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Modeling and Control of Inversely Connected
Rotors of Brushless Doubly Fed Twin Stator
Induction Generator

A. Mahdy, S. M. EL-Hakim, M. Abdel Hakim

Abstract: This paper presents a steady state and dynamic
modeling of inversely connected rotors of Brushless Doubly Fed
Twin Stator Induction Generator (BDFTSIG). The BDFTSIG
consists of two identical machines, one is called power machine
whose stator is connected directly to the grid and the other
machine is called control machine whose stator is connected to a
pulse width modulation converters. A vector control scheme is
applied on the grid side converter (GSC) to control the DC link
bus voltage; another vector control scheme is applied on the
control machine side converter (CMSC) for synchronization and
also to control the active and reactive power delivered to the grid.
The system is simulated using MATLAB/Simulink environment.
The simulation results show a good performance comparing with
conventional doubly fed induction generator, under various
loading and rotor speed conditions.

Keywords: BDFTSIG, vector control, inversely connected
rotors.

Subscripts sp, sc, rc, rp PM & CM stators and rotors

Subscripts d,q,9 d-axis & g-axis, grid
W Mechanical angular speed in rad/s
14 Pole pair
s Slip
L L, Leakage & mutual Inductance in H
T, Electromagnetic torques in N.m
Pind Mechanical wind power in watt
Vwind Wind velocity in m/s
p Air density in kg/m?
Cp Wind power coefficient
y! Tip speed ratio
wr Turbine angular speed in rad/s
Rr Turbine rotor radius in meter
E DC-link voltage in volt

(7] Orientation angular position in rad
@ Magnetic Flux in webers
P,Q Active & reactive power in watt,

’ VAR

l. INTRODUCTION

Nowadays there is a huge increase in demand and relying on
renewable energy resources as an alternative for traditional
fossil fuel energy resources.
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A Doubly Fed Induction Generator (DFIG) has a significant
advantage in high power wind energy conversion systems
(WECS), Because of possible independent control of the
active and reactive power that can be achieved by using a
power electronic converter connected to the rotor side
circuit, which handles only a fraction of the total delivered
power making them suitable for wind power applications.
The main disadvantage of the DFIG is the existence of slip
rings and carbon brushes, carbon brushes are known to have
limited life span and therefore are replaced every couple of
months result in an increases the maintenance costs due to
wearing and depreciation, also carbon dust is conducting in
nature and when trapped in the generator windings it will
increase the risk of sparking between the winding
conductors which could result in the weakening of the
insulation and therefore a reduction of system reliability [1-
3], to overcome this drawback a Brushless DFIG is used
instead, the BDFIG are without brushes and slip rings and
hence achieving higher reliability and lower maintenance
cost. A BDFIG consists of two stator windings with
different number of poles located in a single frame, those
stators are magnetically coupled and electrically insulated,
this type of machines have a common shaft with a special
type of rotor “nested-loop” design. The first stator winding
(power winding) is directly connected to the grid while the
second stator winding (control winding) is connected to the
grid through a controlled power converter [4-9]. Another
equivalent alternative scheme is used for the BDFIG which
is the BDFTSIG which consists of twin slip ring type
induction machines. One of the two machines whose stator
is connected directly to the grid is called a power machine
(PM), while the other machine whose stator is connected to
a power converter is called a control machine (CM), in this
scheme the two rotors mechanically coupled and direct
electrically connected through rotor circuits. The rotor
terminals have two possibilities of connections, the first
connection is back to back / positive sequence connection,
Duro Basic et al. presented a study for the transient
performance of BDFTSIG under vector control for this type
of rotors connection [10], the second connection is a
negative / inverse sequence connection which is more
preferable as it ensures that the generated torques act in the
same direction and the resultant torques is the summation of
both machines’ produced torques, Duro Basic et al.
presented a study for steady state performance and modeling
of BDFTSIG for this type of rotor connection [11], similarly
Marek Adamowicz et al. presented a study for the steady
state analysis [12], also Zohier et al. presented a study for
the dynamic and steady state performance [13].
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A control schemes were presented for back to back
rotors connection, Kostyantyn Protsenko et al. presented a
control scheme for active and reactive power control by
means of a four quadrant power converter under the closed-
loop stator flux oriented control scheme for back to back
sequence rotors connection [14], also A. Bensadeq et al.
presented an indirect vector control for grid operation of a
BDFTSIG to control the power flow into the grid with a
variable speed prime mover such as a wind turbine [15].

In this paper both steady state and dynamic model is
presented for inversely rotor directly connected BDFTSIG
system shown in Fig. 1. A vector control scheme is used to
control the DC link bus at unity power factor using a Pl
controlled grid side converter (GSC) which is connected to
the grid, another vector control scheme is used for the
synchronization with the grid, and for achieving active and
reactive power control using a Pl controlled machine side
converter (CMSC) which achieves a good transient response.
Both vector control schemes are validated and the dynamic
performance results are represented and analyzed by using
MATLAB/Simulink environment. The results show a good

performance under various loading and rotor speed
conditions.
Vep, fsp Vse, fsc

Grid

Fig. 1 Inverse sequence rotor connected BDFTSIG

1. MATHEMATICAL MODELING OF BDFTSIG

A. Mode of Operation

A BDFTSIG can operate in several ways but the
synchronous mode is used for controlled variable-speed
operation [5&13]. When the BDFTSIG operates in
synchronous mode, there is a single frequency of current in
the rotor, which is given by:

w‘rp = wsp - pp W (1)
Wye = Wge — Pe Wy (2)
Accordingly the slips for the two machines are given by:
—_Yrp _ Wsp~ Pp ¥m
0 T o wsp ®)
— Yrc _ Wsc” Pc Wm
Se = Wsc - Wsc (4)

To produce constant torque the cross-coupling condition
should be satisfied, which is:

Wyp = — Wy (5)
Wsp — pp Wy = — Wge + Dc Wi (6)
Wge = (pp + pc) Wy — Wep (7)
From (3), (4) and (5) we can deduce the relation between PM
and CM slips and frequencies from the following equation:

= _ 2 (g)

Sc Wsp
The synchronous speed of the BDFTSIG is half the
synchronous speed of the both machines, leading to a shaft

angular velocity is given by:
- Wspt Wsc

DPpt Dc (9)

wm
A. Dynamic Modeling of BDFTSIG

The mathematical dynamic model of the BDFTSIG
can be derived from the models of two slip ring induction
machines with inversely connected rotors as shown in fig. 1.
This dynamic model is represented in two-phase coordinates
(dq) rotating at synchronous speed in the matrix form as given
in (10), for derivation see appendix.

B. Steady State Modeling of BDFTSIG

The steady state per-phase equivalent circuit of
BDFTSIG after referring to stator winding of PM is shown in
Fig. 2. The BDFTSIG steady states per phase modeling
equations are as follows:

Vsp Rsp + ja)sp Lsp ja)sp L, 0 Isp
0 = jwsp Lm RT/SZ, + jwsp Lr _j Wgsp Lm * Ir (11)
Vee 0
Neglecting the saturation effect (L., = Ly = L), Lgp =
Llsp + mel Lsc = Llsc + me’ Lrp = Llrp + me’ ch = Llrc +
L., because the two machines are assumed to be identical,
R, is the sum of rotor resistances R, = R, + R,. and Ly, is

the sum of rotor leakage inductances Ly, = Ly, + Liyc.
Rs, j wsp Lisp j wsp Lir R/ Sp jwsp Liss R

. Sp . Sp
_]5_(: Wgp Lm Rsc + js_c Wgp Lsc Isc

Sc/Sp

Isc

j Wsp Lime

Ve Ve o/ st

Fig. 2 Steady state per phase eq. circuit of BDFTSIG
The electromagnetic torque equation is given by:
Tep = >Dp Linp im{isy i} = 2Py Ly im{iy * i} (12)
Tee = 2Pe Line iM{isc ife} = 2Pe Line imf{ise * iy} (13)
T = Tep + T (14)

. (Rsp + SLsp) wspLsp SLp WspLmp 0 0 i
asp —wsplLsp (Rep + SLgp) —WspLony SLuny 0 0 asp
L
V%sp B SLonp (wsp = Pp@m)Limp (R, + SL,) (wsp = Pp@im )Ly —SLme (wsp = Pp@m)Lne Z;f 10
0|l _(wsp - ppwm)l‘mp Sme _(wsza - ppwm)l‘r (Rr + SLr) (wsp - ppwm)me SLinc * ar ( )
5156 0 0 = SLc ((pp + pc)wm - wsp) L (Rsc + SLsc) ((pp + pc)wm - “’sp) Ly l:qsc
dsc la.
0 0 ((pza + pc)wm - "Jsza) me Sme - ((pp + pc)wm - wsp) Lsc (Rsc + SLsc) *
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. CONTROLLING OF BDGTSIG SYSTEM

A. Grid Side Converter Controller

The main purpose of GSC is to regulate the voltage of
the DC bus regardless of the magnitude and direction of CM
power flow. Moreover, it is allowed to generate or absorb
reactive power for voltage support requirements. This
function is realized with a stator field oriented vector control
scheme which enables the decoupled control of active and
reactive power flowing between the three-phase grid and the
GSC through the PWM converter. Fig.3 shows the
connection arrangement of the GSC. The relationship of the
inductance and resistance in fig. 3, the voltage equations can
be written as follows:

Vag lag d |tas Va1
Vbg| =R |lbg +LE lpg| + [Vb1| (15)
Veg icq ieg] e
DC Link
io;focz
-3 e -3
T GSC CMSC
Val Vbl Vcl

Fig. 3 GSC connection arrangement

The voltages equations in (15) can be rewritten in
synchronously rotating dg-axis reference frame as follows:
digg
dt
digg :

T%— Wep Ligg + vgr (17)

Where R and L are the supply side impedance components,
the active and reactive power to/from the grid equations can
be written in synchronously rotating dg-axis reference frame
as follows:

Udg =R idg + L - (l)spL iqg + Va1 (16)

Vgg = Rigg+ L

3 ) .

Pg = E(Vdg ldg + ng lqg) (18)
3 . )

Qg = E(ng lgg = Vag lqg) (19)

For decoupled control of grid side converter (GSC), the
supply voltage angular position is given by:

v,
Ogp = f wgy dt = tan™ £ (20)
U(Z

Where vz and v, are the stationary axis frame for the grid
side voltage. By aligning the synchronously rotating d-axis
reference frame with the grid side angle this will result in
V49 = 0 and since the amplitude of the supply voltage is
constant, v4, Will be constant too, so the active and reactive
power to/from the grid in (18) & (19) can be rewritten in
synchronously rotating dg-axis reference frame as follows:

3
Fy = 2 Vag lag (21)

3 .
Qy=- > Vag lqg (22)
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(21) & (22) demonstrate that the active and re-active powers
from the grid-side converter are controlled via iz, and iy,
components of current respectively. The vector control
scheme is implemented using two control loops: an outer
voltage control loop consisting of a DC voltage regulator. The
output of the DC voltage regulator is the reference current i}
for the current regulator which regulates the PWM converter.
The inner current control loop consists of a current regulator
controlling the magnitude and phase of the voltage generated
by converter from the i; reference and a specified g-axis iz
reference regulating the reactive power similarly as [16-20].
The reference values for the GSC can be written as:

Vg = —v,;+ (prL lgg + va1) (23)
77;1 =-—v,— (prL idg) (24)

Where the reference voltage vy, and vy, are the reference
values for the final PWM signal generation for the converter
IGBT switching of the GSC, and the terms between brackets
are the voltage compensation terms. The voltage compensated
terms make it possible to achieve decoupled control using
vector control of the GSC converter. Fig. 4 shows the block

diagram for the vector control of GSC.
DC Link

E

pL
) V’u Vabe
-
e[ s ] pwn
: = -.
vy

Voltage L
ang|e choke

calculation
v Vape
Yo f gom “lf 213

o 28 fee

T

Fig. 4 Block diagram for vector control for GSC

B. Control Machine Side Converter Controller
The main purpose of control machine side converter

(CMSC) controller is to synchronize the electrical output of
the BDFTSIG with the grid. After the synchronization process
the magnitude of both active and reactive power can be
controlled via igs. and igs, current components respectively
of the CM. The reference current components signals ig,. and
izsc are compared with the actual current components signals
Igsc and i4q, the errors are processed through a Pl controller
generating the CM stator voltage component signals v,,. and
Vgsc espectively, Then these voltages are compared with the
compensation voltages v, and v, to obtain the reference
voltages vg . and vgs-0f the PWM controlled IGBT bridge.
The equations below offer a decoupled control.
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The active and reactive power equations for the PM:

Psp = E(vdsp idsp + qup iqsp) (23)
3 . .
Qsp = E (qup Lasp — Vasp lqsp) (24)

Neglecting the stator resistance and by aligning the
synchronously rotating d-axis reference frame with the stator
voltage angle this will result in that the v, = 0 and since the
amplitude of the supply voltage is constant, v, will be
constant too, so the active and reactive power input to the
stator of the PM in (23) & (24) can be rewritten in
synchronously rotating dg-axis reference frame as follows:

3
Psp = E Vasp lasp (25)

Qsp == E Vasp iqsp (26)

Based on (25) & (26), the reactive power (Qsp), can be
controlled by the g-axis current of the PM (i), where the
active power (P, ), can be controlled by the d-axis current of
the PM (igsp).

Fig. 5 shows the vector control of the BDFTSIG control

system is implemented using Matlab/Simulink in
synchronous rotating reference frame.
Vase M= 1 O Vs,
. ase o Voase i) 2/3 HPwMm — ;j’r(’:'
Iasc + ﬂ . > Vagsc,
lasc qsc| I
labe_sc
el 3/2 = o
wee [ e
Voltage lgsc | —
Compensation Vas,
Wasp | War | War
L Rotor :‘jsc

cale [TTay

Wasp

e lee ] Flux

Fig. 5 Block diagram for vector control for CMSC
Grid synchronization:

The grid voltage component signals V,, and V;, are
compared to the PM stator voltage component signals
Vasp and Vg, respectively. The resulting error is processed
by the PI controller producing the reference the CM stator
current component signals Igge sync @nd Igsc_sync- The current
control signals control the excitation flux of the CM which is
connected to the PM electrically through the rotor circuit
controlling the excitation flux of the PM and hence the stator
voltage magnitude and frequency.
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Active & Reactive power control:

The active power control is achieved by regulating the
PM stator d-axis current component iy, as shown in (25),
this current component is regulated through the CM stator g-
axis current component i;,.. The available mechanical wind

power is given by:

1
Pyina = Ep Ar Cp (/1) Vmg;ind (27)

wr R
1=—27L (28)
Vwind

116 125
Cp(l) =0.22 (T —5)e i (29)

i

_1_
2 =7 0.03(61)

Pyina opt = Kopt w% (30)

For a gear ratio of 1:5, the power input to the generator at the
generator speed is given by:

Pyina opt = K(;ptwg3 (€29)

K(‘th = 1/53 Kopt (32)

The constant K, can be selected to extract the desired
maximum wind power from the wind and this is done by
controlling the active power of the system to achieve the
optimum tip speed ratio (A) and the coefficient of
performance C,(4) for a preset generator speed, for an
optimum performance, the reactive power control is also
controlled by regulating the PM stator g-axis current
component i,, as shown in (26) this current component is
regulated through the CM stator d-axis current
component i . to achieve the desired power factor.

V. SIMULATION RESULTS

The system shown in fig. 1 is simulated and validated in
Matlab/Simulink environment. The parameters shown in table
1 are for BDFTSIG, each machine is of rated power 4kW,
380V, 9.5A and 1500rpm, the parameters are referred to stator
side, and the BDFTSIG system is driven at different reference
speeds of 650 rpm sub-synchronous speed and at 850 rpm
hyper-synchronous speed for different loading conditions.
The wind turbine rated power is 5.5kW and the parameters are
shown in table 2. The GSC was designed to regulate the DC
link voltage at 150V with a 1000uF DC link capacitor, and a
supply impedance of 0.1Q resistance and 15mH inductance.
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Table 1 Parameters of BDFTSIG

Rs [ﬂ] Rr [‘Q'] Lls [H] Llr [H] Lm [H] pp Pc
1.405 1.395 0.006 0.006 0.172 2 2
Table 2 Parameters of wind turbine
Ry [m] Ap[m?] Cutinspeed[m/s] Cut out speed[m/s]

31 30.2 2.5 11

A. GSC Simulation Results
Fig. 6 shows the simulation result with iz, set to zero
(unity pf). The phase voltage and current are in phase.

-0 05 1 15 T|y§é5[Sec] 35 4 45 5
(@)
e
:z \ —— Reference DC link voltage
— Actual DC link voltage
0.5 1 15 2 Tirr?és[Sec] 3 35 4 4.5 5
(b)

OO WO 1 0 o O o
i‘”m,\ul,\ll INiR NI \l’_\ll ML\\ \MI JI_\HI_\l
S oI AYRNRVAYAVAYARRNRYARYANAND
S aor ot A A

o L VUV VMV VY VY VYV VU VYV Y

-400 \ ——Grid phase voltage

‘* Grid Phase current

-5081 0.15 02 0.25 03 0.35 04 0.45 0.5

Time [Sec]
(©

Fig. 6 GSC simulation results at unity pf: (a) g-axis
current component, (b) DC-link voltage, (c) Phase
voltage and current

B. Synchronization Simulation Results
Fig. 7 show the simulation results of the phase voltages
for both the grid and PM stator wave forms, also the
controlled grid & PM stator voltages in dq synchronous
rotating reference frame during the synchronization process
which takes 0-0.1 sec till the synchronization ends.
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(c)
Fig. 7 PM Stator dg-axis components during
synchronization: (a) Grid and PM phase voltages during
synchronization, (b) d-axis voltage, & (c) g-axis voltage.

A
S

C. Active & Reactive Power Control Simulation
Results

Fig. 8 (a) shows that the PM stator active power at
650rpm, which is regulated at 2200W; Fig. 8 (b) shows that
the CM stator absorbs 670W from the grid. Fig. 8 (c) shows
the system mechanical power input of 2150W. The efficiency
of the system is almost 70%. Fig. 9 (a) shows that the PM
stator active power at 850rpm, which is regulated at 3800W;
Fig. 9 (b) shows that the CM stator power supplies 170W to
the grid. Fig. 9 (c) shows the system mechanical power input
of 5050W. The efficiency of the system is almost 78%. In all
the cases the gear box losses are neglected.
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Fig. 8 Simulation results at 650rpm: (a) PM Stator active
power, (b) CM Stator active power, (c) Mechanical
power input

-2000

-3000

E oo PP Yoy et
o
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Time [Sec]
(@)
100
0
= -100
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Time [Sec]

2. soon MMMV MAVIWAVHAMA VAP A
e 5000 i

3 3.2 34 36 42 4.4 46 4.8 5

4
Time [Sec]

(©)
Fig. 9 Simulation results at 850rpm: (a) PM Stator active
power, (b) CM Stator active power, (c) Mechanical
power input

Fig. 10 shows the simulation results of the steady state
BDFTSIG efficiency at different rotor speeds of 650 and
850rpm for varying loading conditions of 2200 and 3800W
respectively extracted at PM stator terminals.
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Fig. 10 BDFTSIG efficiency

Fig. 11 shows the simulation results of the BDFTSIG at
different rotor speeds of 650 and 850rpm for a varying
loading with additional load connected at in the instant 5s.
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Time [Sec]

Fig. 11 PM Stator and grid phase currents: (a) at 650 rpm,

(b) at 850 rpm.

Figs. 12-13 show the simulation results for CM stator dq
current components, PM stator dg current components, and
PM stator active and reactive power, due to a step d-axis
current component reference input at rotor speeds of 650 and
850 rpm, these figures show the decoupled control of both
active and reactive power components, there is a slightly
coupling effect, causing a slight change on the active power
component.
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Fig. 12 Simulation results @ 650 rpm. (a) CM Stator dq
currents, (b) PM Stator dq currents, (¢) PM Active and

reactive power
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Fig. 13 Simulation results @ 850 rpm. CM Stator dq
currents, (b) PM Stator dq currents, (¢c) PM Active and

reactive power
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V. CONCLUSION

A steady state and dynamic modeling for inversely
connected rotor of a BDFTSIG with vector control for both
grid side and control machine side converters have been
presented in this paper. The vector control scheme of GSC for
controlling the DC link voltage was achieved regardless the
power flow though the CM stator terminals, also the
synchronization process was achieved in a fast and smooth
way, matching the amplitude, frequency and phase of the PM
stator voltage with the grid voltages, it assured the conditions
for the synchronization through controlling the CM stator
current components, also the vector control scheme of CMSC
for controlling both the active and reactive power of the PM
stator was validated, the power factor at the PM stator was
improved. The vector control scheme of the inversely
connected rotor of BDFTSIG system was robust and the
simulation results showed a good transient performance under
variable loading, power factor settings and rotor speed
conditions. The only disadvantage is the efficiency of the
BDFTSIG which can be compensated by the lower
maintenance cost by the elimination of slip rings and carbon
brushes and also by increasing the reliability and availability
of the wind turbine system. Finally The inversely connected
rotor of a BDFTSIG proves to be a good alternative for DFIG.
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APPENDIX
A. Dynamic model of BDGTSIG derivation:
The stator voltage equations for PM:

) d

Vasp = Rsp lgsp + FT: Yasp + Wsp Yasp (A.1)
) d

Vdsp = Rsp ldsp + a lpdsp - wsp lobqsp (A- 2)

The rotor voltage equations for PM:

. d

Varp = Ryp lgrp + at Yorp + (Wsp — PpWm) Yarp (A.3)
. d

Vdrp = Rrp Larp + a lpdrp - (wsp - ppwm) lpqrp (A4)

Flux linkage equations:

Ipqu = LlSpiq5p + me (iq5p + iqrp) (A 5)
lpdsp = Llspidsp + me (idsp + idrp) (A.6)
l’bqrp = Ll‘r‘piq‘rp + me (iqrp + iqsp) (A 7)
lpdrp = Llrpidrp + me (idrp + idsp) (A.8)

Now, rewriting the stator and rotor voltage equations
(Al — A3) after substituting with the flux linkage (A.5 — A.8)

Visp = (Rsp + SLsp )igsp + WspLsplasp + SLmpiqrp +
WspLimplarp (A.9)

Vasp = —wspLsplesp + (Rsp + SLsp)idsp = WspLonplgrp
+ SLonplarp (A.10)

Where s = d/dt’

Retrieval Number A5211107117/17©BEIESP
Journal Website: www.ijeat.org

Varp = SLnplgsp + (wSP - ppwm)meidszo
+ (Rrp + erp)iqrp
+ (wsp — Ppwm)Lrpiary (A.11)
Varp = _(‘“sp - ppwm)meiqsp + SLmplasp
- (“’Sp - ppwm)l‘rpiqrp
+ (Ryp + SLyp)iarp (A.12)
The stator and rotor voltage equations for CM:

Vqsc = (Rsc + SLsc)iqsc + wscLsclase + Smeiqrc
+ wschc id‘rc (A- 13)
Vdsc = _wscLsciqsc + (Rsc + SLsc)idsc - wschciqrc

+ SLiycigre (A.14)
Vqrc = Smeiqsc + (Wse = Pewm)Lmciase + (Rrc + Sch)iqrc

+ (wsc - pcwm)chidrc (A- 15)

Vdrc = _(wsc - pcwm)meiqsc + Smeidsc

- (wsc - pcwm)chiqrc

+ (ch + Sch)idrc (A- 16)
According to the inversely sequence rotor connection between
the PM & CM, the electrical quantities has the following
relationships:

Rotor voltages and currents relations:

Varp = Vgre (A.17)
Varp = = Varc (A.18)
igrp = — lqre = igr (A.19)

larp = lare = lar (4.20)

From (A. 17), (A. 11), (4. 15), (7), (A. 19) and (A. 20)
SLmplgsp + (Wsp = Pp@m)Lmplasp + (Rr + 5Ly )igry

+ (wsp - ppwm)Lridrp — Smeiqsc

+ (wsp = Pp®m ) Linciase =0 (A.21)
From (4. 18), (A.12), (A.16), (7), (A. 19) and (4. 20)
_(“’sp - pp“’M)meiqsp + SLplasp — (wsp - ppwm)Lriqrp

+ Ry + SL)igrp + (0sp — Ppwm ) Lincigse

+5Lyigs, =0 (A.22)

From (4.13), (4.14), (7), (A.19) and (A. 20)

V;qsc =- Smeiqrp + ((pp + pp)wm - wsp) meidrp
+ (Rsc + SLsc)iqsc

+ ((pp + pp)wm - wsp) Lscidsc (A- 23)
Vdsc = ((pp + pp)wm - wsp) meiqrp + Smeidrp

- ((pp + pp)(‘)m - (‘)sp) Lscigsc
+ (Rsc + SLsc)idsc (A- 24)
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