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Abstract—In this paper a Cascaded Doubly-Fed Induction x; X X1 Xo
Generator (CDFIG) has been modeled using the Power-Oriented }

Graphs (POG) technique. The dynamic equations of the system |
have been obtained using a Lagrangian approach. The system
equations have been described with respect to a rotating referee [
frame to clearly show the internal dynamic structure of the ‘
system. An Indirect Rotor Field-Oriented control that let the y‘ﬁ_"_”‘y Vi Vo
grid voltage frequency to be constant, even when the rotor

speed is variable, has been given and implemented. Finally, some  a)e. b. b) c. b. ¢) Across and through variables
simulation results have been reported to validate the presented
control law and the effectiveness of the model.
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Figure 1. POG basic blocks and variablesekaporation blockb) connection
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I. INTRODUCTION
A CDFIG is a cascade of two wound rotor induction

— T~

|~ T~
e

v
machines whose rotors are mechanically and electrically co —

| e
pled, see Fig. 4: the stator of the Mmotor is connected , felo) } } Frf }
to the grid, while the stator of the Mmotor is properly b } } }
controlled. The CDFIG systems are widely used in renewable © R AN o ﬁf .
energy systems, like windmills or hydropower generatots [1 Of ==Y 0f of
as constant frequency power sources from variable speeg Element in series b) Inputs:v.;, Veo. ¢) INputs: v 7, Voo

prime movers. In [2] and [3] a CDFIG model is described,

based on the inversion of the dynamical model of the systewigure 2. POG graphical representations of a Physical Eler(iel)

and using a dynamical equivalent circuit representation. fonnected in series.

this paper the dynamic equations of the CDFIG system are

obtained using a Lagrangian approach and the POG graphical o _ _ o
technique: the obtained dynamic model is very compact aRgWer within the system without storing nor dissipatingrgye
clear. The equations are referred to a rotating refereraradr (i-8. any type of gear reduction, transformers, etc.). Tie c
using an orthonormal state space transformation. A contfGnsforms the power variables with the constraify, =

law is implemented to ensure a constant grid frequency E;gzyg. The e.b. an.d the c.b. are suitable for. representing both
modulating the controllable motor stator frequency. Theepa Scalar and vectorial systems. In the vectorial c&S¢s) and

is organized as follows: Sec. Il describes the basic prigseof K are matricesG(s) is a square matrix of positive definite
the POG modeling technique. Sec. IIl shows the details of tH&ctions, K can also be rectangular. The circle present in
CDFIG structure and the corresponding POG dynamic mogtie e.b. is a summation element and the black spot represents

Finally, in Sec. IV some simulation results are reported. @ minus sign that multiplies the entering variable. The main
feature of the Power-Oriented Graphs is to keep a direct

Il. POWER-ORIENTED GRAPHS BASIC PRINCIPLES correspondence between the dashed sections of the graphs an

The Power-Oriented Graphs technique, see [5], is suitals@®l power sections of the modeled systems: the scalar grodu
for modeling physical systems. The POG are normal bloeKy of the twopower vectorsc andy involved in each dashed
diagrams combined with a particular modular structureressdine of a power-oriented graph, see Fig. 1, has the physical
tially based on the use of the two blocks shown in Fig. 1.a amaeaning ofthe power flowing through that particular section
Fig. 1.b: theelaboration block(e.b.) stores and/or dissipates The main energetic domains encountered in modeling phys-
energy (i.e. springs, masses, dampers, capacities, amtted, ical systems are the electrical, the mechanical (trawosiati
resistances, etc.); theonnection blocKc.b.) redistributes the and rotational) and the hydraulic, see Fig. 1.c. Each ekierge
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Figure 3. POG block scheme of a generic dynamic system.

domain is characterized by twgower variables an across-
variable v, defined between two points (i.e. the voltaye,
and athrough-variablev; defined in each point of the space
(i.e. the currentl). Each Physical Element (PE) interacts
with the external world through the power sections assediat
to its terminals. A Physical Element is connectiedseries
when its terminals share the same through-variable see

Fig. 2.a. This physical element can be modeled using the POG |
block shown in Fig. 2.b: note that the summation element i
present in this block describes the Kirchhoff's law applied M, stator 5 M, stator \ ‘
to the across-variables.;, v.o andv.. The physical element 2 b£| |
PE in Fig. 2.a can also be modeled using the POG block Jrm1 Jm2 q:{)
shown in Fig. 2.c. This is an “equivalenglaboration block M rotor M, rotor | 4] |
(with a different graphical shape) obtained from the POG } i i \ ‘
block of Fig. 2.b inverting the path that goes fram to vy. _ J
Physical Elements connectidparallel share the same ac{oss- Grid (Vs2, ws2) M |

variable v.. It can be easily shown that the POG modeling Turbine

of the physical elements parallel can be done in a way Figure 4. Electric scheme and structure of a CDFIG system.
quite similar to the way used above for the elemeims

series Another important aspect of the POG technique is the

direct correspondence between the POG representations affle symbolsj and e denote the following matrices:
the corresponding state space descriptions. For exante, t

POG scheme shown in Fig. 3 can be represented by the state 0 —1 50 cosf —sind
space equations given in (1) where theergy matrixL is J= [ 1 0 } ’ e = [ }
symmetric and positive definitd, = L™ > 0. For such a

system, the stored enerdy, and the dissipating powet; can - The symboll,, denotes an identity matrix of orden.
be expressed as follow#, = %xTL x, P; = x"A x. When

an eigenvalue of matrik tends to zero (or to infinity), system IIl. CDFEIG MODELING

(1) degenerates towards a lower dimension dynamic system. |

this case, the dynamic model (2) of the “reduced” system canThe structure and the electric scheme of a CDFIG system

be directly obtained from (1) by using a simple “congruentare shown in Fig. 4. The stator and rotor phases are star

transformationx = Tz (T is constant) wherd. = T'LT, connected. This system in characterized by the parameters

A = T'AT andB = T'B. If matrix T is time-varying, an given in Tab. | where the subscript indices”“and “,”

additional termT"LTz appears in the transformed systemfer to the motors Mand M, respectively. All the electrlc

When matrixT is rectangular, the system is transformed anghrameters of Tab. | have been obtained connecting in series

reduced at the same time. thep, andp, polar couples of the two motors. L&V ,;, 1,4,

tVuu tvr'r‘ = ‘/7'7“131 tIT: tVst tIsQa tVBa tVrO = th‘O I3

and ‘I denote the stator/rotor voltage and current vectors of
In this paper the following notations are used: the motors M and M, in the original reference framg,:

- Column matrices:

sinf  cos@

A. Notations

i Vell Isll Val Irl
|[ R; ]‘ = [ Ry Ry - R, ]T . tVsl = | Vs12 5 tIsl = | Is12 3 tV(x = | Va2 s tIr = |12
lin Vsi3 I3 Vas I3



\ number of polar couples
P1. P2 potar coup - where:
¥ angular phase displacement=t <) ~ v Mo ~ v Mo
Om, rotor angular position Lsp —=g0—=s10 Ly —=gl0—=plo
Wm rotor angular velocity _ thlz _Mao po M;m ; tLﬂ: _ 1”510 L — Mgm ,
0s1, Os2 stator voltage angular positions
- _Msio_ Msio _ Mo Mrio

Ws1, Ws2 stator voltage frequencies L 2 2 st L 2 2 rl
01, 02 electric anglesth =py Om , 02 =p2 Om) [ L., — M0 Mo L, _Ms20 M2
w1, W electric frequenciesu(i =p1 wm , w2 =p2 W) . MS 2 M2 . MT 2 M2
Rs1, Re2 stator phase resistances Lgo=| -2 Lso —7352|, "Lpo=|—-"52 Lo —~52|,
Lgs1, Lgo stator phase self inductances _ Moo _ Msao Lo _ Myoq _ Myog Lo
M10, M,20 | stator phase mutual inductance maximum values -2 2 -2 2
Rr1, Rr2 rotor phase resistances cos(01)  cos(61 — ) cos(61 — 2v)
Ly, Lo rotor phase self inductances _ tMsrl(Qm) = Mgy10 | cos(61 +~) cos(61) cos(01—7) |,
My10, Moo | rotor phase mutual inductance maximum values cos(01 + 2v) cos(f1 +v)  cos(61)
Msr10, Msroo | Stator/rotor phase mutual inductance maximum values
Im1, Im2 rotor momentum inertia cos(f2)  cos(f2 + ) cos(02 + 2v)
b1, bm2 rotor Ilnealj friction coefflf:lents tMer (0) = Mypoo | cos(B2 —7)  cos(B2)  cos(f2 +7) |,
Tm electromotive torque acting on the rotor c0s(8s — 279) cos(0a — ) cos(6a)
Te external load torque acting on the rotor 272 27 2

Table | 'Rs1 =Rs1I3, 'R =Rl3, 'Reo=Repl3, 'Ro=R,1;.

CDFIG SYSTEM PARAMETERS When in (4) the capacitors tend to ze@d,— 0, one obtains

the static relation’Is = S™ ‘I, between the two rotor current
vectors. Applying the following rectangular transfornoati

and %q. = °T; 'I. to system (4) (note that from (3) it B™ = S):
‘/821 1321 Vﬁl Iﬂl 13 0 0 13 00
Vo=|Vin|, To=|la|, "Vg=|Vsa|, Ts=|Is|. 0I; 0 013 0
Vias Is23 \Z5 Ips ‘Ty=]1000 (=000
0STO0 0SDO0

Where‘/sli = V1. —Vs10 and‘/sgi = Vo; — Vo0, SEE Flg 4., All 001 001
the possible rotor phase connections between the two motors ) ) 3 3 _
can be described in a compact form by using the relati@f€ obtains the following reduced dynamic equations:

Vi =SV, see Fig. 4, where matrig is defined as: d e tMT L (0m) 0 Ty
— | "Mar1(0m) L STEMI ,(0m) | | I | |=
1=A2—A13 A12 A13 dt 0 tM,r2(0m)S Ly tgo
S= A12 1—A12—Ags A2z ‘L, oI,
A13 A23 1=MA13—A23 R, 0 0 ., Va, ®)
where A1z, Ais, Aa3 € {0,1} are binary variables satisfying == [ 8 tlolr tr({) J [:IIZ + Q’TJ
the relation\;5 + \13+ X935 < 1. Only the four following rotor ° SRy
connections are possible: ‘Re I, Ve
In compact form it can be expressed as:
(A2, A3, Aes) = {(000), (100), (010), (001)}. P ’ P
t t _ t t t
Matrix S satisfies the following properties: at ("Le 'Te) = —"Re T + 'V, (6)

S'=8"=8"=8, $2=8S=88"=1I, (3 Where'L,="'L,; + ‘L, ‘R,='R;1 + ‘Ryp and 'V, =
) ) ) . 'V,,—S" "V, , =0. Let us now define the following generalized
Connecting the two rotors using tifematrix and adding the state vectors'q, ¢ and extended input vectdiv:
fictitious capacitora®C = C I3 to terminalsV,, V.2 andV,s,

t
see Fig. 4, one obtains the following dynamic equations ef th thl o i~
electrical part of CDFIG system: tq = f(gr . tg= { 6} , V= { Ve .
Ws2 w —T
Lg ML, 0 0 0 Ty - 2 m e
d tMsrl tLrl 0 0 0 tIr m
— 0 0 C 0 0 'V, = ty (t t ; ; .
p 0 0 0 tLe || g Let ‘L(*q) and ‘R denote the following matrices: _
0 0 0 tMer tLSQ tIs2 t t tL 0 tR 0
L — e ; tR — (<
oS e \ (D=1, 0 b
— Ry to 0 0 0 ttlsl zvsl ) where J,,, = Jyu1 + Jme @and b, = b1 + bpye. Using a
B 8 - Ier —013 OsT 8 t\I; N Vorr Lagrangian approach, see [6] and [7], the dynamic equations
o 0 d’ S :erQ 0 e V0 of the full CDFIG system can be expressed as:
0 0 0 0 —'Rel[se V2 d ( OK 0K
— — _ — tV _ th . 7
oR, 0qe. oV, dt (ath> ath a ( )



where the Lagrangian functiof (*q, 'q) is defined as: no effects on the system dynamics because it can be shown
that “F.“I, = —“K,.w,, and therefore they simplify each

N .
K('q,'q)'q = §t "'L(*q)'q. (8) other. The expanded form of system (11) is given in Fig. 6,
. . . Eg. 13 where:
From (7) and (8) one obtains the CDFIG dynamic equatlonsg W
i tLe O tIe _ tRe + tFe ‘ tKe tIe J,. tVe wpl = Wal — &1, Ws2 = AO(wSliwl){i»WQ
dt\| 0 [Jm |[wm | —'KL | bm |[wm] |-Te] and:
——— —— —— N——
tL(tq) tq tR + tW tq tV lee :LSIO + %]\/[5107 LsQe = Ls20 + %M8207
. (9) Msrie= % Msri10, Mroe = % M0,
that in compact form can be expressed as: Lo
d . . Lre:LrO+ éMrOv A= |: :|
%(tL tq) :*(tR+ tw)tq+ tV (10) 2 0 /\O
. . Matrix A satisfies the following properties:
where matrix!W has the following structure: g prop
. Aejvzej/\osoA, ejsoAerjAoso7
0 —+'M, 0 Ko (12)
tW: 7%tMS7’1 0 7%STtM;r2 tKr A‘]:)\O‘]A’ ‘]A:/\O AJ
0 —% 'M,,28 0 Ko Fig. 6 shows that the energy matrid is now constant. The
— KT, — KT — KT, \ 0 mechanical torque,, in the 3, rotating frame can now be
Matrix *W is skew-symmetric:'W'™ = —W. The compo- expressed as follows:
nents of the torque vectdK] = [ 'KJ, 'K] ‘KT, | are: “Iy
Tm="Kl“I, = |“K, “K] YK, v,
tKT — 1 tIT> 8tMS7’1(9"7«) tKT — 1 tIT STatM;r2(0m) [ ! 2] wIg2
T2 00, T TP 2 00 ) ‘ .
_ 1 wWYT 3 w
— 1 - oM, (6,,) 1 - 8tMsr2(9m)S . 2 pl. Mslrle ILj . I
T 5 sl 89m + 5 s2 69m ! =|2P1 ]\/[srle wI:;l.] + 5 D2 MSTQE wI;QJ A er
1 w : w
Using the following rectangular matrix: —g P2 Msr2e “LL A L
i 2 h ] =P1 Msrle wII,l.] WIT + p2 MerewILQjAer~
Tu(0) = 3 0:|[2005(h7 = 0),sin(hy = 0)] An Indirect Rotor Field-Oriented control (IRFO), see [8hsh
~ been implemented for the Mmotor obtaining:
one can define the orthonormal transformation médtiiy as: M W, W
_ - D1 Msrie wp W _ rd 1slq (14)
T, (0s1) 0 0 T e rd Ssle T TR
- - 3
T.= 0 "To (051 — 61) - 0 where “®,.; is the direct component of the rotor flux:
0 0 T, (Ao (Bs1 — 01 — 1) + 62) wr
w w sld
W~here>\0 = 1—2()\12+>\13+)\23) andvl = ()\12—)\13)’)/. Matrix Qrg = Myrie“Is1a = K¢ (15)
T, represents a multiple rotation in the state space which _
transforms the system variables from the original refeeen@nd: L1,
frame X, to the rotating framé,,. The dynamic equations in Wp1 = (16)
i r sld
the new transformed framg, become: ) )
el 101 e SR 4 OB 4 e | K el oy Parametef’, = L,./R, is the rotor constant and the subscript
{ o J] [:} :*[ < +_WI§T+ % bm] {T]Jr[j] indices ‘;” and “;" refer to the direct and quadrature vector
~ ~~ » — ~—~— ~T— components. The implemented IRFO control scheme is shown
L q R+ “W q v in Fig. 7: the P] regulator controls the angular velocity,,,
that in compact form can be expressed as: generating a torque referenegs/ by tracking the following
. ) speed reference:
YLYGq=—-(“R+ “W)“q+ “V (11) dos
LT oty ot tT tR ¢ ref _ Wea _ “pl 17
where “L = 'TT 'L'T,, “R= 'T] 'R'T, = 'R, “W = W' = 3 (17)
tTT tWtTw WV = tTT tV wKT: tTT tKT wq: tTT tq D2 0P2
and matrix'T,, has the following structure: wherew?s is the desired output .frequency. The, Rind P}
- controllers regulate the mechanical torgug and the rotor
tp, = { To 0} ) flux component’ ®,.; respectively, according to the equations
0|1 (14) and (15), generating the voltage referenedg’/ and

A POG graphical representation of system (11) is shown f¥45; for the motor M. The slip frequencys,, is calculated

Fig. 5. Note that the two term§K. w,, and “F.“I. have using the current referencesl’s; and I/, see (16).
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Figure 5. POG graphical representation of the CDFIG systethe transformed rotating reference fraixig.
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Figure 6. Dynamic equations of the CDFIG system in the transéd rotating reference franig,,.
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Figure 7. Indirect Rotor Field-Oriented control scheme impated for the Figure 8. Simulink block scheme of a CDFIG system.
motor M;.

€

frequency according to the behavior of the frequengy
IV. SIMULATION RESULTS reported in Fig. 10, wherea$V,, settles to a steady-state
o . value with the constant frequenayfs® imposed by (17). The
The Matlab/Simulink block scheme corresponding to thgscond picture of Fig. 10 shows the negative mechanicaliéorq
obtained dynamic model of the CDFIG system is shown apsorbed by the generator and used to produce on the grid
in Fig. 8. An additional Reduction Gear (reduction raip the output electric power. Fig. 11 shows the time behaviors
has been introduced to connect the CDFIG system with tBe the stator and rotor current vectof§,;, ‘I, and ‘I, in
external turbine. The Load is composed, for each phase, 4% ranget € 0.6, 1.2] s. Finally, Fig. 12 shows the desired
the parallel of aCoqq capacity and af;oqq resistance. The (dotted black) and the actual (solid blue) time behaviors of
Control block implements the Indirect Rotor Field-Oriethte,, ~wj — and« 414 In the ranget € [0.6, 1.5] s: the angular
control described in the previous section. The simulatiqp|ocity w,, perfectly overlaps his reference, while thd 1,
results presented in this section have been obtained using dnd < 1,,, components settles to their steady-state values after
parameters shown in Tab. Il. The motor; N supplied by 3 prief transient.
balanced voltage¥;1x = Vi cos(wsit — (K — 1)), where
ke {1,2, 3} andV,,., = 100 V. A constant external torque V. CONCLUSIONS
7w = 300 Nm has been applied to the turbine. In Fig. 9 the In this paper a Cascaded Doubly-Fed Induction Generator
stator voltage vectors of the Mand M, motors in the range has been modeled using the POG technique and the dynamic
t € [0.6, 1.2] s are shown:*V; evolves with a decreasingequations have been obtained using a Lagrangian approach:



M1 motor Mo motor
p1=1 p2 =1

Ls1 = 135 mH Ls2 =290 mH
Mg10 = 20.3 mH Moo = 23.2 mH
Rs1 =09Q Rso =1.8Q

L1 =19 mH Lyo =20 mH
My10 = 2.8 mH My20 = 1.6 mH
R =1Q Ry2 =050
Mgr10 = 32 mH Mgr20 = 50 mH
Jm1 = 0.1 Kg m? Jm2 = 0.1 Kg m?
bm1 = 0.1 Nm s/rad | b,,2 = 0.1 Nm s/rad

Rotor connection parameters

A12 = A13 =0, Aoz =1
Linear Load
Cload =1 I'I/Fv Rload =500
Desired output frequency
w38 =27 Fyria,  Fyria= 50HZ
Turbine and Reduction gear parameters 06 07 08 Time [s] : 11 12
Ji = 1.2 Kg m?, b = 0.3 Nm s/rad
Tw = 300 Nm, pP=35 Figure 11. Stator and rotor currents in the original refeeeframeX;.
Table I .
CDFIG MODEL PARAMETERS - Angular velocityw,,
% 30F T T B
% 20+ =
\oltages 'V 2.0 il
100 T g
3 o ; ;

Current“I414

wlsld [A]

0.6 0.7 0.8 0.9 1 1.1 1.2

Voltages 'V 5,

uIslq [A]
I

Time [s]

Timé [s]
Figure 12. Actual (solid blue) and desired (dotted blackyudar velocity
Figure 9. Stator voltages in the original reference frathe and stator current dg components in the reference frame

Frequencyws;
g_m, ! 5w, of the input voltage vectofV,;. Some simulation results
< 20f 1 have been reported to show the effectiveness of the realized
2, -s0r 1 model and of the implemented control.
3
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