d’lsr = O) in equations (1) and (2) re-
spectively. Thus,

Up, = Ryly, +J “’plm (6)
ﬁsr = Rsisr +jws/15r (7)

As primary winding is supplied from the grid, voltage drop
due to primary winding resistance can be ignored if compared
to primary winding voltage ©,, , from (6):

Ry = —J 2 ®)
Taking the conjugate of (3) and re-arrange;

~x Lps 3«
LPS lpr Ly Apr L, Sr (9)

From (8) and (9);
P 2
Lysty, = jipsPor _ Lbsg (10)
r Lp wp Lp T
From (4) and (10);

A N L2 .  Lps D}
Asr = lesr _Llsr +j _ps “Pr
Lp Lp wp

thus,

1 = oL + et
/15 - O-les +] LF; wp (11)
where, 0 =1 — L = secondary winding leakage factor.
phs
Substitute in (7);
Dy = Ryl + jog (aLsis +jﬁ”ﬂ) or in d-q frame:
T T T ; Lp mp
. . s Wg
Vsq = Rs lsa — wso-Ls lsg — le_vpd (12)
L P mp
sq = Rsisq + @s0Lsisq + ; va (13)

Aligning primary rotatlng frame, thus v,,; = zero, and ignor-
ing effect of i,; on secondary voltage magnitude as for narrow
speed ranges f; becomes small and thus the term (w;0Lgizy)
can be ignored SO,

w 14
V R lsq + fﬂ)_: U = Vpoost T ;f; (14)

where vy,,,5 = Rsisq Which can be set as 10% of rated voltage
without a great effect on control performance as stated in [3],

and ; = ﬁ: constant. According to [16], the BDFRG produc-
php
es useful torque or power only if:
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using ; ratio. The secondary voltage magnitude command v;

is calculated and adjusted by controlling the secondary wind-
ing inverter.

3.2. BDFRG FIELD-ORIENTED CONTROL FOC
TECHNIQUE

The FOC is one of the most important types of control due to
decoupled control torque and primary winding (line) reactive
power [4], [6], [7] and thus primary power factor control. Writ-
ing equations (1) to (4) in d-q forms:

. da
Vpa = Rylpg +Md_fd — Wydyg (16)
pg = Rplpg + qu + wpdpa 17)
. dig
Vsq = Rs lsg + dtd - wslsq (18)
. das
Usq = Rs lsq + d_tq + ws/lsd (19)
/’{pd = Lpipd + LpSiSd (20)
Apg = Lplpg — Lysisq (21)
Asd =1L lsd + Lps pd (22)
Asq = Lgisqg = Lysipg (23)

where v,4, v,, are primary voltage direct and quadrature
components, vy, Vs, are secondary voltage direct and quadra-
ture components, i, i, are primary current direct and quad-
rature components, iy4, i5, are secondary current direct and
quadrature components, 4,4, 4,, are primary flux linkage di-
rect and quadrature components, 454, 45, are secondary flux
linkage direct and quadrature components.

Calculating the apparent power for primary and secondary

winding:

Sp = 20,1, = 2 (Ryi + 15, 22+ jw, A 5, ) (24
s =200 =2 (Riz+ 1, Dot jo a1 ) (25)
At steady state, both & ”’ and 2 S’ vanish. Thus,

S, = —(R +jw, Apr pr) (26)
S ——(R is +]w /15, Sr) 27)

The terms R, i} and R,iZ express the copper losses of both pri-
mary and secondary windings, respectively. While jw, y) oo lp
and ]ws/l i;, are the electromechanical active and reactive
power components. Thus, rotational active and reactive power
components for both primary and secondary winding in d-q
forms can be excessed as:

B, = ;“’p(lpdipq = Apqgipa) (28)
Q= ;“’p (Apatpa + Apging) (29)
P, = 20, (Asqisq = Asqisa) (30)
Qs = 2w (Asaisa + Asqlsq) (31)

If primary rotating frame is aligned to primary flux linkage
thus, 4,, = zero. Substituting in (20) and (21),

Ap, = /1 =1L i,,d + Lpsisq OF,

(1),. = prwrm = wp + (1)5 (15) pd - (/1 ps iSd) (29)
The idea of this control is to adjust ws according to desired Also, L,,L,,q L,sisq = zero of,
speed command w;,,. Therefore, the machine speed is adjust- ipg = Lvsl (30)
ed to fulfill condition of useful torque production (15) and Ly
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From (4), (22), (23) (29) and (30);

/15 oLsigy +—/1 +joLsisg (31)
p h,—/
Asd Asq
E - a Lps
Or, Asr - O'lesr + Elp (32)

N
leakage flux mutual flux Aps

For accurate alignment, knowledge of primary winding re-
sistance is mandatory. Equation (32) shows that by alignment
of primary rotating frame to primary flux linkage, the second-
ary rotating frame is automatically aligned to secondary mu-

tual flux linkage component. Substitute in (28) to (30):
3

B, =-w, LL”SA i (33)
Wyl .
3 L p(/1 pslsd) (34)
g_;wsi—fzplsq_j)—zpp (35)

Using (15), (33), and (35), the electromagnetic torque can be

calculated as follow:

P, P, +P, 3 L
T = L=ty oo (3)
Wrm Wrm 2 Lp

Equation (36) states that the electromagnetic torque can be
controlled by controlling is, only as 4, is almost constant as
primary winding voltage is constant since the primary wind-
ing is connected directly to the grid. Thus, the maximum
torque per inverter ampere (MTPIA) control strategy can be
achieved if iy, is set to zero as it has effect on the torque pro-
duced.

Equation (34) states that primary power factor can be con-
trolled by controlling i,; only. Thus, unity primary power fac-
tor (UPPF) control strategy can be achieved if (i;q = 4,/L,;) SO
Q,= zero. From (34) and (36), decoupled control is completely
achieved using FOC and this is one of the main advantages of
using this type of control. This action is on the expense of
complex calculation required for transformations calculations
and accurate primary flux angle estimation for frame align-
ment required.

3.3 BDFRG VECTOR CONTROL VC TECHNIQUE

Vector control shares the same de-coupled control advantage
of FOC and doesn’t require the knowledge of primary wind-
ing resistance. The parameters independent feature of the VC
results from aligning the primary voltage vector with the
guadrature axis of the primary rotating frame unlike the FOC
technique where the primary flux linkage vector is aligned to
direct axis. Consequently, the primary flux linkage is slightly
shifted from the direct axis due to primary resistance effect as
Apa > Apq. This shift has an ignored effect on controller per-
formance so 4,, can be ignored specially for larger machines
where primary resistance is too small and same rules of FOC
technigue can be applied for VC.

3.4 BDFRG DIRECT TORQUE CONTROL DTC
TECHNIQUE
DTC control technique utilizes the same concept of FOC but

the alignment of the primary rotating frame to the primary
flux linkage is done directly from the stationary frame without
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the need for any transformation calculations. Returning to
equations (31) and (36):

3 Prlps
Tom == A
em 2 Lp

where 6§ = sin‘l’;ﬂis the angular position of the secondary

_ 3Prlps 1
20LsLy P

balsq s 2:; Apsdgsin s (37)

flux linkage in the secondary rotating frame. Equation (37) is
the main principle of the DTC. It shows that the torque of the
BDFRG can be controlled by controlling secondary flux link-
age angle & in the secondary rotating frame. Alternatively, the
secondary flux linkage angle in stationary frame, § + 6,, can
be used to control the torque, where §; = [ w.dt is the second-
ary rotating frame angle. It can be assumed to be constant dur-
ing the sampling time due to the low frequency of the second-
ary winding of the BDFRG. As a result, there is no need to
determine the position of the secondary winding frame for the
DTC as the secondary flux linkage can be directly controlled in
the stationary frame. As 4,; or 4, are constants, depend on
primary voltage, the electromagnetic torque can be controlled
by controlling the angle § from stationary frame while keep-
ing A, at a desired level to achieve either MTPIA or UPPF
strategy.

In this control technique, rotor speed w, is measured or esti-
mated and compared with the speed command w,;; where the
speed error is processed by a simple PI controller to obtain the
instantaneous torque command T,,,. This torque command is
compared with estimated machine instantaneous torque T,,,
to generate the torque error AT,,,. The estimated instantons
torque can be calculated in the stationary frame from [18]:

Tem = pr( tpghpa = ipa’lpg) (33)
where i, and i, are primary current components in station-

ary ap frame, 4, and Apﬁ are primary flux linkage compo-
nents in stationary af frame, and are calculated as follow:

a= f(vpa - R, ipa) dt
Apg = f(vpti’ - Rpipli’) dt
Ay = |43, +22,

(39)
(40)

(41)
where v, and v, ; are secondary voltage components in sta-
tionary frame, i, and i,, are secondary current components
in stationary frame, 4, and A,  are secondary flux linkage
components in stationary frame. The command of the second-
ary flux linkage A; is set at its optimum value which is based
on the required control strategy, UPPF or MTPIA. It had been
shown that for UPPF, the desired secondary flux linkage can

be expressed as [13, 14]:

2= () + (2t 2em )’
= ) + (22 5k)
In contrast, the desired secondary flux linkage to achieve
MTPIA can be expressed as [10, 12]:

2
1= (12, + OLlps 2Tem
s DS

1-0 3prp

(42)

(43)

Depending on selected control strategy, the desired secondary
flux linkage A} is compared with the estimated instantaneous
secondary flux linkage A, and the error AA, is generated. The
estimated secondary instantaneous flux linkage A, and flux
angle in stationary frame are estimated as follow:
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Asa = f(vsa - Rs isa) dt (44)
Asﬁ = f(vsﬁ - Rslsﬁ) dt (45)
A= |22, + 22 (46)
5+6,= tan‘lzﬁ (47)

sa

where v, and Vs, are secondary voltage components in sta-
tionary frame, i and s, are secondary current components in
stationary frame, A, and A ; are secondary flux linkage com-
ponents in stationary frame. The sector number is then deter-
mined according to below:

1,675

1000 | L — | | I -

0 ] ] Il ] ] Il ]
3307 = (05 + 6) <30 ! Sector 1 -403.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
30° < (6, + 8) < 90°, Sector 1 Fig.3 Dynamic response of FOC based BDFRG under step change in
30° < (6, + 6) < 90° Sector 1 rotor speed command w;:
Sector = s ' 45 "
150° < (8, + &) < 210°,, Sector 1 (45) Spesd (REM) ,
210° < (8, + 8) < 270°, Sector 1 S R i | VRS i
270° < (6, + §) < 330°, Sector 1 Bk |
|
Using sector number, torque error AT,,,, and flux linkage error g0 — . .|
AA,, the switching states for the machine side inverter is de- e = o F 7 A pes = :
termined from switching table 1 [10 to 15]. -
TABLE 1 o
DTC SWITCHING TABLE ik
Comp. | Sector 1l | Sector 2 | Sector 3 | Sector 4 | Sector 5 | Sector 6 40 | j I } | | |
A AT, ) a| b|c|a|b|c|a|b|c|a|b|c|a|b|c|a|b]|c 3.4 386 38 4 42 4.4 46 4.8 3
o lo olol1lalolalalololalalololalolol 1] Fig.4 Dynamic response of VC based BDFRG under step change in
0|1 Jola|ojola]1]o|ofafa]o]1|2|o]of1]1]o0 rotorgRbed command S8
1 {o J1|oflz|zlo]lofzl2lo]o]l2|ofolz]2fjo]of1 ; Spsedi(REMY . : ;
1|1 Jaj1]ojol1]jojojrj1fojol1j1]oj1]1]ofof oo~ e W | | i
800 - i | I il
4 SIMULATION RESULTS AND DISCUSSIONS 600 |— ,
Simulation study using MATLAB/SIMULINK is per- 3.4 3.6 3.8 4 4.2 44 4.6 4.8 5
formed for the BDFRG with the given parameters in the Ap- ¢ L .
pendix. Disturbances in speed, torque, and grid voltage are
simulated to evaluate the dynamic response of the four control e |
techniques. 0 e e T
Spasd. (RPW) | I I I I I I
1000 T T T T T T -40
| 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

800

600

400 | | | | | | |

Fig.5 Dynamic response of DTC based BDFRG under step change in
rotor speed command w.
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Fig.2 Dynamic response of scalar controlled BDFRG under step

200 I I |

change in rotor speed command w;:.
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Fig.6 Dynamic response of scalar controlled BDFRG under step
change in load torque T;.
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Fig.7 Dynamic response of FOC based BDFRG under step change in
load torque T;'.
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Fig.11 Dynamic response of FOC based BDFRG under 20% grid
voltage dip.
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'403_4 16 18 4 42 a4 46 48 5 Fig.12 Dynamic response of VC based BDFRG under 20% grid volt-
Fig.8 Dynamic response of VC based BDFRG under step change in age dip.
load torque T;'. - Speed‘(RPM]
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Fig.9 Dynamic response of DTC based BDFRG under step change in
load torque T;'.
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50 T T T T T
0 Lol 8
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=
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Fig.10 Dynamic response of scalar controlled BDFRG under 20% grid
voltage dip.

600

-28

3.4 3.6 3.8 4 42 44 46 4.8 5
Fig.13 Dynamic response of DTC based BDFRG under 20% grid
voltage dip.

Figs. 2, 3, 4, and 5 illustrate the dynamic response of the
BDFRG under a step change in speed command from 600 rpm,
at sub-synchronous mode, to 900 rpm, at super-synchronous
mode. The generator load torque is set at -25 Nm. for different
control techniques. The scalar controlled BDFRG showed an
underdamped speed and torque response with speed and
torque overshoots of 50 rpm and 125Nm. It is noted that the
torque jumps to positive 100 Nm during the transition from
sub-synchronous mode to super-synchronous mode which is
forbidden for WECS. Unfortunately, this action can’t be con-
trolled as decoupled control can’t be achieved using scalar
control. This action makes scalar control not favorable for
WECS applications. The FOC, VC, and DTC reveal a nearly
identical overdamped transient response for speed with 100
rpm overshoot with smoothest torque response for DTC than

IJSER © 2018
http://www.ijser.org



International Journal of Scientific & Engineering Research, Volume 9, Issue 11, November-2018

ISSN 2229-5518

both VC and FOC. It worth to mention that torque controller is
limited to zero for FOC, VC, and DTC to prevent positive
torque production during transition from sub-synchronous to
super-synchronous modes.

Fig. 6, 7, 8, and 9 demonstrate the dynamic response of
BDFRG under sudden loading of 25 Nm. from no-load condi-
tion at 600 rpm using the four control techniques. Again, un-
derdamped or oscillatory speed and torque responses are ob-
served for scalar control with overshoots in speed and torque
of 30 rpm and 12.5 Nm, respectively. FOC shows speed and
torque overshoot of 55 rpm and 5 Nm respectively with super-
imposed torque oscillations of 2 Nm. VC and DTC techniques
show nearly identical overdamped speed and torque respons-
es with speed and torque overshooting of 40 rpm and 5 Nm,
respectively. The superimposed torque oscillations for VC is
less than FOC case, while no or neglectable torque oscillations
are observed for DRC.

Finally, Figs. 10, 11, 12, and 13 show the dynamic responses of
the BDFRG using the four control techniques under a grid
voltage dip of 20%. All control techniques exhibit under-
damped torque and speed responses except DTC which is not
affected by the grid voltage disturbance. The speed overshoots
observed when using scalar control, FOC, VC, and DTC are 7
rpm, 7 rpm, 5 rpm, and 0.5 rpm, respectively. The torque over-
shooting are 25 Nm, 10 Nm, 12 Nm, and 1 Nm when scalar
control, FOC, VC, and DTC are used, respectively.

5 CONCLUSION

In this paper, the main control techniques used for BDFRG
have been briefly explained and simulated successfully. To
evaluate their dynamic response, different types of disturb-
ances are considered such as step change in speed command,
step change in load torque command, and grid voltage dip.
The FOC, VC, and DTC methods show stable responses and
acceptable overshooting while scalar control responses
weren’t acceptable in some cases where positive electromag-
netic torque is generated (motoring mode) which is forbidden
for WECS applications. FOC and VC methods showed oscilla-
tory responses under voltage dips while DTC method was
able to handle voltage dips with neglectable effects on speed
and torque responses. It is worth mentioning that DTC meth-
od is able to present decoupled control without the need for
rotating transformation calculations which is not the case for
FOC and VC techniques.

APPENDIX

The BDFRG machine under study is a 4 kW, 750 rpm, 6/2-
pole, Y-connected. The machine primary winding ratings are
415 V, 50 Hz, 7.5 A. The detailed parameters of the machine
are listed in Table 2.

TABLE 2

BDFRG PROTOTYPE PARAMETERS AND RATINGS

Symbol Quantity Value

] Rotor inertia 02kg-m2
F Friction coefficient 0
R, Primary resistance 3780

IJSER © 2018
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R, Secondary resistance 244 0
Loy Primary winding self-inductance 041 H
Lons Secondary self-inductance 032H

Lysmax ~ Mutual inductance 03H

Dr Rotor poles 4
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